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A theoretical approach for estimating fraction dose absorbed in humans has been developed based on
a macroscopic mass balance that incorporates membrane permeability and solubility considerations.
The macroscopic mass balance approach (MMBA) is a flow model approach that utilizes fundamental
mass transfer theory for estimating the extent of absorption for passively as well as nonpassively
absorbed drugs. The mass balance on a tube with steady input and a wall flux of J,, = P,C, results
in the following expression for fraction dose absorbed, F:

F=2An fo‘ Ct det

where the absorption number, An = L/R - P,/(v,), L and R are the intestinal length and radius, P, is
the unbiased drug wall permeability, (v,) is the axial fluid velocity, C¥ = C,/C, and is the dimension-
less bulk or lumen drug concentration, Cy, and C,, are the bulk and initial drug concentrations, respec-
tively, and z* is the fractional intestinal length and is equal to z/L. Three theoretical cases are con-
sidered: (D C, =S5, C, =85, ADC, > S, C,, =8, and (III) C, > S, C,, > §, where § is the drug
solubility and C,, is the outlet drug concentration. Solving the general steady-state mass balance result
for fraction dose absorbed using the mixing tank (MT) and complete radial mixing (CRM) models
results in the expressions for the fraction dose absorbed in humans. Two previously published em-
pirical correlations for estimating fraction dose absorbed in humans are discussed and shown to follow
as special cases of this theoretical approach. The MMBA is also applied to amoxicillin, a commonly
prescribed orally absorbed B-lactam antibiotic for several doses. The parameters used in the correla-
tion were determined from in situ or in vitro experiments along with a calculated system scaling
parameter. The fraction dose absorbed calculated using the MMBA is compared to human amoxicillin
pharmacokinetic results from the literature with initial doses approximated to be both above and below
its solubility. The results of the MMBA correlation are discussed with respect to the nonpassive
absorption mechanism and solubility limitation of amoxicillin. The MMBA is shown to be a funda-
mental, theoretically based model for estimating fraction dose absorbed in humans from in situ and in
vitro parameters from which previously published empirical correlations follow as special cases.

KEY WORDS: extent of absorption; macroscopic mass balance analysis; mixing tank; complete radial
mixing model; solubility; oral drug absorption; amoxicillin.

(i1) to gain a better understanding of the rate-limiting pro-
cesses affecting drug absorption so that oral drug delivery

Estimating the extent of oral drug absorption and drug
absorption variation in humans can considerably aid in the
selection of therapeutic candidates in the drug discovery
process as well as assist the pharmaceutical scientist in iden-
tifying ways to optimize oral drug delivery in patients. Two
fundamental reasons for developing predictive oral drug de-
livery models are (i) to make reasonable estimates of drug
absorption without performing in vivo studies in humans and
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strategies can be developed. The scope of this paper is to
develop the general macroscopic mass balance approach
with respect to absorption and solubility considerations and
to demonstrate several correlations of in vitro and in situ
parameters to in vivo results using the MMBA. In subse-
quent publications, the extension of the theory to include
chemical and enzymatic reaction will be presented.

BACKGROUND

Intestinal Drug Absorption Models

There are a number of oral drug absorption models (1-7)
that have utilized physicochemical, physical, and/or physio-
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logical factors affecting drug absorption from the gastroin-
testinal tract. The pH-partition hypothesis, the first such the-
ory to stress the importance of physicochemical factors in
the absorption process, was reported by Shore and co-
workers (1) in 1957. Further advances in physicochemical
oral absorption modeling focused primarily on correlations
involving in vitro experiments such as dissolution studies
and partition coefficient determinations. Ho et al. (8) sug-
gested that the relationship between the apparent n-
octanol/water partition coefficient and passive membrane
permeability is complex and that a simple correlation usually
can not be realized. While the correlation between partition
coefficient and passive membrane permeability may exist for
a homologous series of compounds (8), this relationship has
been found to be inconsistent among a diverse group of
drugs. Dressman et al. (2) demonstrated that for compounds
where the permeability ratio (aqueous to membrane perme-
ability) is proportional to the membrane—water partition co-
efficient, an absorption potential parameter can be calcu-
lated and correlated to fraction absorbed. The absorption
potential is an empirical correlation that is satisfactory for
drugs absorbed by a membrane partitioning mechanism. The
absorption potential correlation is not useful, however, for
nonpassively absorbed compounds such as the B-lactam an-
tibiotics or the ACE inhibitors since the absorption of these
compounds occurs, at least in part, by a carrier mechanism
of unknown specificity (9). Moreover, the intestinal trans-
port of small, hydrophilic drugs may occur by a paracellular
transport pathway that is charge and molecular size depen-
dent. A membrane partitioning-based correlation would not
be expected to hold in this case either.

