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ABSRACT

Purpose To demonstrate that oral drug absorption is
terminated in finite time. To develop models based on
biopharmaceutical/physiological and finite absorption
time concepts.

Methods The models are based on 1) the passive drug diffu-
sion mechanism under the sink conditions principle 1i) the rate
limiting role of the drug’s properties solubility and permeabil-
ity and iii) the relevant restrictions associated with the gastro-
intestinal transit times of drug in the stomach, the small intes-
tines and the colon. T'wo input functions of constant rate are
considered for the absorption of drug from i) the stomach/
small intestines with an upper limit of 5 h and 1i) the colon with
an upper limit of 30 h. Branched differential equations were
written for the time course of drug in the body.

Results Simulations were performed using different scenar-
10s, assuming a variety of drug properties and limited or
non-existent absorption from the colon. Literature oral data
of cephradine, ibuprofen, flurbiprofen and itraconazole were
analyzed. For all drugs examined, nice fittings of the branched
differential equations to the experimental data were observed.
Conclusions For all drugs the absorption process was termi-
nated in the small intestine. The meaning of partial AUCs,
Cmax, tmax are questioned. Applications of these models to
IVIVC are anticipated.
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ABBREVIATIONS

BCS Biopharmaceutic classification system

BDDCS  Biopharmaceutic drug disposition classification
System

Gl Gastrointestinal

IVIVC In vitro in vivo correlations

PBFTPK  Physiologically based finite time pharmacokinetic

PBPK Physiologically based pharmacokinetic

INTRODUCTION

The oral route is the most common for drug administration.
Extensive work in this field of research revealed that two basic
drug properties, namely, solubility and permeability of gastro-
intestinal membrane determine the extent of oral drug absorp-
tion [1, 2]. These scientific advances lead to the development of
the biopharmaceutic classification system (BCS), the biophar-
maceutic drug disposition classification system (BDDCS) and
the publication of relevant regulatory guidelines, by the Food
and Drug Administration (FDA) and the European Medicines
Agency (EMA) [3, 4]. These guidelines formulate the scientific
requirements for the performance or not of bioequivalence
studies towards the approval of generics/drugs classified in four
drug classes (I, II, III, IV). For example, a highly soluble, highly
permeable drug (Class I) can get a biowaiver status for bioequi-
valence studies (3—5). This does not apply to Class II (low solu-
bility, high permeability), and Class IV (low solubility, low per-
meability) drugs. For Class III (high solubility, low permeability)
a biowaiver status can be assigned under certain conditions [3,
4]. Class I drugs exhibit extensive absorption (fraction of dose
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absorbed >0.90), while for Class II, III and IV drugs the frac-
tion of dose absorbed 1s certainly lower than 0.90.

However, it is very well known, that the absorption of orally
administered drugs is complex and depends not only on drug
properties but also on physiological aspects of the gastrointestinal
(G]) tract [6] such as (a) drug/formulation-dependent factors—
drug physicochemical properties [e.g., aqueous solubility, perme-
ability, molecular size, aggregation/ complexation, charge, pKa,
H-bonding potential, hydrophobicity, and crystal lattice energy]
and formulation composition (e.g., dosage form, absorption
enhancers, and drug release) and (b) system dependent
factors—physiological parameters (e.g., gastric emptying, intesti-
nal motility, intestinal pH, site-dependent permeability, intestinal
content composition, and disease state) and biochemical param-
eters (e.g., metabolism, efflux transporters, and active uptake
transporters). Due to this complexity during the last fifteen years
or so different modeling approaches have been proposed and
software packages (GastroPlus® Software, n.d.; Simcyp®
Simulator, n.d.; PK-SIim® Software, n.d.) have been developed
for the analysis of oral drug absorption. These advances have
resulted in the development of physiologically based pharmaco-
kinetic (PBPK) modeling field [5, 7-10].

One characteristic of paramount importance for all mod-
eling approaches is the duration of the absorption process, the
so called mean intestinal transit time. In the most of the cases,
the user/modeler can fix the value to a finite time period e.g.
199 min [7, 11, 12] The selection of finite time is crucial for
the predictive purposes of the model/software. However, in
hundreds and hundreds of pharmacokinetic,
pharmacokinetic-pharmacodynamic and pharmacometric
studies dealing with oral drug absorption, the rate of drug
input is routinely estimated with the absorption rate constant.
This parameter is the hallmark of first-order rate of drug ab-
sorption, which is associated with an infinite absorption time
[13]. Its use started in 1953 when Dost introduced the term
pharmacokinetics [14] by adopting the relevant Bateman
equation [15, 16] quoted in all pharmacokinetic textbooks.

The current work focuses on the duration of oral drug
absorption. To this end, a physiologically based minimal mod-
el coupled with the principles of the biopharmaceutic classifi-
cation system was constructed. The pharmacokinetic analysis
of four drugs, namely, cephradine, ibuprofen, flurbiprofen
and itraconazole demonstrated that their oral absorption is
terminated at finite time coinciding with t;,.

