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ABSTRACT
Purpose To develop a dose dependent version of BCS and
identify a critical dose after which the amount absorbed is
independent from the dose.
Methods We utilized a mathematical model of drug absorp-
tion in order to produce simulations of the fraction of dose
absorbed (F) and the amount absorbed as function of the dose
for the various classes of BCS and the marginal cases in be-
tween classes.
Results Simulations based on the mathematical model of F
versus dose produced patterns of a constant F throughout a
wide range of doses for drugs of Classes I, II and III,
justifying biowaiver claim. For Classes I and III the pattern
of a constant F stops at a critical dose Dosecr after which
the amount of drug absorbed, is independent from the
dose. For doses higher than Dosecr, Class I drugs become
Class II and Class III drugs become Class IV. Dosecr was
used to define an in vivo effective solubility as Seff0Dosecr/
250 ml. Literature data were used to support our simulation
results.
Conclusions A new biopharmaceutic classification of drugs is
proposed, based on F, separating drugs into three regions,
taking into account the dose, and Dosecr, while the regions
for claiming biowaiver are clearly defined.

KEYWORDS BCS . critical dose .DDBCS .dose . effective in
vivo solubility

INTRODUCTION

As oral administration is the most commonly used drug-
dosing route, the ability to correlate the drug characteristics,
such as dose, lipophilicity, aqueous solubility and perme-
ability, with the rate and extent of absorption has been a
crucial problem for many years. Such knowledge would
allow scientists to select the best drug candidates early in
the drug development cycle.

One start of this effort was made in 1985, when the ab-
sorption potential (AP) concept was developed (1). This was
the only approach until then, that was taking into account the
dose as one among the other principal parameters e.g. the 1-
octanol-water partition coefficient (P) and the intrinsic solu-
bility of the drug for the estimation of the fraction of dose
absorbed (F). After the general correlation of AP with F, a
quantitative version of this work revealed more features of the
relation between AP and F and classified the drugs into three
broad categories, according to their AP values in relation to
the fraction of dose absorbed (2). In 1996 the maximum
absorbable dose (MAD) concept was introduced by Johnson
and Swindell and combined, in a conceptually simple way,
four key factors that impact the extent of absorption: solubil-
ity, absorption rate constant, estimated gastrointestinal fluid
volume and absorption time (3). In 1999 Yu modified this
equation by replacing absorption rate constant and fluid
volume with effective human intestinal permeability (Peff)
and effective intestinal surface area to calculate maximum
absorbable dose (4). MAD is defined as the maximum amount
of drug that could be absorbed in the GI tract assuming that
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the drug is completely saturated for the entire length of the
absorption time (3–5). In 1995, the seminal article of Biophar-
maceutics Classification System (BCS) was published and the
dose was used for the definition of the dose number (6). The
BCS categorized drugs into four classes, based on fundamen-
tal parameters that determine oral drug absorption, solubility
and permeability. Four biopharmaceutic drug classes were
proposed and suggestions were made for setting standards
for in vitro drug dissolution testing which would correlate with
the in vivo process. A relevant FDA guideline (7) entitled
“Waiver of in vivo bioavailability and bioequivalence studies
for immediate release solid dosage forms based on a biophar-
maceutics classification system” was issued in 2000. In this
guidance, the solubility classification of a given drug relies on
the highest dose strength in an immediate release product.

These advances attracted the interest of scientists for the
BCS and the criteria used for the solubility and permeability
classification in the FDA guidance (7). In this vein, the high
solubility definition of the FDA guidance was criticized as
too strict for acidic drugs like NSAIDs since they exhibit
extensive gastrointestinal (GI) absorption (8). However, an
explanation based on the dynamics of the two consecutive
processes dissolution and GI wall permeation was provided
(9). Moreover, the solubility/dose ratio was proposed (10) as
a more meaningful parameter for biopharmaceutic classifi-
cation purposes. Besides, Wu and Benet proposed (11) that a
Biopharmaceutics Drug Disposition Classification System
(BDDCS) may result in a classification system that yields
predictability of in vivo disposition for all four classes.
According to this classification system, if the major route
of elimination for a drug is metabolism, then the drug would
exhibit high permeability, while if the major route of elim-
ination is renal and biliary excretion of unchanged drug,
then that drug should be classified as low permeability. In
fact, the recent guideline of the European Medicines Agency
(EMA) adopted (12) the extent of drug metabolism (i.e.
≥85% metabolized) as an alternate method in defining Class
I marketed drugs suitable for a waiver of in vivo studies of
bioequivalence.