Using a physical approach Amidon et al. (3), Dressman
and Fleisher (4), Goodacre and Murray (10), Ho ef al. (8),
and Johnson and Amidon (11) have discussed the three fun-
damental resistances to mass transfer encountered in the
absorption process. The three physical barriers to drug ab-
sorption are the dissolution resistance, aqueous boundary
layer resistance, and membrane resistance. The importance
of obtaining physiologically and physically meaningful val-
ues of these resistances using in vitro methods is essential for
making in vivo estimates. If meaningful estimates of these
resistances cannot be obtained, then only simple correla-
tions of the rank-order type are possible. While the aqueous
boundary layer and dissolution resistances are dependent
upon the fluid hydrodynamics of the particular system, the
intrinsic wall permeability is independent of these effects.
Therefore, the dimensionless wall permeability determined
from in situ intestinal perfusion studies in rats may be used
as an estimator of membrane transport in humans. The as-
sumption that the membrane permeability in rat correlates
with that in humans (8) is fundamental for such correlations.
Evidence to support this hypothesis was presented recently
by Amidon et al. (3), where they reported on a correlation
between the mean intestinal wall permeability of drugs in the
perfused rat jejunal segment and the extent of absorption in
humans. They found that, unlike the partition coefficient
correlations, the relationship between the extent of absorp-
tion and the mean wall permeability was independent of the
drug’s structural class or absorption mechanism. It was also
concluded that while other parameters such as the parti-
tion coefficient or pK, may serve as useful guides, the fun-
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damental absorption parameter of interest is the wall perme-
ability.

Clinical Pharmacology of Amoxicillin

Amoxicillin is a broad-spectrum, bactericidal antibiotic
given orally for the treatment of various gram-positive and
gram-negative infections. In typical clinical dosing regimens,
250 or 500 mg is given by mouth three (TID) or four (QID)
times daily. A 250-mg dose usually results in peak plasma
levels within 1 hr, with peak plasma levels of about 4 pg/ml
(12). Assuming that 200 ml of water is taken with a 250- or
500-mg dose, the initial intestinal concentration of amoxicil-
lin is estimated to be 1.25-2.50 mg/ml. Furthermore, the sol-
ubility of amoxicillin is 5.66 to 6.33 mg/ml at pH 5.98 to 6.5
(13), roughly the physiological pH range of the human small
intestine. Therefore, the initial estimated intestinal concen-
tration of amoxicillin is substantially below its solubility for
standard therapy.

For certain infections, clinicians are providing an alter-
native to the standard 14-day amoxicillin therapy (14-17).
Single high-dose antimicrobial therapy has been proposed as
a viable therapy for the approximately 4 million women who
annually seek treatment for acute urinary tract infections
(AUTI) (15-17). The major advantage to single-dose therapy
is that it is less expensive than either conventional therapy or
prophylaxis for recurrent infections (18,19). Other advan-
tages of single-dose therapy include enhanced compliance
and a reduced incidence of side effects (14,16). A number of
drugs such as amoxicillin, trimethoprim, tetracycline, ni-
trofurantoin, and cephalexin have been shown to have
higher cure rates than placebo when large single doses were
administered (16). Three grams of amoxicillin given orally as
one dose has been demonstrated to be safe and effective (16)
for the treatment of AUTI. In addition to AUTI, single-dose
amoxicillin therapy is also recommended by the American
Heart Association for the prophylaxis of infective endocardi-
tis (14). They recommend that a single oral dose of 3 g amox-
icillin be administered to patients at risk prior to dental,
genitourinary, and gastrointestinal tract procedures. For a
patient taking a single 3-g dose of amoxicillin with 200 ml of
water, the initial intestinal concentration of amoxicillin is
about 15 mg/ml—more than twice its in vitro solubility at
physiological pH.

In addition to solubility concerns, amoxicillin absorp-
tion is further complicated by a nonpassive absorption mech-
anism observed in rats (20) and humans (12,21,22). Several
pharmacokinetic studies have been reported in the literature
supporting both dose-dependent absorption due to a nonpas-
sive absorption mechanism and solubility-limited absorption
(12,21,22) for amoxicillin. For example, Spyker et al. (12)
reported that at doses as high as 1000 mg, slower but com-
plete absorption was observed in humans. In another study,
Sjovall et al. (21) observed that with amoxicillin doses of
1500 and 3000 mg, slower and delayed absorption was ob-
served. However, at this dose level the extent of absorption
also decreased dramatically from the usual 85-90% to about
45%.

The MMBA is a flow model approach that uses scaling
and mass transport concepts for estimating the extent of
absorption for passively and nonpassively absorbed drugs in
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humans. The MMBA also provides a theoretical framework
for estimating fraction dose absorbed* in humans using pa-
rameters determined from in vitro and in situ experimental
methods. In this report the general theoretical approach is
developed and two previously published empirical correla-
tions are shown to follow as special cases (2,3) of the
MMBA. Furthermore, the MMBA is applied to published
clinical human data for a commonly prescribed B-lactam an-
tibiotic, amoxicillin, for doses above and below its solubility.

