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Abstract
Purpose  Το formulate a methodology for the assessment of bioequivalence using metrics, which are based on the physi-
ologically sound F.A.T. concept.
Methods  The equations of the physiologically based finite time pharmacokinetic models for the one-and two-compartment 
model with one and two input stages of absorption were solved to derive metrics for the extent and rate of absorption. 
Simulated data were used to study the proper way for the estimation of metrics. A bioequivalence study was analyzed using 
these metrics.
Results  The rate of drug absorption was found to be equal to the slope of the amount absorbed versus time curve. The amount 
of drug absorbed at the end of the absorption process, corresponding to the blood concentration at F.A.T. is an indicator of the 
extent of absorption. The plot of the ratio test/reference of the simulated data for the amount absorbed as a function of time 
becomes constant beyond the end of drug absorption from the formulation exhibiting the longer absorption. The assessment 
of the bioequivalence study was based on the slope of the amount absorbed versus time curve for the rate of absorption, while 
the estimate for the constant ratio test/reference for the amount absorbed was used for the assessment of extent of absorption.
Conclusions  The assessment of rate in bioequivalence studies can be based on the estimation of slope of the percent absorbed 
versus time curve while the constant ratio test/reference for the amount of drug absorbed is an indicator of the extent of 
absorption.

Keywords  bioequivalence · carbamazepine · drug absorbed · extent of absorption · finite absorption time · rate metrics

Abbreviations
AUC​	� Area Under the blood drug concentra-

tion versus time Curve
F.A.T.	� Finite Absorption Time
F.D.T.	� Finite Dissolution Time
IVIVC	� In vitro in vivo Correlations
PBFTPK models	� Physiologically Based Finite Time 

Pharmacokinetic models

Introduction

On January 7, 1977, FDA issued final regulations in part 
320 (21 CFR 320) establishing definitions and requirements 
for bioavailability and bioequivalence studies (42 FR 1624). 
Prior to the definition of bioavailability by FDA, scientists 
were ambiguous for the proper methodology in terms of the 
sampling design and the metrics applied for studying bio-
availability. One such study was performed by Lovering et 
al. [1] in 1975. The authors of the study focused on the 
period after administration over which blood level measure-
ments are required to obtain a reliable bioavailability com-
parison. They analyzed literature data of the following ten 
drugs: acetaminophen, aminosalicylic acid, chlorampheni-
col, chlordiazepoxide, digoxin, isoniazid, phenylbutazone, 
sulfamethizole, tetracycline, and warfarin. They found that 
reliable bioavailability comparisons among different brands 
of the drugs could have been made by using truncated con-
centration time curves since the ratios of areas under the 
curve changed little between the end of the “absorption 
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period” and the time when blood sampling was terminated. 
A few years later, another study [2], aiming at increasing 
the power of bioavailability tests, was based on the simul-
taneous administration of a stable-isotope internal standard 
of imipramine hydrochloride solution with two brands of 
imipramine hydrochloride tablets. The plasma concentra-
tion of unlabeled imipramine was found to be essentially 
identical to internal standard for all times points beyond 
tmax for both brand tablets studied. These results unequivo-
cally demonstrate that for all drugs studied in [1, 2] drug 
absorption terminates at a specific time point and thereafter 
only elimination of drug operates. In full agreement with 
this finding are the results of the recently re-examined two 
digoxin bioavailability/bioequivalence studies [3].

All above results can be interpreted using the finite 
absorption time (F.A.T.) concept [4–6], which was devel-
oped after the questioning of the validity of first-order 
absorption assumption applied to all oral drug absorption 
studies since 1953 [7]. The F.A.T. concept was introduced 
to account for the fact that oral drug absorption cannot last 
longer than the residence time in the G.I. tract; it is used 
in conjunction with zero-order absorption kinetics which 
prevail due to sink conditions caused by the high blood 
flow in vena cava. The end of the absorption process can 
either coincide with tmax or may be observed in the declining 
elimination phase following a one or more zero-order input 
processes (see Figures in [4–12]).

Besides, the development of the relevant physiologically 
based finite time pharmacokinetic (PBFTPK) models [8, 9] 
enabled us to analyze literature pharmacokinetic data for vari-
ous drugs administered orally, intramuscularly, intranasally, 
and pulmonary; valid estimates for the duration of drug absorp-
tion stage(s) as well as the corresponding zero-order input rates 
for each one of the absorption stages were derived [8, 10–12]. 
Furthermore, we recently revamped [13] the roots of biop-
harmaceutics-pharmacokinetics by modifying in terms of the 
F.A.T. concept, the Wagner-Nelson [14] and Loo-Riegelman 
[15] techniques used for the construction of percent absorbed 
vs time plots. We unveiled in [13] that the percent absorbed 
versus time curves are either bilinear or multi-linear depend-
ing on the number of absorption stages with the final change 
(break) point of the segments equal to F.A.T. This is contrary 
to the prevailing belief for the last 60 years or so, namely, the 
exponential character of the percent absorbed versus time plots 
[14, 15]. These advances were applied recently to revise the 
classical methodology used for the development of in vitro in 
vivo correlations (IVIVC) [16]. The new approach relies on 
the concept of Finite Dissolution Time (F.D.T.) and its rela-
tionship with the F.A.T. in accord with the biopharmaceutical 
classification of drugs [16].

Based on the results of the studies [7–13, 16], in this 
work we build up a reconsideration of the methodologies 
and metrics used for the assessment of bioequivalence. We 

formulate a methodology for the assessment of bioequiva-
lence using metrics which are based on the physiologically 
sound F.A.T. concept.