THEORY
History
In 1910 Henry Bateman [15] described, using Eq.1 the abun-

dances and activities of the daughter-isotope in a decay chain
of three isotopes i.e. mother, daughter, grand-daughter as a

@ Springer

function of time, Fig. 1. Based on the similarity of the kinetic
processes depicted in Fig. 1, Friedrich Hartmut Dost [14] used
Eq.1 in 1953 and described the blood concentration Gy, in the
body at time t, assuming one-compartment model disposition
with first-order absorption and elimination rates.

FDk,

Gl = 5 )

(efkdt_efk,,t> (1)
where, Fis the bioavailable fraction of dose (D), Vyis the volume
of distribution and £, £, are the absorption and elimination
first-order rate constants, respectively. In physics, thousands of
experimental observations have shown that the first-order de-
cay of isotopes is undoubtedly true. Similarly, the prevailing
first-order character of the elimination rate of drugs has been
verified in numerous pharmacokinetic studies. On the contrary,
the infinite time of drug absorption is not physiologically sound
since drugs are not absorbed beyond their absorptive sites in the
GI tract. In fact, oral drug absorption takes place in a certain
period of time in accordance with the biopharmaceutical prop-
erties of the drug as well as the physiological gastric, intestinal
and colon transit times reported in the literature [17].

Biopharmaceutical-Pharmacokinetic Considerations

Basically, drugs pass through the gastrointestinal membranes
by passive diffusion. Fick’s laws of diffusion describe the flux of
solutes (drugs) undergoing classical diffusion. The simplest sys-
tem to consider is a solution of a drug with two regions of
different concentrations, Cgy at the absorption site of the gas-
trointestinal lumen and blood concentration, (j, of a boundary
(GI membrane) separating the two regions. The driving force
for drug transfer is the concentration gradient between the
concentrations of the drug molecules in the two regions.
Thus, the rate of penetration can be written [18]:

Rate of Penetration = P+(SA)-(C¢—C)) (2)

where P is the permeability of drug expressed in velocity
units (length/time) and SA is the surface area of the mem-
brane in (length) units. The sheer size of the body, by diluting
absorbed drug, tends to maintain sink conditions, in which Cy,
1s much smaller than Cgy, therefore,

Rate of Penetration = P-(SA)-(Cer) (3)

Eq.3 can be written in terms of drug amount, Ay assuming
that the volume of fluid at the absorption site Vg remains
relatively constant,

. Aer
Rate of Penetration = P-(SA)'V— = kder (4)
GI

where k, is the absorption rate constant expressed in
(time) ™" units, which is equal to P (SA)/Vgr. In all pharma-
cokinetic text books, e.g. [18, 19] the classical analysis of one-
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Fig. I Henry Bateman's vis a vis
Friedrich Harmut Dost’s kinetic
considerations.

Mother

Drug in the Gl tract

compartment model starts from Eq.4 assuming a first-order
decrease of the amount of drug, Ag:

dAgr

= _kaA 5
di ol (5)

which upon integration from t =0, Agi=FD to t=t, Ag1=
Ag1 one obtains:

Agr(1) = FD ¢ (6)

Eq.6 is further coupled with the differential equation de-
scribing the change of drug concentration in blood, Cy,, which
eventually leads to Eq.1. Thus, the infinite absorption time
implied from Eq.1 results from the first-order change (Eq.5)
of the amount of drug in the gastrointestinal lumen, Agr.

Development of Models Based on the Finite Drug
Absorption Time Concept

One of the most important steps in oral drug absorption is the
dissolution of drug in the gastrointestinal fluids [1, 3, 4, 18, 19]. In
this context, we reconsider below the rate of drug permeation for
the various drug classes (I-IV) [1, 3, 4] using the fundamental
Eq.3 taking into account the dissolution process. Also, the phar-
macokinetic considerations rely on one-compartment model dis-
position assuming for simplicity no first pass effect, i.e. fraction of
dose absorbed = bioavailable fraction.

Class | Drugs

For highly soluble, highly permeable drugs (Class I), the rate of
permeation is high, Eq.3, Fig. 2. Regardless the formulation
administered (drug solution or solid formulation), these drugs
do not exhibit either dissolution or permeability limited ab-
sorption. Therefore, the high value of P coupled with the high
surface area, (SA);, of the small intestine lead to rapid and
extensive absorption, Fig. 2. Therefore, this rapid absorption
can be approximated with a constant rate of drug penetration:

Bateman’s decay chain of isotopes :

________ > --------p  Grand-daugther

Dost’s drug kinetics :

absorption elimination
________ > -—--_-__p CEliminated drug
F.D D
(Rate of Penetration) | = P-(SA),(Ccr) =k = == (7
T; T;

where kr denotes the constant penetration rate (mass/time
units) for Class I drugs, F; is the fraction of dose absorbed in
the stomach and small intestine and 7; is the duration of this initial
absorption phase. Since Class I drugs are absorbed fully, I; = 1 1s
being used in Eq.7. Accordingly, the change of drug blood con-
centration G, as a function of time for Class I drugs is:

V,,dC D
d . b — ky—hkaCyVy = ——kuCiVs (8)

Plausibly, the small intestine is the major site of absorption
for Class I drugs while absorption always ceases in much
shorter time than 4.86 h, which is the sum of gastric and small

intestine transit time [17], Fig. 2. Eq.8 gives upon integration
fort=0,C,=0and t=t, G, = Cy:

D
1 Vika

Cy(1) (1= (9)

Upon completion of the absorption phase at time t = T;, the
drug concentration will be (Cy), in accordance with Eq.9.
The change of drug concentration beyond time T; 1s described
by the following equation
dCy

— = —kq(Cy)

7 (10)

Eq.10 upon integration for t =1, Gy, = (Cy)y; and t — oo,
C, =0, leads to Eq.11 which describes the monotonic elimi-
nation phase

Cy(1) = (Cp)yy e M7 (11)

Class Il Drugs
For low soluble, highly permeable drugs (Class II), the rate of

drug permeation is low, Eq.3. This is so, since the maximum
value of the term Cgp, of Eq.3 cannot be higher than the low
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Fig.2 A schematic of the biopharmaceutical/physiological drug absorption model, which relies on the transit times of the drug along the gastrointestinal tract. For
Class | drugs, the completion of absorption (F > 0.90) ceases in a shorter time than the duration of the stomach and small intestine transit 4.86 h (21). For Class |,
ll'and IV drugs, the limited overall absorption (F < 0.90) can be continued beyond the ileocecal valve and lasts not more than the whole gut transit time e.g.
29.81 h (21). The absorbed drug reaches the hepatic portal vein; the blood flow (2040 cm/s) impose sink conditions on drug transfer. The thick black arrow

denotes the major site of drug absorption, namely, the small intestine. The dashed arrow indicates the potentially limited drug absorption from the colon.

saturation solubility, Cg, of the drug in the gastrointestinal
fluids. This solubility value can be also considered constant.
Therefore, the rate of gastric and small intestine penetration
for a Class II drug can be approximated.

F.D
(Rate of Penetration); = P-(SA), (Cs) = ki =

(12)

Ti

where ky; denotes the constant penetration rate (mass/time
units) for Class II drugs, Fig. 2. Accordingly, the change of
drug blood concentration Cy, as a function of time assuming
one-compartment model disposition for Class II drugs 1s

VqdC,
dt

= kir—kaCyVy (13)

Eqgs 12 and 13 roughly operate for not more than 4.86 h,
which is the sum of gastric and small intestine transit time [17].
The passage of Class IT drugs to the colon via the ileocecal
valve, which separates the small intestine and the large intes-
tine, can either result in the termination of drug absorption or
the significant reduction of the rate of drug penetration since
the effective surface area (SA)¢ 18 much smaller in the colon
and the amount of unabsorbed drug at the ileocecal valve is
equal to (1-F;)D:

(I=F,)D

T~ T

(Rate of Penetration),, = P-(S4).(Cs) = k. = A (14—)
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where T, denotes the termination time of drug absorption
from the colon, A is a coefficient (0 <A < 1) associated with the
reduction of the penetration rate due to small surface area (SA)
compared to (SA); and £y . denotes the constant penetration rate
(mass/time units) for Class II drugs in the colon, Fig. 2.
Accordingly, the change of drug blood concentration G, as a
function of time assuming one-compartment model disposition
for Class II drugs during the drug passage through the colon is

V.dCy
dt

= k][,c_kelcb Vd (15)

This equation roughly holds from 4.86 h to the time need-
ed for the drug to reach the non-absorptive sites of the colon,
T, but certainly shorter than 20.28 or 31.95 h i.e. the colon
transit time for a single-unit or multi-unit formulation, respec-
tively [17], Fig. 2. At time T, absorption ceases; beyond this
time point the drug is only eliminated from the body. Hence,
the drug concentration decreases according to Eq.16, which is
similar to Eq.11:

Cy(t) = (Cy,),, e M%) (16)

where (G, ) 7. is the drug concentration corresponding to time
Te.

Class Ill Drugs

For highly soluble, low permeable drugs (Class III), the rate of
drug permeation is low, Eq.3. This is so, since the low perme-
ability value, P}, is rate limiting for absorption; therefore, the
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rate of penetration for a Class III drug, throughout the pas-
sage of drug from the stomach and small intestine, can be
approximated:

F:D

(Rate of Penetration); = P;-(SA);(Cer) = kir =

(17)

i

where kyjy denotes the constant penetration rate (mass/time
units) for Class III drugs, Fig. 2. Accordingly, the change of
drug blood concentration Cy, as a function of time for Class IIT
drugs is

V,dC
ddt Y — ki —kaCy Vg (18)

Eqs 17 and 18 roughly operate for not more than 4.86 h,
which is the sum of gastric and small intestine transit time [17].
The passage of Class III drugs to the colon via the ileocecal
valve, can either result in the termination of drug absorption
or the significant reduction of the rate of drug penetration
since the effective surface area (SA)q is much smaller in the
colon and the amount of unabsorbed drug at the ileocecal
valve is equal to (1 — F;)D:

(I=F;)D

(Rate of Penetration) .= P;-(S4).(Cer) = kirc =
‘ T.—7T;

4 (19)

where kpp ¢, denotes the zero-order penetration rate (mas-
s/time units) for Class III drugs in the colon. Accordingly, the
change of drug blood concentration Cy, as a function of time
assuming one-compartment model disposition for Class IIT
drugs in the colon is

V,dC,
dt

= kmr.—kaCyVyq (20)

This equation roughly holds from 4.86 h to the time need-
ed for the drug to reach the non-absorptive sites of the colon,
T, but certainly shorter than 20.28 or 31.95 h i.e. the colon
transit time for a single-unit or multi-unit formulation, respec-
tively [21]. At time T, absorption ceases; beyond this time
point the drug is only eliminated from the body. Hence, the
drug concentration decreases according to Eq.16 for t>7..