THEORETICAL

Mass Balance Considerations

For the following theoretical analysis a steady-state
mass balance approach is adopted for predicting fraction
dose absorbed in humans. The model of the small intestine
used for the simultaneous absorption and flow of drugs is
taken to be a cylinder with surface area of 2nRL (Figure 1)
where R is the radius and L is the length of the tube. The rate
of mass entering the tube is the product of the inlet concen-
tration, C, and the volumetric flow rate, Q. The rate of mass
exiting the tube is the product of C,,, the outlet concentra-
tion, and the volumetric flow rate. Assuming that mass is
lost from the tube by absorption and mass flow out of the
tube, the mass absorbed per unit time is the difference be-
tween the rate of mass flow in and out of the tube. Therefore,
the rate of mass absorbed from the intestine is

_dditl =0Co~C) = [ [ Juda )

where J,, is the wall flux and A is the absorptive surface
area. For the initial theoretical development a passive ab-
sorption mechanism is assumed, however, extending the
analysis to include a carrier-mediated (nonlinear) absorption
mechanism is accomplished by using a mean wall permeabil-
ity (3).

The mass absorbed across the surface area of the intes-
tine per unit time is

_di/[_AJ Q)
dr — v

where the general expression used for wall flux is
Jo = P.Cy 3)

The wall flux at steady state is the product of the effec-
tive drug permeability, P., and the bulk drug concentration,
C,. These two factors are considered in more detail in the
next section.

Concentration and Permeability Considerations

As seen in Eq. (3), the components of the wall flux are
the intestinal wall permeability and the bulk drug concentra-
tion. The effective permeability, P., is defined as a function

* Fraction dose absorbed is defined in this report to be the fraction
of drug lost from the lumen of the tube through the tube wall. It
does not include other factors such as first-pass hepatic metabo-
lism that may further reduce the drug’s systemic availability.
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of the aqueous resistance, R,, and wall resistance, R, nor-
mally associated with membrane transport when C, < § (C,
is the initial drug concentration and § is the drug’s solubil-
ity). However, when C, > § it can be generalized to include
the particle boundary layer resistance, R, (8). Since R = 1/P
(permeability), and if it is assumed that particles do not enter
the aqueous boundary layer,’ then the effective resistance,
in terms of permeability, becomes

1 1 1
—t =t
P. Py P.  (SA/SAR)P,

where SA, and SA,, are the total particle and wall surface
areas. This result, based on a total mass balance, makes
explicit the dependence on the surface area of the particle.
Hence the particle boundary layer resistance can be consid-
ered included in P, when C, > S.°

The other component of the wall flux, the bulk drug
concentration C,, is treated by examining the inlet and outlet
volume element concentrations relative to the drug’s solu-
bility. The inlet and outlet concentrations are partitioned
into three cases: Case I—the inlet and outlet drug concen-
trations are always below the solubility (or C, < §, C,, < §);
(i1) Case II—the drug concentration initially exceeds the sol-
ubility but is in solution before exiting the tube (or C, > S,
C.. = 8); and (iii) Case III—the drug concentration is always
above the solubility, therefore, particles exit the tube (or C,
> S, C,, > 95). The bulk drug concentration profile in the
tube is dependent on the flow model chosen. Since the two
ideal flow models used in this analysis do not account for
radial concentration variation there is no distinction made
between P, and P,. However, the operative permeability
used in the correlations is the experimentally determined
intrinsic wall permeability, P, from the in siru single-pass
perfusion experiment in rats (3).

The Development of the Absorption Number

Setting Eq. (2) equal to Eq. (3) and applying the assump-
tions of cylindrical geometry and constant permeability. Eq.
(1) becomes

aM L
- 0C - G =R P fFCd @)

Introducing the dimensionless variables, $*, z*, and C{,

S* = S/C,
* =27L
Ci = Cy/C,

where S/C, is the dimensionless solubility, z/L is a fractional
length, and the dimensionless concentration is C,/C,.
Equation (4) simplifies to

. Cm 2nRL o,
F=1 C()—__Q Pefocbdz )

3 This is a frequently made implicit assumption.

¢ For simplicity in this report, it is assumed that dissolution is not
rate limiting. Consequently, this analysis will predict the maximum
extent of drug absorption when dosed above its solubility.
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Substituting the volumetric flow rate, Q, which equals wR>
(v,) into Eq. (5) gives

L P,

FZZI_Q@

f 'C dz (6)
0

where L and R are the intestinal length and radius, and (v,)
is mean axial fluid velocity. It should be noted that this anal-
ysis is based on system average values. Stochastic variation
of P, and (v,) can be included in the analysis and will be
discussed in a subsequent report.

Equation (6) shows the four key factors affecting the
extent of drug absorption: (i) a mass transfer (absorption)
parameter, the effective drug permeability, P ; (ii) a convec-
tion (bulk fluid flow) parameter, the mean axial fluid velocity
((V,)); (iil) geometric parameters, L and R; and (iv) the drug
concentration profile that determines the value of the inte-
gral in Eq. (6). This suggests the definition of a new dimen-
sionless absorption-convection parameter—the absorption
number, An—which is defined as

_L P
R (vy)

An )
Substitution of Eq. (7) into Eq. (6) results in the general
relationship between the fraction dose absorbed and An:

F=2An fOICT)dz* ®)

Variations in An with length can be included. For ex-
ample, considering small and large intestine tube segments
gives

F =2 Ang| fOLCT,dz* + 2 Angy fL‘ C%dg*

where Ang; and An;, are the absorption numbers for the
small and large intestine, respectively. The initial analysis is
restricted to small intestinal permeabilities and absorption.