Theory

According to the FDA definition of 7 January 1977 [17] 
bioavailability is “the rate and extent to which the active 
ingredient or active moiety is absorbed from a drug product 
and becomes available at the site of drug action”. Accord-
ingly, the measures of bioequivalence since then are, the area 
under the curve [AUC]∞

0
 for the assessment of the extent of 

absorption and Cmax as an indicator of the rate of absorp-
tion [18, 19]. Although there is a consensus for the validity 
of [AUC]∞

0
 as a measure of the extent of drug absorption, 

numerous publications, e.g., [20–31], have shown that Cmax 
is insensitive as an assessor of the rate of drug absorption. 
Below we analyze the two aspects of the bioavailability-
bioequivalence studies, namely, rate and extent, in the light 
of the new developments [7–13, 16].

Rate

The use of Cmax in bioequivalence studies as a rate param-
eter is inextricably linked with the prevailing hypothesis 
of first-order drug absorption since 1953 [1, 6, 7]. In fact, 
assuming one-compartment model disposition, Cmax is the 
blood concentration value when the first-order rate of drug 
input becomes equal at tmax to the first-order elimination 
rate. Accordingly, the amount of drug absorbed A(t) normal-
ized in terms of the volume of distribution, Vd and expressed 
in terms of concentration as well as the corresponding rate 
of absorption as a function of time for drugs with one-com-
partment kinetics are as follows,

where ka is the first-order rate constant, F is the bioavailable 
fraction of dose D taken. Both equations show the exponen-
tial change of the left-hand side parameters of Eqs. 1 and 2 
as a function of time. This also applies for drugs obeying 
two-compartment model disposition; Eqs. 3 and 4 are the 
counterparts of Eqs. 1 and 2, respectively.
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where B1, B2, and B3 are concentration constants, α, β are 
hybrid constants and k10 is the elimination rate constant from 
the central compartment. In full agreement with Eqs. 1–4, all 
percent absorbed versus time plots published in the literature 
since the inception of pharmacokinetics using the Wagner-
Nelson [14], Loo-Riegelman [15] techniques and deconvolu-
tion approaches [32] are of exponential nature. In parallel, 
the change over time of the rate of absorption (Eqs. 2 and 4) 
underscores the difficulty associated with the assessment of 
“rate” in bioequivalence studies. This was realized from the 
early days of discussions on bioequivalence in the American 
Association of Pharmaceutical Scientists in 1972 [33], i.e., 
“Assessment of the rate of bioavailability is one of the most 
difficult problems encountered in bioavailability studies”; 
this difficulty is also mirrored on the suggestion by Tucker 
et al. [34] at a large meeting in 1995 “the ambiguity in the 
rationale for bioequivalence testing would be removed if 
the term “rate” was deleted from its definition”. Unfortu-
nately, this difficulty persists through the years until today 
[6, 20–31].

However, since the recent inception/applications of the 
F.A.T. concept [4–13, 16], the absorption of a large number 
of drugs was found to take place passively under sink con-
ditions for a single or multiple successive periods of time, 
namely, zero-order kinetics controls oral drug absorption for 
the reasons delineated in [4, 6]. Figure 1 shows a schematic 
for the percent of drug absorbed, which is generated from the 
modified in terms of F.A.T. Wagner-Nelson equation (Eq. 2 
in [13]) for the test and reference formulations of a hypo-
thetical bioequivalence study assuming one input stage for 
both formulations and one compartment model disposition.

In the context of Fig.  1, assuming one-compartment 
model disposition with a single zero-order input for finite 
time absorption of duration τ, the amount of drug absorbed 
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A(t) expressed in terms of concentration [FD/Vd], the cor-
responding rate of absorption, are given by Eqs. 5 and 6 for 
the absorbing stage,

where A(�) is the amount absorbed at time τ; it should be 
noted that for t > 𝜏, A(t)

A(�)
= 1 . Equations 5, 6 and Fig. 1 are 

easily related if the ratio of percent A(t)∕A(�) is considered. 
Equation 6 shows that the rate of drug absorption (expressed 
in concentration/time units) is constant up to time τ and cor-
responds to the slope of the rising linear segment of each one 
of the two formulations considered in Fig. 1. In other words, 
Eq. 6 shows that the rate of absorption can be determined by 
dividing the total amount of drug absorbed, A(τ) [which is 
also equal to A(∞)] divided by the volume of distribution 
with the duration of the absorption process.

In actual practice, estimates for FD/Vd and τ can be 
obtained either from the nonlinear fitting of the PBFTPK 
models to the concentration–time data [9] or the [(absorbed 
amount)/Vd]-time plots (see relevant plots in the Results sec-
tion). Subsequently, the drug input rate estimates, FD/Vdτ 
can be further used for predictive purposes. However, for 
the purposes of the current work Eq. 6 has its own merit. It 
shows explicitly the correct mathematical expression cor-
responding to the rate concept introduced by FDA in 1977; 
since then, Cmax has and still is being used as a rate param-
eter despite the severe critique for its not pertinent use.