Class IV Drugs

For low soluble, low permeable (Class IV) drugs, the rate of
permeation is low, Eq.3. Both solubility and permeability are
limiting absorption. The low values of the terms P and Gy in
Eq.3 allow their replacement, as explained above, with P, and
Cs, respectively. This leads to slow and limited absorption (F
< <0.90). Therefore, this slow absorption can be approximat-
ed with a constant rate of penetration:
. FiD

(Rate of Penetration)y, = P;-(SA)-(Cs) = kyy = —— (21)

T

where kpy denotes the constant penetration rate (mass/time
units) for Class IV drugs, Fig. 2. Using the same syllogism
delineated above, the differential equation describing the
change of drug blood concentration C,, during the passage
of drug from the stomach and small intestine (roughly,
4.86 h) [17] 1s as follows:

V4dCy

=k —kaCyV,
r v —kaCyVa (22)

The passage of Class IV drugs to the colon via the ileocecal
valve, can either result in the termination of drug absorption
or the significant reduction of the rate of drug penetration
since the effective surface area is much smaller in the colon
(SA)¢ and the amount of unabsorbed drug at the ileocecal
valve is equal to (1 — IF;)D:

(1-F)D

T~

(Rate of Penetration),, = P;-(S4),(Cs) = ki, = 2 (23)

where kpy ¢ denotes the constant penetration rate (mas-
s/time units) for Class IV drugs in the colon. Accordingly,
the change of drug blood concentration Cy, as a function of
time assuming one-compartment model disposition for Class
IV drugs in the colon is

V4dCy

=k —kaCyV, 24
n e~ haCpVa (24)

As explained above, this equation roughly holds from
4.86 h to the time needed for the drug to reach the non-
absorptive sites of the colon, T, (< 20.28 or <31.95 h) 1.e.
the colon transit time for a single-unit or multi-unit formula-
tion, respectively [17]. Beyond, this time point, T, the drug is
only eliminated from the body. Hence, the drug concentration
decreases according to Eq.16 for t>1..

The theoretical section of oral drug absorption was based
on i) the finite absorption time concept ii) the physiologically
based transit times reported in the literature [17] and iii) the
basic drug properties, namely, solubility and permeability,
which have been adopted by the regulatory authorities as
the key factors controlling oral drug absorption [3, 4].
However, the reader should be aware of the qualitative char-
acter of biopharmaceutics classification system, which implies
large differences in the drug properties among the drugs of the
same Class. Accordingly, the theoretical aspects developed
here can be considered as a general framework of drug ab-
sorption while the i viwo drug behavior can vary remarkably
even for drugs of the same Class [3, 4]. Moreover, deviations
from the general modeling framework may be applied in ac-
cord with the experimental observations. For example, a drug
may exhibit regional rate of absorption differences in the var-
1ous segments of the small intestines e.g. jejunum and ileum. In
such a case, two successive constant input rates can be
considered.

@ Springer
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Although the development of models was based on one
compartment model disposition, similar equations can be
written assuming two compartment model disposition [19].
For the purposes of the present work, we quote below the
relevant equations assuming no absorption from the colon:

VadC
%:/ﬂ_(/ﬂZ"_k\o)cde
¢
+ ki CyVy Jor 0
< Z‘S‘L'l' (25)
dC
d_tb = —(ki2 + ki0)Cy + k21 C2 Jor t>1 (26)

where k9, kg, ko are the microconstants of the two-
compartment model, Cy the drug concentration in the periph-
eral compartment and k; can either be k; or kyy or kyy or kyy
depending on the drug class type.

Due to the physiological relevance of the finite time absorp-
tion models developed, we coin the term physiologically based
finite ime pharmacokinetic (PBFTPK) models.

METHODS

Various simulation scenarios were used to generate (Cy, t)
data for Class I, II, IIT and IV drugs. For Class I drugs, (Cy,
t) curves were generated using Eq.9 and Eq.10 for t<7; and
t > 1, respectively assigning different values for D/t; ensuring
rapid or very rapid and complete absorption (I' = 1). For drug
Classes II, IIT and IV, the (G, t)curves were generated using
Egs. 13, 15, or 18, 20 or 22, 24, respectively. Different values
for the input rate parameters ky, ki ¢, kir, ki e, krv, kv, were
used in order to study the shape of the (Cy, t) curves when drug
absorption operates or not in the colon. In all cases, Eq.16 was
used to simulate the elimination phase. All equations were
integrated using Python’s open-source SciPy v.1.4.1 ecosys-
tem. Its embedded solvers using Adams’method for non-stiff
problems provided us the continuous solutions of the first or-
der differential equations. Data fitting was performed for four
different drugs obtained from literature, namely, cephradine
[20], ibuprofen [20], flurbiprofen [21] and itraconazole [22].
The PBFTPK models were fitted to the data using SciPy’s
curve_fit function. The function uses the Levenberg
—Marquardt algorithm which has become a standard tech-
nique for nonlinear least squares problems [23]. The
generated plots depict two discrete curves united at
the top instead of one and undivided curve. The choice
of binding the proposed pairwise equations with a
Heaviside function [24] in order to erase discontinuities
at G, was also tested. Although it provided very com-
petent R? metrics and almost identical fittings, the pre-
sentation of two discrete curves that join with a small