The concentration profile in the tube, needed to evalu-
ate the integral in Eq. (8), is dependent upon the flow model
that is chosen for the analysis. In the next section two ideal
flow models are considered.

Flow Model Considerations

The simplest of these models is the completely stirred or
well-mixed tank (MT). The contents of the steady-state MT,
as its name suggests, are well stirred and uniform through-
out, with instantaneous dilution of the inlet stream occurring
in the tank. Mixing tank models have been used to predict
dissolution rate and nondissolution rate-controlled absorp-
tion (4).

Plug flow and complete radial mixing (CRM) models
(23) on the other hand, are also commonly used to model the
oral absorption process (3,5). The CRM model represents
the other extreme of flow patterns, namely, where there is
no axial mixing of fluid elements. The CRM is particularly
useful for modeling spatially dependent processes. The mass
balance on the CRM reactor is based on a differential volume
element. Therefore, some of the differential volume ele-
ments in the Case II CRM reactor exist in Case I, while the
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remainder are in Case III. This results in an apparent inter-
mediate case for the tube as a whole, although each differ-
ential volume element exists in either Case I or Case III.
This is not possible with the MT reactor since mixing is
instantaneous and complete. Although fundamental differ-
ences exist between the MT and the CRM models the anal-
ysis is consistent since the mass balance is always taken on
the volume element rather than the tube (or reactor).

Since the mass balance volume elements of both models
chosen for this analysis are well stirred, there is no aqueous
resistance; thus P, and P, can be used interchangeably in
the notation. However, the intrinsic wall permeability used
for the MMBA correlation is hydrodynamically unbiased
and is determined from the single-pass perfusion experi-
ment. The single-pass perfusion experiment utilizes laminar
flow conditions to calculate the intrinsic wall permeability.
CASE I: C, <3S, C.=<8S

o m

Mixing Tank Model

The fraction of the dose that leaves the tube is equal to
the ratio of the outlet or bulk concentration to the inlet con-
centration. Therefore, the fraction dose absorbed is 1 —
C,/C,. In terms of the previously introduced dimensionless
wall concentration, C;, the fraction dose absorbed is de-
fined as

F=1-C¢C} )]
Rearranging Eq. (9) in terms of C{ results in
Cé¢=1-F (10)
Substituting Eq. (10) into Eq. (8):
1
=2A 1 - dz*
F=2An fo (1-Fdz an

Integrating and simplifying Eq. (11) results in the relation-
ship between the fraction dose absorbed and the absorption
number for the mixing tank model in Case I:

2 An

b= 05 5An)

(12)

Complete Radial Mixing Model

For the CRM model the concentration profile of drug in
the intestine is

Cf = e 2007 (13)
Recalling Eq. (8),
F = 2An f‘ Ci dz*
0
Substituting Eq. (13) into Eq. (8) it follows that
_ I -2 Anz* dz*
F =2An fo € z (14)

Integrating Eq. (14) results in the following expression for
Fy, the fraction dose absorbed for the CRM model, Case I:

(15)

Fp=1—¢32an
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CASEIIl: C,>S,C,> S

MT and CRM Flow Models

The solution for Case III is presented now since the
solutions for Case I and Case III are utilized to calculate Fy;
for CRM. The drug concentration at the wall in the volume
clement of the CRM reactor is equal to the solubility of the
drug. Since C} is constant and equal to the solubility for each
of the differential volume elements in the CRM reactor, it
can be treated as a single volume element, in other words, it
can be mathematically treated as a MT model. Substituting
C, = S in for the concentration profile in Eq. (8), and per-
forming the integration results in the fraction dose absorbed
for Case 111, Fyy, for the MT and CRM flow models:

Fyr = 2 An §* (16)

CASEIL:C,>S,C, <SS

CRM Flow Model

The model used for the derivation of the fraction dose
absorbed in Case II takes advantage of the spatially distrib-
uted characteristics of CRM and is illustrated in Fig. 1. The
full derivation is found elsewhere (20). The amount of drug
absorbed in Region 1 of the tube is defined as F A, where
Ax is the total amount of drug. The amount entering Region
2is then (1 — F))Ar. The amount of drug absorbed in Region
21is Fj (1 — FpAq. Therefore, the fraction dose absorbed for
Case II, Fy, is

Fy = Fig + F(1 — Fyy) (17)
The fraction dose absorbed in Region 1 of the tube is
1 Xp
F[1=2AnS*T =1 - §* (18)
whereas the extent of absorption in Region 2 is
1
Fi=1- e(F_ZA") (19)

Therefore, the total fraction dose absorbed for Case II com-
plete radial mixing is

Fp=1- 8% e(s_l*_'_ZA“) (20)

Mixing Tank Model

The solution for the Case II mixing tank model is the

1]|2
r
Rate of
fate ot 2 L’ Rateof

(Q+C.) v P Q- Ca)

! L I

Fig. 1. Macroscopic mass balance on a tube. The rate of mass ab-
sorbed equals the difference between the rate of mass flow in and
the rate of mass flow out of the tube. The absorption number (An) is
an absorption—convection mass transfer number and is equal to the
ratio of the radial mass transfer velocity (P,) to the axial fluid ve-
locity times a scaling factor.

z
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same as the Case I solution since, by definition of case I, the
outlet drug concentration in the tube is less than the solubil-
ity.