For a one-compartment model with two consecutive zero-
order, finite-time absorption stages of duration τ1 and τ2, 
Eqs. 7 and 8 apply [13] for the first stage of absorption, i.e., 
for 0 < t ≤ 𝜏1

while Eqs. 9 and 10 are the corresponding formulae for the 
second stage, i.e., for 𝜏1 < t ≤ 𝜏1 + 𝜏
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Fig. 1   A schematic of the percent of drug absorbed versus time pro-
files for the test (T) and reference (R) formulations in a bioequiva-
lence study assuming termination of drug absorption at time τΤ = 3 
h and τR = 5 h, respectively. The profiles were generated from Eq. 2 
reported in [13].
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where C(t) is the concentration–time function of the one-
compartment model with two consecutive zero-order, finite-
time absorption stages of duration τ1 and τ2, F1 and F2 are 
the bioavailable fractions of the consecutive stages one and 
two, respectively, while [AUC]t

0
 is the area under the blood 

concentration time curve for the time limits quoted [13]. 
Both Eqs. 8 and 10 show that the rate of absorption has 
constant values during each of the two absorption stages.

For a two-compartment model with zero-order, finite-
time absorption of duration τ we get Eqs. 11 and 12 for the 
amount absorbed and the rate of absorption.
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Again, Eq. 12 reveals that the rate of absorption is con-
stant throughout the single absorption stage.

For a two-compartment model with two consecutive zero-
order, finite time absorption stages of duration τ1 and τ2, we 
get Eqs. 16 and 17 for 0 < t ≤ 𝜏1,

while for 𝜏1 < t ≤ 𝜏1 + 𝜏
2
 we get Eqs. 18 and 19

Again, constant values are found for the rate of absorption 
during each of the two stages, Eqs. 17, 19.

Extent. For the assessment of extent of drug absorption in 
bioequivalence studies for one-compartment model drugs, 
we consider first Fig. 1 and then re-plot the correspond-
ing concentration (absorbed/Vd) data as a function of time, 
Fig. 2a. In this example, both formulations exhibit a single 
linear absorption profile and different absorption duration 
and extent of drug absorption. The crux of the matter is that 
beyond time τR assuming τΤ < τR, the ratio of the plateau 
values becomes constant and corresponds to the relative bio-
availability of two formulations, FT/FR = 1.30, Fig. 2b. For 
two-compartment model drugs, similar plots of the ratio of 
the amounts of drug absorbed A(t) of two formulations as a 
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function of time generated from Eq. 11 were obtained, (see 
Fig. 2b).

It is also interesting to examine the change of AUC of 
the test and the reference formulation considered in Fig. 2 

Fig. 2   (a) Re-plotted simulated data of Fig.  1 in a concentration 
(absorbed amount/Vd) versus time format. (b) The ratio of the amount 
of drug absorbed A(t) of two formulations as a function of time; 
generated from Eq. 5 or Eq. 11 using FTD/Vd = 35 and FRD/Vd = 27. 
The y-intercept of the extrapolated back horizontal dashed line cor-
responds to the relative bioavailability of the two formulations, 
35/27 = 1.30.
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as well as their ratio as a function of time. The areas under 
the curve of the two formulations as a function of time are 
calculated based on Eqs. 20 and 21.

Figure 3a shows the non-linear increase of AUC as a 
function of time for both formulations. Figure 3b shows 
that the ratio initially has a constant value of 2.16 up to time 
τΤ, which reflects the corresponding ratio of the drug input 
rates from the two formulations; this is followed by a linear 
decline up to the end, τR of the drug absorption from the 
reference formulation, while the last nonlinear segment of 
the plot asymptotically reaches a limit, which corresponds 
to the relative bioavailability of the two formulations, 1.30.

Methods

We carried out several simulations generating errorless 
data for the test and reference formulations using various 
scenarios involving drugs with one or two compartment 
model disposition, with different duration and extent of 
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drug absorption. For each one of the data sets simulated we 
constructed the corresponding plots in accord with Figs. 2 
and 3. Moreover, we analyzed the data of a bioequivalence 
study for carbamazepine [35] and an additional set of data 
of carbamazepine [36] using the approaches based on the 
F.A.T. concept and delineated above.

Results

Simulated Data

Figures 4 and 5 show the simulated data plots for drugs fol-
lowing kinetics described by a one-and two-compartment 
model, respectively. In all cases a two-hour difference for 
the duration of drug absorption between the two formula-
tions was assigned for illustrative purposes. Various test/
reference ratios for the extent of drug absorption varying 
from 85 to 115% were utilized. For two-compartment model 
drugs we present only the plots of the parameters (AUC)T 
and (AUC)R and their ratio as a function of time since the 
rest of the plots are identical with their counterparts of the 
one-compartment model drugs. The common characteristics 
of all plots for both one- and two-compartment drugs are 
as follows: i) the percent of drug absorbed increases lin-
early as a function of time and reaches the plateau (100%) 
at the end of the duration of the absorption process assigned 
for the test or the reference formulation; ii) the absorbed 
amount (expressed in blood concentration units) of drug 
increases linearly with time and reaches a plateau, which 
is proportional to the extent of drug absorption at the end 
of the absorption process from the relevant formulation; 
iii) the ratio of the amount of drug absorbed from the two 
formulations (Atest/Aref) is constant up to the shorter dura-
tion of drug absorption from one of the two formulations, 
then it either increases or decreases until the longer duration 
of drug absorption from one of the two formulations and 
thereafter remains constant and equal to relative bioavail-
ability of the two formulations; iv) the area under the curve 
AUC increases with time nonlinearly; v) the ratio of the 
areas, (AUC)T/(AUC)R follows the same pattern as the ratio 
of the amount of drug absorbed from the two formulations 
(Atest/Aref) up to the longer duration of drug absorption and 
then reaches asymptotically the relative bioavailability of the 
two formulations. Needless to say, that the slope for all simu-
lated data was found equal to the assigned value FD/Vd τ.