@ Springer

discontinuity at their top, attributed to a small extrapo-
lation at this data point due to the fitting procedure,
was preferred. The selection of this format was navigat-
ed by the need to underline the two distinct physiolog-
ical absorption and elimination processes. All
corresponding plots were illustrated with SciPy’s
matplotlib.

RESULTS
Simulations

Figure 3 shows examples of Class I drugs with rapid (Fig.3a)
and less rapid (Fig.3b) absorption. The two input rates are
133.33 and 50.0 mg/h, respectively. Figure 3c shows a very
rapid drug absorption (input rate =1000 mg/#%) in comparison
with a set of curves generated from Eq.1 using different values
for the absorption rate constant while in all cases a common
value (0.1 h™ ") for the elimination rate constant is used. Visual
inspection indicates that the plots exhibit only minor differ-
ences around the peak of the curves; accordingly, the justifi-
cation of the operating model under i vizo conditions will be
rather impossible since the fitted curves will be indistinguish-
able when data with experimental error are used.

Figure 4a shows examples of Class II or III or IV drugs
assuming various input rates for drug absorption in the colon
lasting 6 h while a common input rate 2.1 mg/#4 in the
stomach/small intestine lasting 4 h has been used. The blue
curve represents the most common case since no absorption is
taking place in the colon. The green and purple curves, exhibit
a monotonic decrease of drug concentration until time T since
the input rates in the colon (0.5 mg/k. and 1 mg/#h, respec-
tively) are much smaller than the input rate in the stomach/
small intestine, 2.05 mg/A. The brown curve exhibits a sus-
tained type profile since drug’s absorption in the colon,
(1.8 mg/%) has not been reduced drastically in comparison
with the input rate (2.05 mg/#A) in the stomach/small intestine.
The orange curve represents the continuation of the drug’s
absorption in the colon for 6 more hours with imperishable
input rate (2.1 mg/#h).

Figure 4b is a representative example of a drug exhibiting
regional permeability differences in the small intestine. Three
successive input rates of 1.4, 1 and 0.8 mg/h in jejunum, ileum
and colon, respectively have been simulated; the
corresponding duration of the processes are 2, 1 and 7 h,
respectively.

Data Analysis
Literature data of cephradine [20], ibuprofen [20] flurbipro-

fen [21] and itraconazole [22] were analyzed using the
PBFTPK models developed. All (Cy, t) data belonging to the
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(a)
3.5 H
3.0
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=
S 1.5
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time(h)
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=
S
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Fig. 3 (C,, t) profiles for Class | drugs. Key: (a) Rapid drug absorption generated from Eqgs. 9 and | | adjusting D = 100 mg, T;=0.75h, Vg = 100 L, kg =
0.1 h™' (b) Less rapid absorption compared to (a) considering D = 100 mg, T, = 2 h, Vg = 100 L, kg = 0.1 h™'(c) Very rapid drug absorption (continuous line)
consideringD = 500 mg, T, = 0.5h~', Vg = 680 L, kg = 0.1 h~' . The three dashed curves are generated from Eq. | using D = 500 mg, Vy = 680 L all sharing
a common absorption rate constant k, = 2.23 h™" while kg values from top to bottom are 0.85, 1.05, 1.25h ™", respectively. The blue lines correspond to drug
absorption and the red lines represent the drug’s elimination phase.

declining limbs of cephradine, ibuprofen and flurbiprofen  constants estimates were 0.97, 0.33 and 0.11 h™" for cephra-
profiles were analyzed using semi-logarithmic plots, Fig.5.  dine, ibuprofen and flurbiprofen, respectively. The estimates
For all sets of data very nice fittings were obtained with R*  of the respective elimination rate constants for cephradine,
values 0.993, 0.989 and 0.980 while the elimination rate ibuprofen and flurbiprophen were coupled with Eq.13 and
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'@ Endof drug’s passage
from ileum
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from jejunum \
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2.5 5.0 7.5

T

10.0 12,5 15.0 17.5 20.0

time(h)