2 An

Fu =070

METHODS

Application of the MMBA to Human Pharmacokinetic Data

The extent of absorption for amoxicillin is calculated
using the CRM model and the corresponding equations in
Table 1. The irn vitro solubility was used as reported from the
literature and the in situ intestinal wall permeability was de-
termined experimentally in rats. The volume given with the
dose was taken as the intestinal volume.

Nonlinear Wall Permeability

For compounds that are absorbed by a carrier-mediated
process, a concentration-dependent permeability requires
the use of a mean permeability for these simulations (3). The
mean permeability of a drug absorbed by a carrier-mediated
process was previously defined as

® px dc
F _ CO

*dc
CO
where C, = D,/V,, D, is the dose administered, and V| is
the volume of the intestinal lumen. The final form of the
mean permeability (3) is as follows.
Case I.

- Km G
Pi=Ph+ Pr ol 1+ =2 @

Co Km

Case I11. By assumption C,, = § for Case III; therefore,

the wall permeability at a given concentration is calculated in
the usual way:

N
Py = §/<1+—)+P;; (22)
Kn

Case 1. For case II, the nonlinear wall permeability is
a function of the Case I mean permeability [Eq. (21)], the
Case III wall permeability [Eq. (22)], and the fractional
length X /L. X /L is the fractional tube length where the
Case III-to-Case 1 transition occurs. The algorithm for cal-
culating the wall permeability for Case II was detailed pre-
viously (20) and is based on the following equation:

Table 1. The Summary of Solutions for the Macroscopic Mass Bal-

ance Analysis for Predicting Fraction Dose Absorbed Using the

Complete Radial Mixing and Mixing Tank Models for the Three
Cases of Drug in Solution

Case MT CRM

I 2 An/(I + 2An) 1 — e 240

It 2 An/(1 + 2An) 1 — 5% 87 -1 -2am
I 2 An 5* 2 An §*
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PLD) = X JLPEY' + (1 — X JL)PE)™

where (P*)1is the Case I (mean) permeability, (P%)™ is the
wall permeability at S, and X /L is the fractional length at
which all of the drug is considered to be in solution.

The amoxicillin permeability data were determined from
the rat intestinal perfusion experiment in situ (20). For amox-
icillin the mean (SEM) absorption parameters calculated
from derivative free nonlinear regression analysis are

K, = 9.1 mM (4.0) (approximately 3.33 mg/ml)
P¥ = 0.65 (0.07)
Pk = ND 0 (not different from 0)

where K, is the absorption Michaelis constant, P¥ is the
carrier permeability, and P is the passive membrane per-
meability determined from the in situ single-pass perfusion
experiment.

Amoxicillin Pharmacokinetic Data

Five sets of human data are used for these correlations
(12,20,21,24,25). In a study by Spyker et al. (12), a group of
eight subjects was given amoxicillin oral and intravenous
doses of 250, 500, and 1000 mg. The data were analyzed
using a two-compartment open model. The calculated first-
order absorption rate constants for the three doses de-
creased from 1.23 hr ' at 250 mg to 0.66 hr ' at 1000 mg.
Peak serum levels did not increase proportionally with dose,
indicating dose-dependent absorption.” The extent of ab-
sorption was approximately the same for all three doses sug-
gesting slower but complete absorption.

In a study by Sjovall et al. (21), amoxicillin was given in
single doses of 375, 750, 1500, and 3000 mg in a randomized
study to 12 fasting subjects. As with the previous study,
Cmax did not increase proportionally with dose and the ¢,
doubled from the lowest dose to the 3-g dose, indicating
slower absorption with increasing dose.

In a study by Welling et al. (22), the influence of fluid
volume on the relative bioavailability of amoxicillin was
studied in six healthy human subjects. A 500-mg dose was
given with either 250 or 25 ml of water. When 25 ml was
given a marked decrease in bioavailability was observed.
Furthermore, a similar pattern to the other two studies was
observed, namely, an increase in ¢t,,,, and less than propor-
tional increase in C,, .

Finally, in a study by Arancibia e al. (25), the relative
bioavailability of three doses of amoxicillin (500, 750, and
1000 mg) was determined in 12 healthy volunteers. Each
dose was given with 200 ml of water. The relative bioavail-
ability was calculated by comparing the amount of antibiotic
excreted unchanged in the urine at 24 hr to the 250-mg dose.
The relative bioavailability was 93.8, 98.2, and 76.8% for the
500-, 750-, and 1000-mg doses, respectively.