Analysis of Carbamazepine Bioequivalence Data

The data of the carbamazepine bioequivalence study [35] 
were initially digitized. The reference formulation for the two 
studies in [35] analyzed test1/reference1 and test2/reference2 
was Tegretol 400 mg. By analyzing the semi-logarithmic 

Fig. 3   AUC as a function of time for the same test and reference for-
mulations considered in Figs. 1 and 2 generated using Eqs. 20 and 21 
with kel = 0.1 h−1 (a) and their corresponding ratio (b).
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Fig. 4   Simulated data plots for one-compartment model drugs: Key: a-e. FD/VR = 20  ng/mL, FD/VT = 20  ng/mL, τR = 5  h, τT = 3  h; f-j. FD/
VR = 20 ng/mL, FD/VT = 23 ng/mL, τR = 5 h, τT = 3 h; k–o. FD/VR = 20 ng/mL, FD/VT = 17 ng/mL, τR = 5 h, τT = 3 h; p–t. FD/VR = 20 ng/mL, 
FD/VT = 17 ng/mL, τR = 5 h, τT = 7 h. In all cases kel = 0.1 h−1.
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Fig. 4   (continued)
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plot of carbamazepine data in [35, 36] (Fig. 6) we deter-
mined the elimination rate constant, kel, for each formula-
tion. The estimates for kel were used to construct the plots 
of Atest/V and Aref/V as a function of time, Fig. 7. The ratio 
of the amount of drug absorbed from the two formulations, 
Atest/Aref; and the ratio of the cumulative areas based on the 
sampling time points, Σ(AUC)i,T/Σ(AUC)i,R as a function of 
time are shown in Fig. 8. A summary of the analysis of each 
one of the data sets is presented in Table I. Based on these 
results the ratio of the rate of carbamazepine absorption and 
the relative bioavailability of formulations of the two stud-
ies was estimated. We present them in Table II along with 
the classical metrics of Cmax and the ratio (AUC)T/(AUC)R 
reported in [35].

Discussion

Simulated Data

Visual inspection of Fig. 4 reveals that the rate of absorp-
tion of drug, which corresponds to the slope of either % 
drug absorbed (Figs. 4 a, f, k, p) or the amount absorbed/Vd 
(Figs. 4 b, g, l, q) versus time plots is proportional to the 
value assigned to the input rate parameters FD/VRτR or FD/
VTτT. This is an ideal property for an indicator of drug’s 
absorption rate; accordingly, this observation places an end 
to the longstanding dilemma for the most proper rate metric 
since the birth-inception of bioavailability-bioequivalence 
concepts [17]. All these years, the rate of drug input was 
misconceived as changing with time due to the prevailing 
concept of first-order absorption in accord with Eqs. 2 and 
4. Therefore, the estimation of the absorption rate can be 
accomplished with linear regression analysis of the ascend-
ing limb of experimental data for the reference and test for-
mulations. Hence, the assessment of rate in a bioequivalence 
study can be based on the statistical comparison of the initial 
slopes of the two data sets.

The ratio of the amounts absorbed, Atest/Aref as a function 
of time (Figs. 4 c, h, m, r) show a patent flattening beyond 

the longest duration of drug absorption from the two formu-
lations. This is also an ideal property for an extent of absorp-
tion parameter since the y-intercept of the back-extrapolated 
plateau value corresponds to the relative bioavailability of 
the two formulations, which are 1.0, 1.0, 0.85, 0.85 for the 
examples considered in (Figs. 4 c, h, m, r), respectively.

The ratio of the parameters (AUC)T/(AUC)R shown in 
Figs. 4 e, j, o, t (for one-compartment model drugs) and 
Figs. 5 b, d, f, h, j (for two-compartment model drugs) 
exhibit a nonlinear change as a function of time asymptoti-
cally reaching the relative bioavailability value of the two 
formulations. It should be noted that the cumulative areas 
ratio plots are constructed directly, without any treatment, 
from the experimental data. This type of plot allows an easy/
rapid rough estimation for the cessation of the absorption 
process of the two formulations.

Analysis of Carbamazepine Bioequivalence Data

The plots in Fig. 6 clearly demonstrate that carbamazepine 
follows one-compartment model disposition in all five for-
mulations studied. The estimates of the elimination rate 
constant are listed in Table I. The plots of the cumulative 
amount of carbamazepine absorbed (expressed in terms of 
concentration) in Fig. 7 of the four formulations of the bio-
equivalence study [35] depict more than one input stage, 
long duration of the absorption processes ranging from 16.1 
to 32.2 h, and quite similar plateau values for A∞/Vd. Further 
visual inspection of the plots of %absorbed for each one of 
the formulations (Figs. 8a, b, f and g) as well as the ratios 
Atest/Aref and Σ(AUC​i)T/Σ(AUC​i)R (Figs. 8 c, h, e and j) as a 
function of time, shows quite similar patterns. The compari-
son of the estimates for the ratio test/reference of the extent 
metric [AUC]∞

0
 with the novel extent metrics [AUC]�

0
 and A∞/

Vd in Table II verifies that similar results are obtained using 
either the classical [AUC]∞

0
 or the novel metrics [AUC]�

0
 and 

A∞/V. The same conclusion applies to the ratio test/reference 
of rate metrics, Cmax versus the initial slope, Table II.