Recently, a collection of over 900 drugs was classified for
BDDCS (13) while a computational procedure for predict-
ing BDDCS class from molecular structures was described
for new molecular entities (14). These two studies were not
only based on information derived from molecular structure
but also took into account the biological factors involved. A
very interesting result of both studies is that the solubility/
dose ratio is an important parameter for BDDCS classifica-
tion. These advances (13,14) call for an in depth study of the
role of the solubility/dose ratio in the biopharmaceutics
classification of drugs. To this end, we utilized the original
model used for the development of BCS (6) as modified by
us (9) to examine in detail the effect of dose on the fraction
of dose absorbed for each one of the four BCS drug classes.

Based on our modeling work, we developed the concepts of
the critical dose and effective in vivo solubility; furthermore,
real data were analyzed and estimates of the effective in vivo
solubility were derived. Finally, these results led us to the
development of a dose dependent version of BCS, the so
called DDBCS in order to define the regions for claiming
biowaiver.

METHODS

The BCS article (6) was based on the tube model of the
intestinal lumen (15). This model considers constant drug
permeability along the intestines, a plug flow fluid with the
suspended drug particles moving with the fluid, and disso-
lution in the small particle limit. The original system of
differential equations for the change of the spherical drug
particles rp, and the change of the concentration of dissolved
drug in the lumen, CL, was expressed in terms of the
axial intestinal distance, z (6,15). This system was mod-
ified by us (9) and it was rewritten in respect of time, t,
since the independent variable axial intestinal distance, z, is
proportional to time as the fluid flow rate is considered
constant:

drp
dt

¼ � D
ρ

M 0
V 0rp

1
q � Φ

� �
if rp > 0

0 if rp ¼ 0

(
ð1Þ

dΦ
dt

¼ 3D
ρV 0

rp M0

r30

1
q
� Φ

� �
� 2Peff

R
Φ ð2Þ

where D is the diffusion coefficient, ρ is the density of the
solid drug, r0 is the initial radius of the drug particles,, V0 is
the luminal volume, R is the radius of the intestinal lumen,
M0 is the dose, Peff is the effective permeability of the drug
Φ, is the fraction of dose dissolved, q is the dimensionless
dose/solubility ratio (q0M0 / V0 Cs) and Cs denotes the
solubility of the drug.

These equations can be coupled with the mass balance
relationship which describes the fraction of dose absorbed F
as a function of the doseM0, and the undissolved and dissolved
mass at the end of the tube Msolid, Mdissolved, respectively:

F ¼ M0 �Msolid �Mdissolved

M0
ð3Þ

This equation can be simplified to:

F ¼ 1� rp
r0

� �3

� Φ ð4Þ

The values of rp and Φ in Eq. 4 correspond to the time
equal to the mean intestinal transit time The system of
differential Eqs. 1 and 2 was solved numerically in
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Mathematica (see Supplementary Material source code)
assigning typical values for the constants r0 (25 μm), D (1×
10−4 cm2/min), ρ (1000 mg/mL), V0 (250 mL), R (1) cm (13)
to get estimates for rp and Φ at the end of the tube at time
equal to the mean intestinal transit time, which was assigned
to 200 min (16). These values were further used to get an
estimate for F from Eq. 4.

Various values were assigned to solubility and permeabil-
ity in order to simulate drugs belonging either to four bio-
pharmaceutic classes or to border line cases. The dose M0

was ranged from 0 to 1500 mg to simulate the clinical dose
encountered in clinical practice.

RESULTS AND DISCUSSION

Simulations

Fig. 1 shows the simulation results for the fraction of dose
absorbed F as a function of dose, M0. These results demon-
strate that the effect of dose on F varies according to the

solubility and permeability values of the drug. In three of the
nine cases analyzed, the dose does not affect F since the high
solubility and permeability values ensure complete absorp-
tion (Fig. 1b, c, and f) indicating that these drugs belong to
Class I irrespective to the dose considered in the range 0–
1500 mg. Fig. 1i depicts a classical Class III drug which
exhibits a constant value F00.4 irrespective of the dose used
in the range 0–1500 mg. This behavior is basically associ-
ated with the first-order character and the limiting behavior
of the permeation process coupled with the high solubility
(10 mg/mL) of the drug which enables the value of 1/q,
which is equal to V0 Cs /M0, to be higher than 1.7 for all
doses examined. On the contrary, the value of F depends on
dose for doses higher than 250 mg when a less soluble drug
is considered (Fig. 1h). This means that the drug in Fig. 1h is
a classical Class III drug for doses≤250 mg while it behaves
like a Class IV drug (low solubility, low permeability) for
doses higher than 250 mg. A typical Class IV drug is shown
in Fig. 1g whereas no linear segment is observed for the
whole range of doses utilized, while the limited absorption
results from the lowest values assigned to solubility and