Fig.4 (a)(Cy, t) curves for various drugs (Class II, or lll, or IV) assuming a common i) elimination rate constant, kg = 0.53 h™ ' ii) small intestine input rate 2. 1 mg/
h and iii) volume of drug distribution 100 L. All drugs are absorbed in the stomach/small intestine where C,, reaches its peak at 4 h. After that point, absorption in
the colon, which lasts 6 h, is observed for all coloured lines except for the blue line. Key: ky ¢, or ky¢, or ky,c 2.05, 1.80, 1.00, 0.50, 0 mg/h from top to bottom,
respectively (b) (Cy, 1) curve for a drug exhibiting three successive constant rates of absorption 1.4, 1.0, 0.8 mg/h in the jejunum, ileum and colon, respectively.
The duration of absorption is 2, | and 7 h, respectively. The arrows indicate the termination of absorption at the end of the two segments of the small intestine.
The drug dose is equal to 100 mg, ke = 0.23 h™', while the volume of drug distribution is equal to 100 L.
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Fig.5 Curvefitting of Egs. (25, 26) (a

(b)

to all data points. Key: (a)
Cephradine. Dose = 500 mg, 15.0 4 141
R? = 0.9723. (b) Ibuprofen, o
Dose = 200 mg, R? = 0.996(¢) 1251 121
Flurbiprofen, Dose = 100 mg, 101
R? = 0.9908. (d) ltraconazole, ~ 10.01 -~
Dose = 200 mg, R? = 0.9797. i K
The blue lines correspond to drug < 751 <
absorption and the orange lines N v 8
represent the drug's elimination 5.01 4
phase. 0
2.51 2
0.01 01 J
o 1 2 3 56 o 2 4 6 8 1 D
time(h) time(h)
(© (d)
2501
10 1
q
N 200
~ < ~
%,l“ 6 gi‘j 1501
Yo < 100
]
21 50 1
0 1 J e 0 B
(') 1'0 2'0 3'0 4'0 5'0 (') 1'0 2'0 3'0 4'0 5'0 6'0 7'0
time(h) time(h)

fitted to the entire set of data, Fig.6a-c. The R values of the
fittings were 0.9723, 0.9961 and 0.9908 while the estimates
for optimal ky were 15.07, 11.12 mg/h for ibuprofen and
flurbiprophen, respectively. A meaningless estimate was de-
rived for cephradine input rate upon curve fitting. This is
attributed to the very steep change of cephradine concentra-
tion in the absorption phase. A graphical estimate was derived
from the data points assuming a linear change of 14.81, mg//.
Since itraconazole (26) is a two-compartment model, Class II
drug [24] the entire set of the declining limb of concentration
time data was analyzed using the general equation that describes
a two-compartment disposition model (19):

Cy=Ae " + B ¥ (27)

The estimates for the constants A, B, o, p were computed
with a nonlinear least-squares approach using the Levenberg
—Marquardt algorithm [24]. A nice fitting was obtained,
R?=10.9768, Fig.5d; the estimates for A, B, o, f were
679.46 mg/L, 13.26 mg/L, 0.41 4", 0.038 ', respectively.
Subsequently, estimates for the microconstants, ko, kig ko
were derived algebraically [19] and used in a curve-fitting
exercise of Egs. 25 and 26 to the entre set of itraconazole

experimental data, Fig.6d. The algorithm converged with an
R? metric 0.9797, while the estimate for k1 was 990.07 mg/h..

The analysis of all data demonstrates that the absorp-
tion of drugs has been terminated at 1.0, 2.0, 0.7, 3.0 h
for cephradine, ibuprofen, flurbiprofen and itraconazole,
respectively, Fig.6. In other words, all drugs were
absorbed in the small intestine, which is in accord with
the general and common wisdom belief.

DISCUSSION

The physiological aspects of the PBFTPK models rely on the
physiological/anatomical differences of the two regions, small
intestine and large intestine. It is widely known today that be-
cause of its permeability, large surface area and high blood flow,
the small intestine is the primary site for drug absorption, Fig.2.
In fact, a monolayer of enterocytes that is characterized by
protrusions that extend into the gut lumen, called villi, result
in a potential absorptive surface area of 60m” in both the jeju-
num and ileum [25]. On the contrary, the colon surface area
totals around 0.25 m” as there are no villi [26]. This huge
anatomical difference causes a very large difference in the rate
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Fig. 6 Computation of the slope of one-compartment model drugs [(a), (b), (c)] using semilogarithmic plots for all data points of the declining limb of the (C,,, t)
curve. Key: (a) Cephradine, Dose = 500 mg, ko = 0.97 h™' R? = 0.991; (b) Ibuprofen, Dose = 200 mg, ky = 0.33 h™', R? = 0.993; Flurbiprofen, Dose =
100 mg, kg = 0.11 h~", R* = 0.980. (d) Non-linear two-compartment model fit to all itraconazole data points of the dedlining limb of the (Cy,, t) curve of a dose
200 mg. Computation of optimal parameters: A = 679.46 mg/mL, a = 0.415h"", B = 132.68 mg/mL, p = 0.038 h™' from all elimination phase data points,
R? = 0.9985 (e) Phase plane plot (29) of itraconazole computed for the last three data points of the 3-phase data; Intercept = —0.012 mg /mLh™", Slope =

0.032h".

of drug absorption, Egs. 7,12,14,21. Besides, drug’s transport
from the gastrointestinal lumen to the portal vein relies on the
sink conditions’ principle of the universally accepted first-order
drug absorption notion. This is substantiated by the fact that the
blood in the portal vein has a velocity of 2040 cm/s [27],
which does not allow Fick’s reversibility considerations for the
drug transfer. In parallel, the small intestine was presented
(Fig.2) as a homogeneous compartment in terms of drug’s up-
take. However, drug absorption takes place mainly from the
lower part of the small intestine. For example, drug absorption
can be higher from the jejunum than the ileum. A relevant
simulation 1s shown in Fig.4b whereas the initial absorption rate
from the jejunum is 1,4 mg/h and lasts two hours followed by
an absorption rate of 1.0 from the ileum for 1 h while the rate of
drug absorption in the colon is equal to 0.8 mg/h and lasts 7 h.