Regulatory Implications

The results presented above can have an impact for the assess-
ment of rate and extent of absorption in bioequivalence stud-
ies. So far, the assessment of bioequivalence relies on model 
independent approaches. In this study, minimal modeling 
work based on the modified [13] Wagner-Nelson [14] and 
Loo-Riegeleman [15] plots is utilized to provide a novel 
approach for the assessment of bioequivalence. In the era of 
the Model-Informed Drug Development (MIDD) [37–39], 
this study paves the way for the incorporation of bioavailabil-
ity and bioequivalence as new topics in the MIDD initiative 
and expand it towards a Model-Informed Drug Development 
& Assessment (MIDDA) by employing quantitative-modeling 

Fig. 5   Simulated data plots for two-compartment model drugs: 
Key: a, b: FD/VR = 20  ng/mL, FD/VT = 20  ng/mL, τR = 6  h, 
τT = 4  h, α = 0.4  h−1, β = 0.04  h−1, k21 = 0.064  h−1, k12 = 0.126  h−1, 
k10 = 0.25 h−1; c, d: FD/VR = 20 ng/mL, FD/VT = 17 ng/mL, τR = 6 h, 
τT = 4  h, α = 0.4  h−1, β = 0.04  h−1, k21 = 0.064  h−1, k12 = 0.126  h−1, 
k10 = 0.25  h−1; e, f: FD/VR = 20 ng/mL, FD/VT = 22 ng/mL, τR = 6 h, 
τT = 4  h, α = 0.4  h−1, β = 0.04  h−1, k21 = 0.064  h−1, k12 = 0.126  h−1, 
k10 = 0.25 h−1; g, h: FD/VR = 20 ng/mL, FD/VT = 15 ng/mL, τR = 6 h, 
τT = 3  h, α = 0.4  h−1, β = 0.04  h−1, k21 = 0.064  h−1, k12 = 0.126  h−1, 
k10 = 0.25  h−1; i, j: FD/VR = 20 ng/mL, FD/VT = 15 ng/mL, τR = 3 h, 
τT = 5  h, α = 0.4  h−1, β = 0.04  h−1, k21 = 0.064  h−1, k12 = 0.126  h−1, 
k10 = 0.25 h−1. Atest/Aref versus time plots are not presented here since 
they are identical to the corresponding ones in Fig.  4 (see also the 
legend of Fig. 2).

◂
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methodologies for the assessment of bioavailability and bio-
equivalence. The word “Assessment’’ in the abbreviation 
MIDDA encompasses both the minimal modeling and the 
novel bioequivalence metrics introduced in this study.

Although the proposed slope of %absorbed versus time 
plot fits very nicely to the notion of rate introduced in 
FDA’s definition of bioavailability in 1977, concerns are 
raised for the necessity of rate considerations in view of 

Fig. 6   Semi-logarithmic plots 
of carbamazepine data reported 
in [36, 37].

Fig. 7   Plots of Atest/V and Aref/V 
as a function of time for the two 
carbamazepine studies reported 
in [35]. Redrawn from [16].
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Fig. 8   Plots of Atest/Aref and Σ(AUC​i)T /Σ(AUC​i)R as a function of time for the two carbamazepine studies reported in [35]. a – e: samples B11 
and B12, f – j: samples B21 and B23.
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the physiologically sound concept of F.A.T. For exam-
ple, the currently used metric Cmax does not mirror the 
rate of absorption (20–31) and is mainly being used as 
a safeguard for pharmacological reasons. However, car-
bamazepine’s Cmax corresponds to a pseudo steady state 
at tmax since in three sets of data tmax = τ and one set of 
data tmax < τ, see Fig. 6 in [16]. Besides, the prolonged 
duration of carbamazepine absorption, unmasked by the 
analysis using PBFTPK models [16], underscores not only 
the importance of F.A.T. in rate of absorption considera-
tions but also rules out the need for a controlled release 
formulation for carbamazepine [40]. These observations 
taken together lead either to the abolishment of the term 
rate in the definition of bioavailability and its use in bio-
equivalence studies or its replacement with the duration 
of drug’s absorption derived from the percent absorbed 
versus time plots. In either case, it is advised to use Cmax 
only for its pharmacologically related meaning applying 
boundary limits for the ratio test/reference mean Cmax val-
ues without criteria of statistical difference, following a 
case-by-case scenario. Plausibly, these boundary limits 
can be shorter for critical drugs.

As far as the extent of absorption is concerned, the 
results of the study clearly show that the ratio of the 
amounts absorbed, Atest/Aref is a proper metric for its 
assessment. Our results show that the assessment of the 
extent of absorption can be reliably based on truncated 
concentration–time data, namely, not earlier than the time 
point of the formulation exhibiting the longest duration 
of absorption. Our work theoretically substantiates the 
pioneering study of Lovering et al. [1] on the use of trun-
cated data for the assessment of the extent of absorption 

published in the early 1970s prior to the definition of bio-
availability by FDA.

Funding  This work received no funding.

Declarations 

Conflict of Interest  The authors declare no conflict of interest.

References

	 1.	 Lovering EG, McGilveray IJ, McMillan I, Tostowaryk W. Comparative 
Bioavailabilities from Truncated Blood Level Curves. J Pharm Sci. 
1975;64:1521–4. https://​doi.​org/​10.​1002/​jps.​26006​40921.

	 2.	 Heck HA, Buttrill SE Jr, Flynn NW, Dyer RL, Anbar M, Cairns 
T, Dighe S, Cabana BE. Bioavailability of imipramine tablets 
relative to a stable isotope-labeled internal standard: increasing 
the power of bioavailability tests. J Pharmacokinet Biopharm. 
1979;7(3):233–48. https://​doi.​org/​10.​1007/​BF010​60015.