Fig. 1 Simulation results for the fraction of dose absorbed F, at time 200 mins, as a function of dose, M0, using the Eqs. 1, 2 and 4. Parameters take the following
values: r0025 μm, D01×10−4 cm2/min, ρ01000 mg/mL, V00250 mL, R01 cm. (a, b, c) Peff00.12 cm/min, (d, e, f) Peff00.012 cm/min, (g, h, i) Peff0
0.0012 cm/min. (a, d, g) CS00.1 mg/ml, (b, e, h) CS01 mg/mL, (c, f, i) CS010 mg/mL.
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permeability. Fig. 1e illustrates a Class I drug (F>0.90) for
doses lower than 1000 mg which exhibits a Class II drug
behavior when the dose becomes higher than 1000 mg. The
F versus M0 plot in Fig. 1a demonstrates a continuously
decreasing pattern with respect to the dose. This is indica-
tive of a Class II drug, the extent of absorption of which
decreases with dose. Fig. 1d shows a similar dependency of F
on M0 to this observed in Fig. 1a; here, however, the
dependence on the dose is steeper, since the effective per-
meability is smaller.

Overall, linear F versus M0 plots are observed for either
Class I drugs (F01) or for drugs with typical Class III
behavior (F<1) for the whole range of doses studied. In
both cases, a segment decreasing with dose will appear in
the F versus M0 plot, for dose levels above or well above the
saturation capacity of the GI fluids (e.g. 250 mL), when drug
permeability is low or high, respectively. For this dose re-
gion, Class I drugs behave like Class II drugs (F<0.90) while
Class III drugs behave like Class IV drugs. Class II and Class
IV drugs present various degrees of nonlinearity in the F
versus M0 plots, while in all cases F is below 0.90 for the
entire dose range studied.

Although the results presented in Fig. 1 elucidate the
effect of the dose on the fraction absorbed and allow con-
clusions to be derived in regard to the biopharmaceutic
classification of drugs, a more practically useful presentation
is the amount absorbed versus M0 plots, Fig. 2. In actual
practice, one can use an exposure metric like the area under
the curve (AUC), which is proportional to the amount
absorbed, for the analysis of experimental data assuming
no first-pass effect and linear uptake and disposition
processes.

Furthermore, the results presented in Fig. 2 are also
useful for the elucidation of important issues associated with
the biopharmaceutic classification of drugs. For example,
Fig. 2i demonstrates that the limited absorption of a classical
Class III drug is solely dependent on its effective permeabil-
ity value. Benet and co-workers (17,18) have demonstrated
that effective permeability (Peff) values cannot be predictive
for the extent of absorption since a permeation rate param-
eter (effective permeability has cm/min units) cannot be
used as a predictor of extent of absorption. Although the
results in Figs. 1i and 2i indicate to the contrary, the unpre-
dictability of the effective permeability values for the extent
of absorption is associated with the limitations of the model
used for the development of BCS and utilized in this work
too. In fact, the use of a single effective permeability value
for the uptake of drug along the GI system is not in accord
with the varying i) composition e.g. pH of the GI lumen
fluids and ii) ionization of drug across the GI lumen fluids.
Moreover, a valid estimation of Peff presupposes ideal exper-
imental conditions in line with the assumptions of the Fick’s
law of diffusion, which are not fulfilled under real in vivo

conditions due to the complexity in composition, structure
and function of the GI system (19,20). More refined absorp-
tion models (21–23) take into account the heterogeneity of
the GI system.