RESULTS AND DISCUSSION

The macroscopic mass balance analysis applies mass
transfer concepts with a flow model approach to estimate the
extent of drug absorption in humans. The two ideal flow

7 The intravenous pharmacokinetics in this study were dose linear.
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models used in the analysis are the completely mixed tank
and the complete radial mixing model. Furthermore, a di-
mensionless mass transfer coefficient—the absorption num-
ber, An—has been introduced. An is the ratio of the funda-
mental mass transfer processes affecting drug removal from
the intestine: absorption and convection,

aq = L P
n-=—_
R (v,

Substituting P, = P, (1 - P,/P,) into the above equation
results in

B (P
"TRoy U TP,

For the MT and CRM models P, is infinite (R,, = 0), there-
fore the relationship between An and P,, becomes

L P,

A= Rl

where P, is the wall permeability of the drug, (v,) is the
mean axial fluid velocity, and L and R are the intestinal
length and radius, respectively. As seen from the above
equation there is no theoretical difference between P, and
P,, for either the MT or the CRM model. Dimensionless
numbers typically include scaling or residence time distribu-
tion (RTD) factors and a mass transfer coefficient. Scaling
factors include system size or geometry (L and R) and fluid
property variables such as the average fluid velocity ({v,)).
The mass transfer coefficient incorporated into An is the
wall permeability of the drug. As seen in Fig. 1, the two mass
transfer velocity terms of the absorption number are the ra-
dial mass transfer velocity (P,) and the mean axial fluid
velocity (the convective component). Assuming that the
drug in solution moves axially at the same velocity as the
fluid, then {(v_) represents the velocity of mass flow out of the
tube, whereas the wall permeability is the radial mass trans-
fer velocity through the intestinal membrane. P, is the ex-
perimentally calculated and hydrodynamically unbiased in-
testinal wall permeability of the drug calculated from the
single-pass perfusion experiment (3) and is fundamental to
the MMBA derived herein. Although the wall and effective
permeabilities are indistinguishable for the two ideal flow
models used in this analysis, it is has been previously shown
that the experimentally determined (unbiased) wall perme-
ability should be used (3) for the MMBA correlations.

The MMBA provides a general theoretical framework
for estimating the extent of drug absorption in humans. As
shown below, two previously published correlations (2,3)
follow from this general theoretical approach.

Case I Correlation: Fraction Dose Absorbed and P¥

In an earlier report (3), the fraction dose absorbed in
humans was shown to correlate with the dimensionless in-
testinal wall permeability measured in a perfused rat intes-
tinal segment. Using estimated intestinal parameters in hu-
mans, they demonstrated a good correlation between the
fitted and the estimated Graetz number as well as between F
and P¥.
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The previously published correlation (3) between the rat
permeability (P%) and the human extent of absorption data
can be derived from the MMBA as follows. When the ab-
sorption number is separated into its scaling or RTD and
mass transport components, converted to dimensionless per-
meabilities, and the parameters are grouped, the expression
for An becomes a function of the two parameters, P, and
Gz, found to correlate with F in the previous publication,

An==le  Dul b pyg
"TRG) T Ry TV
where the Graetz number, Gz, differs from the previous re-
port (3) by a factor of two since the average velocity in
laminar flow systems used in the previous correlation is
equal to one-half maximal velocity. This is not the case for
the CRM and MT models.

The MMBA correlation requires the use of a flow sys-
tem scaling parameter. The flow system scaling or RTD pa-
rameters are dependent upon the axial fluid velocity and
geometric dimensions of the flow system, therefore, it is
necessary to calculate scaling parameters for each flow
model. The scaling parameter of the rat permeability data to
human fraction absorbed data was obtained for each flow
model by fitting the data to Eqgs. (12) and (15) using the above
form of An. The scaling parameters were estimated using
nonlinear regression (SYSTAT Nonlin-Simplex, Evanston,
IL). For the mixing tank and complete radial mixing models,
the mean (standard error) was 2.28 (0.39) and 1.27 (0.14),
respectively. Using the fitted scaling parameters, absorption
numbers for the MT and CRM models were calculated. The
theoretical curves from Egs. (12) and (15) for Case I using
the MT and CRM models are shown in Fig. 2 along with the
calculated An data. As expected, the case I correlation be-
tween the extent of absorption and An for both nonpassively
and passively absorbed drugs works as well as the previ-
ously published F and P¥ correlation. However, the sig-
nificance of the MMBA over the previous F versus P¥ cor-
relation is that the MMBA truly separates the RTD or scaling

n Ansor~bed (%)

xxMoOUD >+ @

3} —
o] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Absorption Number - Complete Radial Mixing