	 3.	 Tsekouras AA, Macheras P. Re-examining digoxin bioavailability 
after half a century: Time for changes in the bioavailability con-
cepts. Pharm Res. 2021;38(10):1635–8. https://​doi.​org/​10.​1007/​
s11095-​021-​03121-w.

	 4.	 Macheras P, Chryssafidis P. Revising Pharmacokinetics of Oral 
Drug Absorption: I Models Based on Biopharmaceutical/Physi-
ological and Finite Absorption Time Concepts. Pharm Res. 
2020;37(10):187. https://​doi.​org/​10.​1007/​s11095-​020-​02894-
w. Erratum. Pharm Res. 2020;37(10):206. https://doi.org/10.1007/
s11095-021-03101-0.

	 5.	 Macheras P, Tsekouras AA. Columbus’ egg: Oral drugs are 
absorbed in finite time. Eur J Pharm Sci. 2022;176: 106265. 
https://​doi.​org/​10.​1016/j.​ejps.​2022.​106265.

	 6.	 Macheras P, Tsekouras AA. Revising Oral Pharmacokinetics, Bio-
availability and Bioequivalence Based on the Finite Absorption 
Time Concept, Springer, Berlin. 2023. https://​doi.​org/​10.​1007/​
978-3-​031-​20025-0.

	 7.	 Macheras P. On an Unphysical Hypothesis of Bateman Equa-
tion and its Implications for Pharmacokinetics. Pharm Res. 
2019;36(7):94. https://​doi.​org/​10.​1007/​s11095-​019-​2633-4.

	 8.	 Chryssafidis P, Tsekouras AA, Macheras P. Revising Pharmacoki-
netics of Oral Drug Absorption: II Bioavailability-Bioequivalence 
Considerations. Pharm Res. 2021;38(8):1345–56. https://​doi.​org/​
10.​1007/​s11095-​021-​03078-w.

	 9.	 Chryssafidis P, Tsekouras AA, Macheras P. Re-writing Oral Phar-
macokinetics Using Physiologically Based Finite Time Pharma-
cokinetic (PBFTPK) Models. Pharm Res. 2022;39(4):691–701. 
https://​doi.​org/​10.​1007/​s11095-​022-​03230-0.

Table I   Parameter 
Estimates ± SD Derived from 
the Analysis of Carbamazepine 
Data [35, 36]

a  Apparently, the blood concentration units used in [35] should be μg/mL, rather than the quoted ng/mL
b  Based on the first 4 data points

Formulation Ref Initial slope (ng/mL h) A∞ / Vd (ng/mL)a τ (h) kel (h−1)

B11 [35] 0.72 ± 0.03 4.29 ± 0.08 19 ± 1 0.0180 ± 0.0004
B12 [35] 0.82 ± 0.10 4.27 ± 0.03 16.1 ± 0.7 0.0179 ± 0.0002
B21 [35] 0.72 ± 0.06 4.90 ± 0.05 33 ± 2 0.0204 ± 0.0006
B23 [35] 0.60 ± 0.06 4.74 ± 0.09 32.6 ± 1.6 0.0208 ± 0.0011
400 mg [36] 1358 ± 43b 5520 ± 115 31 ± 3 0.023 ± 0.002

Table II   Test/Reference Ratios of the Parameters Indicated for Carba-
mazepine [35]

Data set Cmax [AUC]∞
0

[AUC]�
0

A∞/V Initial slope

B12/B11 1.04 1.003 1.03 0.982 1.14
B23/B21 0.89 0.954 0.909 0.962 0.83

https://doi.org/10.1002/jps.2600640921
https://doi.org/10.1007/BF01060015
https://doi.org/10.1007/s11095-021-03121-w
https://doi.org/10.1007/s11095-021-03121-w
https://doi.org/10.1007/s11095-020-02894-w
https://doi.org/10.1007/s11095-020-02894-w
https://doi.org/10.1016/j.ejps.2022.106265
https://doi.org/10.1007/978-3-031-20025-0
https://doi.org/10.1007/978-3-031-20025-0
https://doi.org/10.1007/s11095-019-2633-4
https://doi.org/10.1007/s11095-021-03078-w
https://doi.org/10.1007/s11095-021-03078-w
https://doi.org/10.1007/s11095-022-03230-0


1425Pharmaceutical Research (2024) 41:1413–1425	

	10.	 Wu D, Tsekouras AA, Macheras P, Kesisoglou F. Physiologi-
cally based Pharmacokinetic Models under the Prism of the 
Finite Absorption Time Concept. Pharm Res. 2023;40(2):419–29. 
https://​doi.​org/​10.​1007/​s11095-​022-​03357-0.

	11.	 Tsekouras AA, Macheras P. Re-examining Naloxone Pharma-
cokinetics After Intranasal and Intramuscular Administration 
Using the Finite Absorption Time Concept. Eur J Drug Metab 
Pharmacokinet. 2023;48(4):455–62. https://​doi.​org/​10.​1007/​
s13318-​023-​00831-x.

	12.	 Macheras P, Tsekouras AA. The Finite Absorption Time (FAT) 
concept en route to PBPK modeling and pharmacometrics. J 
Pharmacokinet Pharmacodyn. 2023;50(1):5–10. https://​doi.​org/​
10.​1007/​s10928-​022-​09832-w.

	13.	 Alimpertis N, Tsekouras AA, Macheras P. Revamping Biopharma-
ceutics-Pharmacokinetics with Scientific and Regulatory Implica-
tions for Oral Drug Absorption. Pharm Res. 2023;40(9):2167–75. 
https://​doi.​org/​10.​1007/​s11095-​023-​03578-x.