Critical Dose and Effective In Vivo Solubility

The simulation results of Fig. 2 are in line with the
corresponding results of Fig. 1. However, the most notewor-
thy feature of the simulation findings (Figs. 1 and 2) is the
transition of a drug from Class I to Class II (Figs. 1e and 2e)
and from Class III to Class IV (Figs. 1h and 2h). In the first
case (Figs. 1e and 2e), the bend of the slope corresponds to
the maximum cumulative amount absorbed since drug’s
permeability is high, while in the latter case (Figs. 1h and
2h), the bend of the slope is equal or slightly higher than the
amount needed to saturate the GI fluids, since permeability
is very low. In both cases, the transition of drug’s classifica-
tion from I to II or from III to IV is associated with an
abrupt change of the amount absorbed versus M0 plot at a
specific critical dosage, Dosecr as depicted in Fig. 3 using
AUC as the dependent variable.

Obviously, the Dosecr is conceptually identical in both
drug transition classifications (from I to II or from III to IV)
indicating the minimum dose that corresponds to the high-
est amount of drug absorbed in a dose escalation study.
However, the numerical values are different since they refer
to different drugs with different biopharmaceutical proper-
ties. In principle, the lower doses than DosecrI–II in the
transition from Class I to Class II can get a biowaiver status
if constant ratios of AUC/Dose are observed in the ascend-
ing linear segment of the graph in Fig. 3. Nevertheless, the
biowaiver status of lower doses than DosecrIII–IV for Class III
drugs should not be applied to higher doses corresponding
to the horizontal segment of Fig. 3.

Plausibly, the value of Dosecr can be combined with the
volume of gastrointestinal fluids, e.g. 250 mL to get a global
noninvasive estimate for the effective in vivo solubility Seff in the
GI lumen:

Seff ¼ Dosecr
250

ð5Þ

Thus, Seff translates the critical dose to an upper bound
of a hypothetical solubility value for homogenous drug
solution of 250 ml in the GI tract.

As the ability to predict whether a certain formulation has the
potential of suitable drug absorption for large preclinical in vivo
doses is crucial, there is an increasing interest for more sophis-
ticated in silico techniques. In the recent work of Wuelfing et al.
(2012), the relatively simple maximum absorbable dose (MAD)
model was utilized giving important results, but only for predict-
ing the necessary solubility for drug absorption for animal
efficacy and toxicology studies (24). In the work of Ding et al.
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(25), the authors suggested that the simplifications contained in
the Yu (1999) (4) equation, provided conservative estimates of

MAD, even with the use of computer simulation programs (e.g.
Gastroplus®). It should be underlined that MAD calculation is
based on a first order absorption equation and requires the
knowledge of the parameters involved e.g. solubility and per-
meability. Our approach is based on clinical AUC vs dose data
for the calculation of Dosecr, which is combined with GI fluid
volume to get an estimate for the effective in vivo solubility.

Applications

Bicalutamide has been classified as a BCS Class II drug,
since is highly lipophilic, (log Poctanol/water 2.92) (26) while its
aqueous solubility is very low (5 μg/mL) (26,27). According
to Cockshott (27), bicalutamide obeys linear kinetics since
“the t1/2 estimates for dosages over the whole range (10–
600 mg/day) showed no apparent trend with dosage”.
Analysis of steady state data reported in (28) reveals a linear
relationship between the steady state concentrations, Css

and dosage for the entire set of data from 10 to 200 mg
(Table IV in Ref (28)); the regression line is as follows:

Css ¼ 1:378þ 0:138� Dose ð6Þ

Fig. 3 Schematic graph of AUC as a function of dose of marginal drugs,
between BCS Classes I and II and classes III and IV. The extent of
absorption for a drug of one of these cases exhibits two linear segments
where for smaller doses the drug behaves as a class I or III, where the AUC
is proportional to the dose and after a critical dose (Dosecr), different for
each drug, the typical intestinal volume of 250 mL is saturated and the drug
behaves as a Class II or a Class IV drug, respectively.

Fig. 2 Simulation results for the amount of drug absorbed F∙M0, at time 200 mins, as a function of dose,M0, using the Eqs. 1, 2 and 4. Parameters take the
same values as in Fig. 1.
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with a determination coefficient R200.995. The high value
of the determination coefficient for six data points based on
a very large number of subjects (range 29–116) for the
various doses, substantiates the linear character of the input
process throughout the entire set of dosages analyzed (10–
200 mg/day). Additional proof for the linearity of the input
process can also be based on back extrapolation of the data
with the two higher (dose, Css) values (150 mg, 21.6 mg/L),
(200 mg, 28.9 mg/L). This exercise yields the following line:

Css ¼ �0:300þ 0:146�Dose ð7Þ
The slightly negative intercept of Eq. 2 using the higher

dosages (150 and 200 mg), rules out the nonlinear input
kinetics hypothesis since one would expect a highly positive
intercept on a common sense basis. However, visual inspec-
tion of Fig. 7 in Ref (28) allows one to conclude that a patent
departure from linearity in the relationship between Css and
dosage is observed above 200 mg/day. In line with all
above, the analysis of bicalutamide data (28) for the whole
range of doses 10–600 mg using piecewise linear fitting is
depicted in Fig. 4. The nice fitting of the piecewise linear
function provides evidence for the proportional increase of
Css as a function of dose over the dose range 10–200 mg.
The intersection of the two linear segments provides an
estimate for the critical dose, Dosecr, for bicalutamide, equal
to 230 mg. From Eq. 5 one obtains an estimate for the
effective solubility, Seff, of bicalutamide equal to 0.92 mg/
mL. This value is 184 times higher than the aqueous solu-
bility, 5 μg/mL, reported in the literature (27,28) as applied
to a number of studies concerning class II drugs (except for
cimetidine which belongs to Class III) published in litera-
ture. The results obtained from the entire set of data ana-
lyzed, are presented in Table I and two representative plots
are illustrated in Fig. 5a and b. All the data of the studied
drugs were plotted (AUC0-∞ versus dose) and the critical dose
(Dosecr), was determined from each plot. This value

Fig. 4 A piecewise linear fit to the entire set of bicalutamide data (dose, Css)
listed in Table IV of Ref (28). The two lines intersect at Dosecr0230 mg. Ta
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(Table I, Dosecr), was either the point of the intersection of
the two linear segments of the plot (Fig. 5a) or a value higher
than the highest dose of the AUC0-∞ versus dose plot
(Fig. 5b). In Table I, the effective solubility value (Seff) was
calculated using Eq. 5. In all studied cases, except for
fenoprofen-Ca, prednisone, Org313710 and cimetidine, this
value was higher than the aqueous solubility, Saq and this is
demonstrated by the ratio Seff/Saq that was calculated
(Table I). For drugs such as diclofenac, ibuprofen, flubipro-
fen and ketoprofen, this ratio ranged from >20 up to >150,
which denotes a significant difference between the effective
solubility and the experimentally obtained aqueous solubil-
ity. For fenoprofen-Ca, prednisone and cimetidine, the val-
ue of this ratio was low (>0.4), but this can be explained by
the fact that the Dosecr value was determined by the highest
dose available from the AUC0-∞ versus dose plot. The prefer-
able critical dose value, which would provide the actual
ratio and not the ‘higher than’ estimated one, would be
the point of the intersection of the two linear segments of
the AUC0-∞ versus dose plot. This point was not available for
the most of the data, as pharmacokinetic studies are per-
formed only for a limited dose range. For Org313710, the
ratio Seff/Saq was very low (Table I) but this was expected, as
the solubility value available for the calculation of the ratio
was in bile (pH 6.5), which is rather high (1.74 mg/mL). In
Fig. 5a are presented the AUC0-∞ versus dose data for diclofe-
nac (29–34). It is obvious that there is AUC0-∞-dose propor-
tionality for the first segment of the plot after oral
administration of diclofenac (dose range from 12.5 up to
100 mg). The higher AUC0-∞ value after intravenous admin-
istration than the one after oral administration of the same
dose is explained by the 40–50% first pass effect of diclofenac
(29). In Fig. 5b are illustrated the data for ketoprofen (35,36)
which demonstrate a dose linearity. The AUC0-∞ ketoprofen
data that were plotted (Fig. 5b) correspond to S-enantiomer
concentration which is the active drug moiety. Dose linearity
is illustrated in Fig. 5b for doses from 12.5 up to 50 mg. The

difference observed between intravenous and oral AUC0-∞
values (50 mg dose) can be explained by the first pass effect
(about 40–50%) and the about 10% R to S inversion upon
oral administration of ketoprofen (37).