o] 2 4 6 8
Absorption Number - Mixing Tank

Fig. 2. Plot of the extent of absorption versus the absorption num-
ber (An)—complete radial mixing or absorption number—mixing
tank for various passively and nonpassively absorbed compounds.
The solid line represents the simulated curve using the MMBA and
the complete radial mixing model, whereas the dotted line repre-
sents the data simulated using the MMBA and the mixing tank
model.
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parameter from the drug absorption properties and that it
extends the earlier correlations to include solubility limited
absorption. In the previous correlation, Gz was considered a
scaling parameter, however, Gz includes the drug’s aqueous
diffusivity (D). Gz is most appropriately used in laminar
flow systems where the radial diffusion time and axial con-
vection time are important. For the two ideal flow models
used in the MMBA, D,, plays an unimportant role since
radial diffusion occurs instantaneously. It is important to
emphasize that these initial correlations use average system
values. The stochastic variation in flow rate and permeabil-
ity can be included in the analysis and is the subject of a
preliminary report (26).

Case 111 Correlation: Absorption Potential Derivation

While the fraction dose absorbed for drugs in Case I is
dependent upon An, the fraction dose absorbed for Cases 11
and III requires an additional parameter—the dimensionless
solubility (§*)—in order to estimate F. S* is used rather than
S since the solubility of each compound at a given absorption
number usually differs, making comparisons of drugs with
equal An difficult. Normalizing the solubility by the initial
dose and volume given allows all drugs with equal absorp-
tion numbers to be compared on a dose basis.

The absorption potential approach (2) is the second spe-
cial case of the MMBA. The AP was originally proposed as
a correlating parameter for estimating drug absorption in hu-
mans. The AP is an empirical approach based primarily on
the physicochemical properties of the drug where the AP is
equal to®

AP = PCf, §*

where PC is the partition coefficient, f,, is the fraction
nonionized, and $* is the dimensionless solubility. Taking a
simple lipid partitioning membrane model for P, (i.e., assum-
ing only nonionized drug penetrates the membrane),

P, = D_PC3.f,
it can be shown that
AP = a An $*

where o = 2R3,,/(D, D), D, and D, are the drug’s aque-
ous and membrane diffusion coefficient, respectively, R is
the intestinal radius, and 3, is the membrane thickness.
Consequently, the absorption potential parameter follows di-
rectly from Case III of the MMBA and a membrane parti-
tioning model assumption.

Since a membrane partitioning model was assumed for
the original AP, the relationship is applicable only to pas-
sively absorbed drugs. The advantage of using An over AP is
that both passively and nonpassively absorbed drugs can be
included in the correlation. Nonpassively absorbed drugs
(e.g., B-lactam antibiotics, ACE inhibitors, and o-methyl
DOPA) are included in the MMBA correlation by using the
mean wall permeability (3) to account for the concentration
dependence in the absorption number.

8 The absorption potential in the previous publication was taken as
log(PC f, $*). It is more convenient to define it as above.
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It is also noted that, in an extended analysis of the ab-
sorption potential, Macheras and Symillides (27) concluded
that overestimating AP is avoided if the value of one is as-
signed to the solubility—dose term in cases where S, > X/
V.. The MMBA provides the theoretical basis for this con-
clusion. In the case when the initial drug concentration is
below the solubility the extent of drug absorption correlates
with An, whereas for initial drug concentrations that exceed
the solubility the correlating variable becomes AnS*.

APPLICATION OF THE MMBA TO AMOXICILLIN
DATA IN HUMANS

Amoxicillin is an ideal model compound for validating
the MMBA for Cases I, II, and III since a wide range of
doses has been studied in humans and the B-lactam antibi-
otics are relatively nontoxic at even large doses (28). Fur-
thermore, pharmacokinetic evidence appears to support two
mechanisms for the delay and/or decrease in amoxicillin ab-
sorption with increasing dose: (a) a dose-dependent absorp-
tion mechanism and (b) a solubility/dissolution effect.

Nonpassive Absorption

Nonpassive absorption of amoxicillin has been ob-
served in both humans (12,21,22) and rats (20). In the Spyker
study (12) a significant decrease in the first-order absorption
rate constant from 1.23 to 0.66 hr ' was reported. The initial
concentration (dose per volume taken) in that study was
always below the solubility, suggesting that the effects are
due to nonlinear absorption rather than a solubility limita-
tion. Other pharmacokinetic parameters also exhibited dose-
dependent absorption behavior. For example, the value of
tmax INcreased while C, ., increased less than proportionally
due to slower absorption. The reported dose-independent
extent of amoxicillin absorption (based on the percentage of
the dose recovered in the urine and the AUC) and the re-
sultant 50% decrease in the absorption rate constant suggest
that, although absorption slowed with increasing dose, there
was sufficient intestinal length to assure nearly complete ab-
sorption. The observed decrease in k, can be explained
based on the concentration dependence of P,. It can be
shown that k, = SA/V P,,, where k, is the mean absorption
rate constant, SA is the intestinal surface area, V is the in-
testinal volume, and P, is the mean intestinal drug perme-
ability. Since P} decreases with increasing drug concentra-
tion for nonpassively absorbed drugs, it can be demonstrated
that &, also decreases with increasing dose.