	14.	 Wagner JG, Nelson E. The kinetic analysis of blood levels and urinary 
excretion in the absorptive phase after single doses of drug. J Pharm 
Sci. 1964;53:1392–403. https://​doi.​org/​10.​1002/​jps.​26005​31126.

	15.	 Loo JCK, Riegelman S. New method for calculating the intrinsic 
absorption rate of drugs. J Pharm Sci. 1968;57:918–28. https://​
doi.​org/​10.​1002/​jps.​26005​70602.

	16.	 Alimpertis N, Simitopoulos A, Tsekouras AA, Macheras P. IVIVC 
Revised Pharm Res. 2024;41:235–46. https://​doi.​org/​10.​1007/​
s11095-​024-​03653-x.

	17.	 Bioavailability and Bioequivalence Requirements, Code of Fed-
eral Regulations, Title 21 Chapter I Subchapter D Part 320 https://​
www.​ecfr.​gov/​curre​nt/​title-​21/​chapt​er-I/​subch​apter-D/​part-​320 
(last Accessed 2/24/2024).

	18.	 Food and Drug Administration. Bioavailability and Bioequiva-
lence Studies Submitted in NDAs or INDs - General Consid-
erations. 2014 https://​www.​gmp-​compl​iance.​org/​files/​guide​mgr/​
UCM38​9370.​pdf (last Accessed 2/24/2024).

	19.	 European Medicines Agency, Committee for Medicinal Products for 
Human Use. Guideline on the investigation of bioequivalence https://​
www.​ema.​europa.​eu/​en/​docum​ents/​scien​tific-​guide​line/​guide​line-​
inves​tigat​ion-​bioeq​uival​ence-​rev1_​en.​pdf (last Accessed 2/24/2024).

	20.	 Jackson AJ, Chen ML. Application of moment analysis in assess-
ing rates of absorption for bioequivalency studies. J Pharm Sci. 
1987;76:6–9. https://​doi.​org/​10.​1002/​jps.​26007​60103.

	21.	 Endrenyi L, Fritsch S, Yan W. Cmax/AUC is a clearer measure 
than Cmax for absorption rates in investigations of bioequiva-
lence. Int J Clin Pharmacol Ther Toxicol. 1991;29:394–9.

	22.	 Endrenyi L, Yan W. Variation of Cmax and Cmax/AUC in inves-
tigations of bioequivalence. Int J Clin Pharmacol Ther Toxicol. 
1993;31:184–9.

	23.	 Tozer TN, Hauck WW. Cmax/AUC, a commentary. Pharm Res. 
1997;14:967–8. https://​doi.​org/​10.​1023/a:​10121​28623​213.

	24.	 Chen ML. An alternative approach for assessment of rate of 
absorption in bioequivalence studies. Pharm Res. 1992;9:1380–5. 
https://​doi.​org/​10.​1023/a:​10158​42425​553.

	25.	 Macheras P, Symillides M, Reppas C. The cutoff time point of 
the partial area method for assessment of rate of absorption in 
bioequivalence studies. Pharm Res. 1994;11:831–4. https://​doi.​
org/​10.​1023/a:​10189​21622​981.

	26.	 Lacey LF, Keene ON, Duquesnoy C, Bye A. Evaluation of differ-
ent indirect measures of rate of drug absorption in comparative 
pharmacokinetic studies. J Pharm Sci. 1994;83:212–5. https://​doi.​
org/​10.​1002/​jps.​26008​30219.

	27.	 Reppas C, Lacey LF, Keene ON, Macheras P, Bye A. Evaluation 
of different metrics as indirect measures of rate of drug absorption 
from extended release dosage forms at steady-state. Pharm Res. 
1995;12:103–7. https://​doi.​org/​10.​1023/a:​10162​46922​519.

	28.	 Rostami-Hodjegan A, Jackson PR, Tucker GT. Sensitiv-
ity of indirect metrics for assessing “rate” in bioequivalence 

studies–moving the “goalposts” or changing the “game.” J Pharm 
Sci. 1994;83:1554–7. https://​doi.​org/​10.​1002/​jps.​26008​31107.

	29.	 Endrenyi L, Csizmadia F, Tothfalusi L, Chen ML. Metrics com-
paring simulated early concentration profiles for the determination 
of bioequivalence. Pharm Res. 1998;15:1292–9. https://​doi.​org/​
10.​1023/a:​10119​12512​966.

	30.	 Macheras P, Symillides M, Reppas C. An improved intercept 
method for the assessment of absorption rate in bioequivalence 
studies. Pharm Res. 1996;13:1755–8. https://​doi.​org/​10.​1023/a:​
10164​21630​290.

	31.	 Chen ML, Lesko L, Williams RL. Measures of exposure versus 
measures of rate and extent of absorption. Clin Pharmacoki-
net. 2001;40:565–72. https://​doi.​org/​10.​2165/​00003​088-​20014​
0080-​00001.

	32.	 Margolskee A, Darwich AS, Galetin A, Rostami-Hodjegan A, 
Aarons L. Deconvolution and IVIVC: Exploring the Role of Rate-
Limiting Conditions. AAPS J. 2016;18(2):321–32. https://​doi.​org/​
10.​1208/​s12248-​015-​9849-y.

	33.	 Guidelines for biopharmaceutical studies in man. American Asso-
ciation of Pharmaceutical Sciences, Academy of pharmaceutical 
sciences, Washington D.C. 1972.