It should be mentioned here that all calculations for
effective solubility (Seff) were based on a constant gastroin-
testinal fluid volume, 250 mL. However, this quantity varies
in vivo because of the high variability of the GI conditions; in
other studies (10,38) a volume of 500 mL has been also
considered. This is inherently associated with the heteroge-
neity and the dynamics of the processes in the GI tract (39).
Besides, high solubility values have been found in studies
dealing with the solubility and dissolution properties of
poorly soluble drugs in food-mimicking (40–42) and biore-
levant media (39,41). In addition, supersaturated solubility
data are frequently reported in studies measuring drug
concentrations in human aspirates (43,44). In most of these
studies, the solubility data in human gastric aspirates have
high intra- and inter-subject variability (44) while the solu-
bilizing capacity of human intestinal fluids in the fed state is
strongly time-dependent (45). Although the high values for
the ratio Seff/Saq listed in Table I are in agreement with the
above observations, the estimates of the effective in vivo
solubility, Seff, provide un upper bound for in vivo solubility.
This type of analysis if applied to bioavailability data
archives in drug agencies can lead to reliable Seff estimates
for a number of drugs. These estimates can be further used
as a guide for developing dissolution media most akin to the
in vivo conditions. Plausibly, the reliability of Seff estimates is
dependent on the experimental errors associated with the
AUC values as well as the number of data points and the
shape of the AUC versus dose plots.

Dose-Dependent BCS (DDBCS)

From all above, the critical role of dose and solubility/dose
ratio for biopharmaceutics classification of drugs becomes
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Fig. 5 Plots of (a) diclofenac and (b) ketoprofen (S enantiomer) presenting AUC vs dose data after oral (●) and iv (∇) administration (data taken from refs
(29–37).
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obvious. Fig. 6 clearly depicts this. Using the modified tube
model described by Eqs. 1–3, four contour plots were con-
structed for two levels of fraction absorbed, namely 0.20 and
0.90, in respect to solubility and effective permeability (given
in logarithmic scale), for four drugs with different values of
solubility and dose. The coordinates of the plots are the
principal parameters of BCS (solubility and permeability);
therefore one can relate F with the current use of BCS. Thus,
one can classify drugs with fraction of dose absorbed, F≥0.90
in Class I. Drugs with limited absorption (F≤0.20) can be
classified in Class IV while, drugs with F values in the range
0.20–0.90 can be plausibly characterized as Class II or III.
Fig. 6 gives a global view of the solubility and permeability
values associated with either 0.90 or 0.20 of fraction absorbed
in contrast to the discrete classification into the four BCS
classes. The almost perpendicular nature of the limbs of the
two lines for highly permeable, low dosed drugs explains the
well known steep almost piecewise linear dependence of F on

Peff presented in the BCS article (6). The plots in Fig. 6 reveal
that only class I is compatible with the solubility- permeability
criteria of BCS.

Due to continuous-quantitative nature of the plots the
definitions in regard to solubility and permeability of classes
II, III, IV in BCS are not fully compatible with their classifi-
cation in terms of fraction absorbed. For example, the low
region of F values <0.20 indicates that apart from class IV
drugs various portions of class II and III lie within this category
depending on the dose considered. It is also obvious that the
boundary of F00.90 is solubility-dose dependent since the
respective curve moves towards class II as the dose and solu-
bility are increased. Overall, the theoretical line for F00.90
seems to be liberal for higher doses and becomes conservative
for lower doses when contrasted to the perpendicular solubility
borderline between classes I and II.

This analysis in conjunction with the simulation results
presented in Figs. 1 and 2, indicate that the model based on

Fig. 6 Four contour plots of two levels of fractions absorbed F00.20 and F00.90 are shown in respect to solubility (Cs) and effective permeability Peff
which are denoted on logarithmic scales. The four plots correspond to four different doses 10, 50, 250 and 1000 mg, respectively and are generated by
simulation using the model of Eqs. 1–4. The horizontal dashed lines on each of the plots correspond to the value Peff00.8×10−2 cm/min, which
corresponds to the permeability value of metoplolol and it is considered to be the borderline between Classes I, III and II, IV of the BCS. The perpendicular
dashed lines correspond to the values of solubility where the respective dose of drug, for each of the plots, dissolves completely in 250 ml of volume. So, it
corresponds to the value given by Cs0Dose/(250 mL) for each of the four doses, namely 0.04, 0.2, 1, 4 mg/ml, respectively. These values are considered
to be the borderline between Classes I, II and III, IV of the BCS. The line-shaded areas emphasise the difference of the perpendicular lines corresponding to
BCS solubility borderlines, and the simulated contour lines of F00.90. The other model parameters in the simulation are given the same as in Fig. 1.
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Eqs. 1–4, leads to a dose dependent prediction of fraction
absorbed and provides the basis for a dose dependent bio-
pharmaceutics classification system (DDBCS), Fig. 7.