Solubility-Limited Absorption

In the Sjovall ef al. study (21) the results were similar to
the results of the Spyker et al. study for doses below the
solubility. At the 1500- and 3000-mg doses, however, the
AUC and UR% (% of dose recovered in the urine) declined
significantly, suggesting that absorption was slowed signifi-
cantly so that the intestinal residence time was less than the
time required for complete absorption to occur. Therefore it
is hypothesized that unabsorbed amoxicillin passed into the
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colon, where its absorption is substantially lower, resulting
in a significant decrease in the extent of absorption. The
intestinal concentrations at these doses exceeded the K, by
a factor of 2 to 5, suggesting a nonlinear absorption effect;
however, the initial concentrations for both the 1500-mg and
the 3000-mg doses were also significantly above the solubil-
ity (5.66-6.33 mg/ml) of amoxicillin (13).

The study by Welling et al. (22), demonstrates two ex-
treme dosing cases. In the first case the initial amoxicillin
concentration (500 mg/25 ml or 20 mg/mli) is almost four
times greater than the solubility, whereas the other concen-
tration studied is well below the solubility at 500 mg/250 ml
or 2 mg/ml. The observed UR% decreased from 85% at the
lower initial concentration to 49% at the higher initial con-
centration, suggesting that incomplete absorption had oc-
curred.

The data in the five studies were combined for the pur-
pose of performing the correlation and are shown in Table II.
The maximal fraction dose absorbed was estimated from an
i.v. and oral pharmacokinetic study (24). This value was
determined to be approximately 80%; therefore, this was
taken as the upper limit for F. The fraction dose absorbed
data were combined into Table II and normalized to 80%.
This was necessary to compare the dose and reported F
between the literature studies used for the MMBA correla-
tion. The reported standard deviations for the human data
were also normalized for the correlation based on the coef-
ficient of variation. Simulations were performed using the
following mean system parameters: P¥ = 0.65, K, = 9.1
mM (from single-pass perfusion experiments in rats), intes-
tinal volume = 200 mi (normalized volume given with dose),
scaling parameter = 1.27, and mean amoxicillin solubility =
6.0 mg/ml. Once again, the volume given was normalized to
200 ml to facilitate comparisons between the studies. The
mean solubility was the average of the reported solubility at
pH 5.98 and 6.5 (13). The normalized human data and sim-
ulated curve (curve B) for amoxicillin are plotted in Fig. 3 for

Table II. Summary of Amoxicillin Pharmacokinetics and Calcula-

tions
Dose F(%, F(%, Ref.
(mg/ml) predicted)? observed) No.
1.25 75.3 76.6 12
1.25 75.3 82.5 25
1.88 73.0 76.7 21
2.00 72.5 76.5 22
2.50 70.8 77.4 25
2.50 70.8 77.4 24
K., = 3.33 mg/ml
3.75 66.8 81.3 25
3.75 66.8 64.9 21
5.00 63.5 73.8 25
5.00 63.5 63.4 12
Solubility =
5.66-6.33 mg/ml
7.50 53.3 53.0 21
15.00 20.5 41.0 21
20.00 13.2 35.6 22

“ The estimated fraction dose absorbed from the macroscopic mass
balance analysis.
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Fig. 3. Plot of fraction dose absorbed for amoxicillin versus the dose
given. Curve A represents the simulated data using a passive ab-
sorption mechanism (P} = 0.65), whereas curve B represents the
simulated curve generated using a nonpassive absorption mecha-
nism (P¥ = 0.65). Both curves were simulated using the equations
for CRM in Table 1. The data points represent the normalized phar-
macokinetic data from the five amoxicillin studies (see Table II).

the complete radial mixing flow model. As seen in Fig. 3 the
simulation is in good agreement with the human data, even
though dissolution rate was assumed to be non-rate limiting.
In the calculations for Fig. 3 it is assumed that the volume
given with the dose approximates the intestinal volume.

The effect of using a passive rather than a nonpassive
absorption mechanism on the extent of amoxicillin absorp-
tion is shown in Fig. 3, curve A. For curve A, a passive
permeability (P¥) equal to 0.65 was used, while curve B
represents the nonpassive absorption simulation using a car-
rier permeability (P¥ = 0.65). Due to the scatter in the hu-
man data, a case could be made for the use of either absorp-
tion mechanism, however, the use of the nonpassive absorp-
tion mechanism is justified from the evidence in the
literature such as the Sjovall or Spyker studies. The use of
the passive permeability represents the upper limit on the
extent of absorption and since the actual intestinal concen-
tration of amoxicillin will vary most observed data should
fall between the two curves.

The application of the MMBA to amoxicillin demon-
strates that the two key parameters controlling drug absorp-
tion are An and S*. For the amoxicillin correlations in this
report, mean experimental parameter values have been
used. Variation in either the dose-to-K,, ratio, the dose-
to-solubility ratio, or An as reflected in the value of param-
eters such as (v,), P¥, or the intestinal volume will be con-
sidered in a future publication.
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