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Based on the mixing tank and tube models for drug absorption, the apparent absorption rate constant
is shown to be related to the fraction of dose absorbed as a function of the volume/flow ratio of GI
fluids. This analysis applies to drugs that are absorbed according to first-order kinetics, without
limitation by dissolution rate, lumenal decomposition, or first-pass metabolism. Analysis of pharma-
cokinetic data of drugs that fit these criteria and are absorbed to varying extents enabled the estimation
of the volume/flow ratio of GI fluids in humans; it was found to be 1.6 = 0.3 (SE) hr using a mixing
tank model and 0.32 = 0.05 hr using a tube model. These findings are discussed with respect to volume
and flow parameters used in the design of various types of drug absorption studies.
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INTRODUCTION

The importance of assessing absorption of compounds
via the oral route has led to the development of in vitro
systems (1,2) to simulate absorption. Another alternative to
simulate absorption is based on the application of models.
Two kinds of strategies are employed in these models. First,
the rate and extent of absorption are simulated for various
physicochemical drug properties, e.g., solubility, lipophilic-
ity, and pK,, using physiologically realistic estimates for pa-
rameters such as flow rate, volume of lumenal contents, GI
pH, etc. (3-9). Second, mass transfer models with a variety
of convection and diffusion assumptions are utilized to de-
termine and interpret the permeability of the intestinal wall
from in situ perfusion experiments (10-13).

Two important parameters that are inherent to both
types of model simulating absorption are the volume of the
lumenal contents, V, and the flow rate of GI fluids, Q. Stud-
ies of the volume-flow relationship of GI fluids in humans
are limited (14); reported values for the flow rate in humans
vary from 0.33 to 8 ml/min (Table I), while a value equal to
250 ml was assigned to volume for the purpose of simulating
drug absorption (4). In the present study the value of the
volume/flow (V/Q) ratio is estimated utilizing a pharmacoki-
netic approach. It is shown that under certain conditions the
V/Q ratio can be related to the absorption rate constant and
the fraction of dose absorbed, thereby making it possible to
estimate the usual value of V/Q in human subjects without
resorting to invasive techniques.
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THEORETICAL

Two known models, the perfect mixing tank model and
the tube model, are considered. The following assumptions
are incorporated into the models.

(1) Absorption proceeds uniformly throughout the tank

or tube representing the GI tract.

(2) The drug dose is administered as a bolus and its
dissolution rate is considered rapid compared to the
absorption and transit rates. Drugs with dissolution
rate-limited absorption therefore are excluded from
the analysis.

(3) Uptake by the intestinal wall is a first-order process.

(4) Transit is a first-order process.

The following symbols are used: X,, the amount of drug
in the tube or tank; X, ., the amount of drug absorbed; V,
the volume of the tube or rank; Q, the flow or transit rate; k;,
the intrinsic absorption rate constant; k,, the apparent ab-
sorption rate constant; X, the dose administered; and F, the
fraction of dose absorbed.

Mixing Tank Model

This model assumes complete mixing throughout the
tank, as illustrated in Fig. 1. If it is also assumed that ab-
sorption is fast compared with diffusion of drug to the intes-
tinal wall, the mass transported across the absorbing surface
per unit time is given by Eq. (1)

= ki - X, (M

whereas the rate of loss from the tank is given by Eq. (2):

dX,
- = =+ @W]- X @
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Fig. 1. Schematic of a one-tank perfect mixing tank model for oral
drug absorption.

Solution of Eq. (2) yields
X, = X, exp{—[k + (Q/V)It} 3)
Substituting X, in Eq. (1) from Eq. (3) and integrating,

kiXo

Xavs = 1o

{1 — e l@wmy @)

From the last equation it can be concluded that as t — o,

kiXo

)

Since X, = F - X,, the intrinsic absorption rate constant k;
is given by

_F

T—F ©®)

<o

The last equation reveals that for drugs obeying the assump-
tions listed above, a linear relationship exists between k; and
F/(1 — F), and an estimate for Q/V can be obtained from the
slope of k; versus F/(1 — F).

Tube Model

Assuming that absorption is fast compared with diffu-
sion to the gut wall, the rate of change of mass in a tube of
radius r (Fig. 2) is given by the following equation:

ax
V‘J = QX1 — QXyva — AkLX W)

where A = 2mrdl and k;_is the mass transfer coefficient. As
dl — 0, Eq. (7) can be rewritten as

Table I. Flow Rate (ml min~!; Mean + SE) of Intestinal Contents

Ref.
Locus Fasting® Fed No.
Jejunum <2 <20 15
0.73 = 0.11 3.00 = 0.67 16
83 =09 17
Ileum 1.8 =04 34 =07 18
0.33 = 0.09 33 03 16, 18
2.35 +0.28 16
Terminal ileum 0.43 = 0.06 2.09 = 0.16 16

“ Means for all phases of fasting.
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Fig. 2. Schematic of a tube model for oral drug absorption.

di( = ___QdX - A_kL. ®)
dt ~ Aydl V
where V = Aydl.
Under steady-state conditions, Eq. (8) becomes
17).4 Ap
ad- "0 kX )

where k; = Ak /V
Integrating Eq. (9) and using L = V/A,, where L is the
total length of the tube, one obtains

kiAo
Xi=Xoexp | ———1 and
[0
X(1=1L) kAy V
———=exp |- ——+— or
X P\7 0 4

X _ ki 10
X, P T o (10)

The fraction absorbed is also given by

Xi
F=1-2

X (1n

Combining Egs. (10) and (11),

Fei-on (- gy)
R .
o

which can be rearranged to

- — 24 -
k=~ In(l ~ F)

(12)