According to DDBCS in Fig. 7, drugs are classified based
on their fraction absorbed values, depending on the admin-
istered dose, in three regions defined by the perpendicular
dashed lines drawn over F00.90 and F00.20. Drugs with
F≥0.90 are completely absorbed. Obviously, typical BCS
Class I drugs belong to this region. However, BCS Class II
drugs may also be classified as completely absorbed (F≥
0.90) depending on the administered dose. More specifical-
ly, for doses≤DosecrI–II, BCS Class II drugs behave as Class
I drugs with F≥0.90 and biowaiver can be claimed. On the
contrary, for doses>DosecrI–II these drugs are not complete-
ly absorbed and belong to the middle region (0.20<F<
0.90). Similarly, BCS Class I drugs may behave as BCS
Class II drugs for doses>DosecrI–II and classified in the
middle region of Fig. 7. BCS Class III drugs also belong to
the middle region of Fig. 7 with 0.20<F<0.90 while BCS
Class IV drugs are located in the region with F≤0.20. It
should be noticed that the similarity in the interchange
between BCS Class I and Class II drugs, as well as between
BCS Class III and Class IV drugs relies on dose exclusively.

Using the critical dose values calculated and shown in
Table I coupled with F values from literature, we classified a
number of typical Class II drugs in DDBCS as shown in
Fig. 7. For doses>DosecrI–II these drugs behave as typical
Class II drugs, while for doses≤DosecrI–II are completely
absorbed and behave as Class I drugs. Similar experimental
observations based on linear AUC-dose plots for the entire
therapeutic dose range, prompted the publication of bio-
waiver monographs for various Class II drugs; some of these
drugs are listed among the drugs of Table I (46–49).

CONCLUSIONS

In this study we utilized a minimal mathematical model of
drug absorption in order to produce simulations of the F
and the amount of drug absorbed as function of the dose for
the various classes of the BCS as well as the marginal cases
in between classes. Our simulations based on the mathemat-
ical model of F versus dose produced patterns of a constant F
throughout a wide range of doses for drugs of Classes I, II
and III, justifying biowaiver claim. For Classes I and III the
pattern of a constant F stops at a critical dose Dosecr after
which the amount of drug absorbed, is independent from
the dose. Dosecr was used to define an in vivo effective
solubility, Seff, which can be a helpful quantity to design in
vitro dissolution media. Based on our simulations and the
literature data shown that support these, we believe that the
use of the highest dose strength for solubility classification in
the BCS guideline (6) should be reconsidered and instead
the dose should be used explicitly. We propose, therefore, a
new biopharmaceutic classification of drugs, the DDBCS,
based on F, separating drugs into three regions, taking into
account the dose, and Dosecr. Thus, biowaivers can be
granted for lower dose strengths of certain drugs, which is
not applicable for the highest dose strength. This idea is in
accordance with the findings of several biowaiver mono-
graphs, proposing that biowaivers could be claimed for
various Class II drugs, based on the proportionality of
AUC with the dose (46–49). Further, extensive QSPR stud-
ies (13,14) about the prediction of bioavailability from mo-
lecular descriptors have found that the dose is one of the
most important covariates and cannot be ignored, a fact
which strengthens the idea that a biopharmaceutic classifi-
cation of drugs should take into account the dose explicitly.

Fig. 7 Dose Dependent Biopharmaceutic Classification System (DDBCS): Three regions are defined by the perpendicular dashed lines corresponding to 0.20
and 0.90 fraction of dose absorbed, F. These regions correspond to Class I (F≥0.90), Class II & III (0.20<F<0.90) and Class IV (F≤0.20) of BCS, respectively.
However, Class II drugs with dose<Dosecr I–II behave as class I and biowaiver can be considered. Also, Class III drugs with Dose>Dosecr III–IV behave as Class IV
drugs. For Class III drugs with dose<Dosecr III–IV absorption is only permeability dependent and a biowaiver can be also considered. The shaded area denotes
biowaiver status. Classification of typical BCS Class II drugs according to the dose into either Class II or Class I of DDBCS, is also presented.
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Finally, a promising future application of DDBCS could be
on paediatric populations, as the range of dosage regimen is
different between adults and children.
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