	34.	 Tucker GT, Rostami-Hodjegan A, Jackson PR. Bioequivalence-A 
measure of therapeutic equivalence? 35–43 In Bio-International 
2, Bioavailability, Bioequivalence and Pharmacokinetic studies. 
Editors H. Blume, K. Midha. Medpharma Scientific publishers 
Stuttgart. 1995.

	35.	 González-García I, Mangas-Sanjuan V, Merino-Sanjuán M, 
Álvarez-Álvarez C, Díaz-Garzón Marco J, Rodríguez-Bonnín MA, 
Langguth T, Torrado-Durán JJ, Langguth P, García-Arieta A, Ber-
mejo M. IVIVC approach based on carbamazepine bioequivalence 
studies combination. Pharmazie. 2017;72:449–57. https://​doi.​org/​
10.​1691/​ph.​2017.​7011.

	36.	 Sjögren E, Westergren J, Grant I, Hanisch G, Lindfors L, Len-
nernäs H, Abrahamsson B, Tannergren C. In silico predictions of 
gastrointestinal drug absorption in pharmaceutical product devel-
opment: application of the mechanistic absorption model GI-Sim. 
Eur J Pharm Sci. 2013;49(4):679–98. https://​doi.​org/​10.​1016/j.​
ejps.​2013.​05.​019.

	37.	 Zhao L, Peck CC. (2023). Impact of Clinical Pharmacology on 
the Modernization of Drug Development and Regulation. In: 
Macheras, P. (ed) Advances in Pharmacokinetics and Pharma-
codynamics. AAPS Introductions in the Pharmaceutical Sci-
ences, vol 9. Springer, Cham. 2023. https://​doi.​org/​10.​1007/​
978-3-​031-​29541-6_7.

	38.	 Considerations with respect to future MIDD related guidelines. 
https://​datab​ase.​ich.​org/​sites/​defau​lt/​files/​ICH_​MIDD_​Roadm​ap_​
2022_​0503.​pdf (last Accessed 2/24/2024).

	39.	 Wu F, Mousa Y, Jereb R, et al. Using Mechanistic Mod-
eling Approaches to Support Bioequivalence Assessments for 
Oral Products. AAPS J. 2024;26:19. https://​doi.​org/​10.​1208/​
s12248-​024-​00886-x.

	40.	 Powell G, Saunders M, Rigby A, Marson AG. Immediate-release 
versus controlled-release carbamazepine in the treatment of epi-
lepsy. Cochrane Database Syst Rev. 2016 ;12(12):CD007124. 
https://​doi.​org/​10.​1002/​14651​858.​CD007​124.​pub5.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s11095-022-03357-0
https://doi.org/10.1007/s13318-023-00831-x
https://doi.org/10.1007/s13318-023-00831-x
https://doi.org/10.1007/s10928-022-09832-w
https://doi.org/10.1007/s10928-022-09832-w
https://doi.org/10.1007/s11095-023-03578-x
https://doi.org/10.1002/jps.2600531126
https://doi.org/10.1002/jps.2600570602
https://doi.org/10.1002/jps.2600570602
https://doi.org/10.1007/s11095-024-03653-x
https://doi.org/10.1007/s11095-024-03653-x
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-D/part-320
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-D/part-320
https://www.gmp-compliance.org/files/guidemgr/UCM389370.pdf
https://www.gmp-compliance.org/files/guidemgr/UCM389370.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-bioequivalence-rev1_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-bioequivalence-rev1_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-bioequivalence-rev1_en.pdf
https://doi.org/10.1002/jps.2600760103
https://doi.org/10.1023/a:1012128623213
https://doi.org/10.1023/a:1015842425553
https://doi.org/10.1023/a:1018921622981
https://doi.org/10.1023/a:1018921622981
https://doi.org/10.1002/jps.2600830219
https://doi.org/10.1002/jps.2600830219
https://doi.org/10.1023/a:1016246922519
https://doi.org/10.1002/jps.2600831107
https://doi.org/10.1023/a:1011912512966
https://doi.org/10.1023/a:1011912512966
https://doi.org/10.1023/a:1016421630290
https://doi.org/10.1023/a:1016421630290
https://doi.org/10.2165/00003088-200140080-00001
https://doi.org/10.2165/00003088-200140080-00001
https://doi.org/10.1208/s12248-015-9849-y
https://doi.org/10.1208/s12248-015-9849-y
https://doi.org/10.1691/ph.2017.7011
https://doi.org/10.1691/ph.2017.7011
https://doi.org/10.1016/j.ejps.2013.05.019
https://doi.org/10.1016/j.ejps.2013.05.019
https://doi.org/10.1007/978-3-031-29541-6_7
https://doi.org/10.1007/978-3-031-29541-6_7
https://database.ich.org/sites/default/files/ICH_MIDD_Roadmap_2022_0503.pdf
https://database.ich.org/sites/default/files/ICH_MIDD_Roadmap_2022_0503.pdf
https://doi.org/10.1208/s12248-024-00886-x
https://doi.org/10.1208/s12248-024-00886-x
https://doi.org/10.1002/14651858.CD007124.pub5

	Application of the Finite Absorption Time (F.A.T.) Concept in the Assessment of Bioequivalence
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Theory
	Rate

	Methods
	Results
	Simulated Data
	Analysis of Carbamazepine Bioequivalence Data

	Discussion
	Simulated Data
	Analysis of Carbamazepine Bioequivalence Data
	Regulatory Implications

	References