The unique features of the PBFTPK models are the finite
termination times for the absorption phases, T; and T, respec-
tively. The upper limit for 7; is 5 h, Fig.2, with most frequently

@ Springer

observed values in the literature in the range 1-3 h depending
on the drug’s biopharmaceutical properties. The upper limit
for T, 1s 30 h, Fig.2, while the most usual values for t¢ are
unknown since estimates for T, have not been explored so far.
However, a large number of iz viwo studies based on imaging
techniques like gamma scintigraphy or magnetic resonance
imaging coupled with drug blood measurements have shown
that the completion of the absorption phase 1s terminated
during the drug’s passage from the small intestine e.g. eryth-
romycin study [28].

Needless to say that according to the current theory (Eq.1)
the termination of either the elimination or the absorption
phase 1s irreconcilable [13-16].

Simulations

The simulations of Fig.3 lead to important observations for
Class I drugs. First of all, there are conceptual differences in
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the concentration, time maxima generated from the PBFTPK
models and the corresponding parameters adhering to the
Bateman equation. For Eq.1, Cmax corresponds to the steady
state concentration derived from the classical equality (Rate
in = Rate out) [19]; this applies to tmax too [19]. On the
contrary, the pair ((Cy)q,, T;) denotes the end of drug’s absorp-
tion phase 1.e. for a Class I drug no more drug is available for
absorption. The value of T; for Class I drugs reflects the high
values of the biopharmaceutical properties solubility and per-
meability; in theory, the smaller the value of T;, the higher “the
Class I character” of drug. Besides, the initial absorption
phase can be almost linear (Fig.3a) or nonlinear (Fig.3b)
depending on the magnitude of the elimination rate constant
in comparison with the magnitude of the input rate. In paral-
lel, the declining limbs for all PBFFT'PK models concave up-
wards and represent a single elimination phase. On the con-
trary, the declining limb of the curves generated from Eq.1
concave downwards initially and then upwards beyond the
inflection point at 2t,,,« [13]. However, the similarity of the
curves is remarkable.

For drug Classes II, III, and IV, drug absorption beyond
the small intestine can be considered. During the time period
T; - T, the identical form of Egs. 15, 20 and 24 for drug Classes
IL 111, and IV, respectively allows a common consideration.
The (Cy, t) profiles during the time interval T; - T, is heavily
dependent on the relative magnitude of the two terms at the
right hand side of Egs. 15, 20 and 24. Obviously, during the
time interval T; - T, the derivative of Eq. 15 or 20 or 24 is
constantly negative for the three monotonically decreasing
profiles at the bottom of Fig.4a. The bottom curve of Fig.4a
represents the most common case whereas drug absorption is
not observed in the colon and 7. becomes meaningless since
drug absorption is terminated in the small intestine (<t;). For
the top curve of Fig.4, the derivative of Eqgs. 15, 20 and 24 is
initially positive, becomes equal to zero at pseudo steady state
and then negative beyond time T, (10 h in the example of
Fig.4a). For all examples depicted in Fig.4a, a common elim-
ination phase (generated from Eq.16, t>7.) is shown. It can be
seen that a single elimination phase prevails during the time
course of drug in the body beyond t; only for the bottom
curve. Besides, the separation of the elimination phase cannot
be easily accomplished under i vivo conditions in several cases
e.g. the second from the bottom curve of Iig.4a. Moreover,
multiple regional input rates can be considered if a prolonged
absorption phase is observed, Fig.4b. Overall, this analysis
reveals that rich kinetics can be encountered for Class 11, 111,
and IV drugs, which i1s dependent on the rate of drug absorp-
tion in the colon.

In all cases, the amount of drug remaining in the body Az,
at time T, 18

Ay, = D—F,D—F,D=D(|—F:—F,) (28)

where F; and F¢ are the fractions of dose absorbed until time
7; and during the time interval T; - T, respectively.

Data Analysis

The results presented in Fig.5a-d deliver a very important
message. For the four drugs examined, their absorption has
been completed while the drugs are still in the small intestine
and the declining limb of the (Cy,, t) curves represents a single
climination phase. This is so, since in all cases the T; values are
smaller than 3 h, Fig.2 & Fig.6; moreover, a phase plane plot
Fig.5¢ [29] for itraconazole was constructed to verify that the
B-phase data of itraconazole represent the terminal elimina-
tion phase. The y-intercept estimate (mean * 25D) overlaps
the origin (0,0) of the phase plane plot axes [29], which clearly
indicates that the B-phase data of itraconazole represent a
single-terminal elimination phase. The completion of absorp-
tion in the small intestines for all drugs examined does not
mean that the drugs have been fully absorbed; it means that
their limited absorption has been terminated during their pas-
sage from the small intestine. This 1s in accord with their bio-
pharmaceutical classification since ibuprofen, flurbiprofen
and itraconazole belong to Class II while cephradine has been
classified as Class I or IIT drug. Although the termination of all
four drugs in the small intestine is physiologically sound, its
significance for many more drugs has to be tested in a very
large sample of various drugs using the PBFTPK concepts.

Implications

The parameters of the PBFTPK models are directly linked
with the fundamental drug properties of solubility and perme-
ability, Egs. 7, 12, 17, 21. Therefore, upon their estimation
the investigator will get a quantitative measure in meaningful
mg/h units for comparative purposes among drug classes in
the context of biopharmaceutical classification system [1, 3,
4]. Work 1s in progress towards the analysis of a large set of
drug data from various biopharmaceutical classes in order to
find correlations, if any, between the input rate estimates and
the solubility and permeability of drugs. Moreover, correla-
tions between the estimates for T; and T, and the biopharma-
ceutical classification of drugs will be explored since the esti-
mates for T; and 7T, have clear physiological meaning, Fig.2.
On the opposite, the currently used absorption rate constant
k, (Eq.1) has no clear biological meaning. Thus, in an inter-
species pharmacokinetic study is difficult to decipher how an
animal estimate for k, scales to humans; the
biopharmaceutical/physiological basis of the parameters of
PBFTPK models will greatly facilitate the choice of parameter
values for the prediction of human pharmacokinetics from
animal data. Some of the most serious implications of
PBFTPK models in different areas of research are
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summarized below assuming either limited or non-existent
drug absorption in the colon.

First, several aspects of regulatory science associated with bio-
availability, bioequivalence and biowaiver issues [3-5] should be
re-considered in the light of PBFTPK models. Since drug ab-
sorption ceases at either time T; or T, the corresponding areas
AUC _ 4, AUC _ . are related to the amount of drug absorbed
until the end of absorption process. In parallel, the areas AUC;
— oy AUC — o, beyond time T; or T, are related to the absorbed
drug amount remaining in the blood at time t; and <., respec-
tively. In this vein, the ratio (AUC,, — o)/ (AUC ) corresponds
to the fraction of the bioavailable dose remaining in the general
circulation at time T, (completion of the absorption process). In
view of these observations, concern is arising for the relevant
recommendation of the current bioequivalence guidelines
(3),(4), namely, “The sampling schedule should also cover the
plasma concentration time curve long enough to provide a reli-
able estimate of the extent of exposure which is achieved if
AUC, covers at least 80% of AUC.,.”. Alternatively, the bio-
equivalence guidelines [3, 4] propose a specific time limit, 72 h,
for the calculation of total AUC as follows, “AUC truncated at
72h (AUC.79) may be used as an alternative to AUCO-t for
comparison of extent of exposure as the absorption phase has
been covered by 72h for immediate release formulations.”
Plausibly, drug agencies have to assess the impact of the present
work not only on the above recommendations but also on the
general regulatory aspects of bioequivalence and biowaiver stud-
ies, absolute bioavailability and rate exposure metrics (partial
areas, [20, 30, 31]).

Second, a large number of studies e.g. m vitro, in viwo correlations
(IVIVC), interspecies pharmacokinetic scaling, studies for the
determination of first in human dose, paediatric pharmacokinetic
scaling studies for the determination of the paediatric dose rely
on the proper pharmacokinetic analysis of data as well as on
estimates of exposure metrics e.g. areas under the plasma
concentration-time curve. Obviously, the results of the present
study can be applied in the above fields of research and enhance
the predictive power of the relevant studies. Finally, the PBFTPK
models can be combined with pharmacodynamic (PD) models
leading to new PK-PD applications; besides, pharmacometric
approaches can utilize as absorption parameters T; and T, while
AUC - and AUC . _, can be used as parameters for the
elimination characteristics. Relevant covariates associated with
either absorption or elimination can be reconsidered in the light
of the present study.

Third, the current work was based on linear kinetics using
one-or two-compartment model drug disposition. However,
the PBFTPK models can be also applied to drugs following
nonlinear, Michaelis Menten disposition kinetics [19]. For
purposes of completion, the importance of uptake and efflux
transporters identified in the intestines as well as in the liver,
kidney and blood brain barrier should be mentioned.
Although carrier mediated transport relies on Michaelis-
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Menten kinetics and is associated with the active transporters,
passive diffusion aspects are also linked with passive transport-
ers e.g. BBB-shuttles that cross the BBB by a passive transport
mechanism [32, 33].

CONCLUSIONS

This study shows that oral drug absorption is terminated in finite
time. This was achieved using the physiologically relevant first-
order under sink conditions absorption principle coupled with
the rate-limiting role in drug absorption of the BCS Class depen-
dent parameters solubility and permeability. The PBFTPK
models developed rely on the finite time absorption concept.
Our results are very promising for the use of PBFTPK models
in a variety of applications in pharmaceutical research.
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