Utilization of the apparent Absorption Rate ConstantK,,
to Estimate Q/V. According to Eqgs. (6) and (12), the slope of
the regression line corresponds to the reciprocal of transit
time (Q/V) when k; is plotted versus either F/(1 — F) [Eq. (6)]
or —In(1 — F) [Eq. (12)]. Although the fraction of dose
absorbed F is frequently estimated experimentally, the in-
trinsic absorption rate constant k; is not derived from the
pharmacokinetic studies. Instead, an apparent absorption
rate constant, k,, is usually calculated. It has been shown
(19), however, that the value of the latter parameter is equal
to the sum of all individual rate constants for simultaneous
first-order loss of drug from the absorption site. According
to Notari et al. (19) a simple relationship exists between k,
and k;:

k = Fk, (13)

provided that all processes leading to nonabsorption follow
first-order kinetics. For the mixing tank model, Eq. (6) be-
comes
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_ (€)1
ky, = (V) I—F (14)
and for the tube model, the equivalent expression is
_ [Y) In(1 — F)
ky = (V) —F (15)

These equations indicate that a plot of k, versus 1/(1 — F) or
—In(1 — F)/F for various drugs conforming to the con-
straints postulated above should give straight lines with a
slope corresponding to Q/V estimated according to each
model.

RESULTS AND DISCUSSION

Although values for F and k, are commonly reported,
one has to be cautious in their use for estimating Q/V. Be-
cause of the individual variability of pharmacokinetic data, it
would be desirable to analyze results from more than one
reference study for every drug substance. However, only
data for drugs that have no dissolution rate limitation to
absorption, have no saturable first-pass effect, and are stable
under fasting GI tract conditions can be employed for such
an estimate. These restrictions limit the number of studies
available. Further, it is desirable to refer to data from inves-
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Fig. 3. Apparent absorption rate constant, k,, versus 1/(1 — F) (A)
or —In(1 — F)/F (B) for drugs absorbed by a first-order process with
no dissolution or first-pass metabolism limitations. Data are taken
from Table II.

Macheras, Reppas, and Dressman

Table II. Drugs with No Significant First-Pass Effect, No Dissolu-
tion-Limited Bioavailability, and Stable at Fasting GI Conditions®

Ref.
Drug k, (hr™Y) F No.
Acyclovir 0.23 0.19 20, 21
Bretylium 0.18 (0.02) 0.19 (0.03) 22
0.48 (0.07) 0.26 (0.05) 22
Bromazepam 3.87 0.84 23,21
Bumetanide 49 (7.8) 0.84 (0.16) 24
33 (7.9 0.86 (0.13) 24
Captopril® 2.29 0.67 (0.03) 25, PCNONLIN
Furosemide 2.33 (0.93) 0.83 (0.14) 26
Lormetazepam 3.77 0.77 27,21
Propylthiouracil 2.82 (1.74) 0.77 (0.13) 28
Xylose 1.68 (0.62) 0.63 (0.11) 29

@ Standard deviations are given in parentheses when they were re-
ported or could be calculated. All drugs were administered with
250 ml (or less) of water or orange juice. None of these compounds
are listed as subject to significant first-pass metabolism in Drug
Information ‘84, American Hospital Formulary Service, American
Society of Hospital Pharmacists.

® The absorption rate constant was estimated using the program
PCNONLIN [Statistical Consultants, Inc. Am. Statr. 40(1):52
'(1986)].

tigations with identical volunteer groups under controlled
experimental conditions, but such data are lacking. To this
end, only studies with similar dosing conditions (volume and
type of administered fluid in fasted subjects) were consid-
ered. The data utilized for the plots in Fig. 3 are listed in
Table II. As can be seen, a variety of drugs with a wide range
of chemical structures and fraction of dose absorbed was
analyzed. A reasonably good correlation (R = 0.876, P <
0.001, n = 11) was established using linear regression anal-
ysis for the mixing tank model

Table III. Drugs that Have Demonstrated First-Pass Effect and Dis-
solution-Limited Absorption and/or Undergo Chemical Degradation
in the Fasted GI Tract®

Ref.
Drug k, (hr™1) F No.
Aspirin 4.0 (1.4) 0.17 30
43 (2.2) 0.17 30
Betaxolol 0.50 (0.17) 0.87 (0.08) 31
0.47 (0.24) 0.82 (0.06) 31
0.51(0.16) 0.84 (0.07) 31
Cimetidine® 0.46 0.62 32, PCNONLIN
0.47 0.71 32, PCNONLIN
Erythromycin
stearate 0.61 (0.25) 0.44 (0.14) 33
0.57 (0.20) 0.26 (0.11) 33
Methylprednisolone 1.04 (0.51) 0.49 (0.29) 34
0.71 (0.20) 0.58 (0.14) 34

2 Standard deviations are given in parentheses when they were re-
ported or could be calculated. All drugs were administered with
250 ml (or less) of water or cherry-flavored syrup.

® The absorption rate constant was estimated using the program
PCNONLIN [Statistical Consultants, Inc. Am. Star. 40(1):52
(1986)].
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Fig. 4. Apparent absorption rate constant, k,, versus 1/(1 — F) (A)
or —In(1 — F)/F (B) for compounds whose absorption is partly
dissolution controlled and/or undergo first-pass metabolism. Data
are taken from Table III.

-4

1-F (16

1
ky = —0.15 + 0.63 [——}
The standard errors of the intercept and slope were 0.52 and
0.11, respectively. For the tube model, the relationship was
found to be

k, = —3.18 — 3.16 [l—u] a7
F

The correlation coefficient was 0.909 (P < 0.001) and the

standard errors of the intercept and slope were 0.87 and 0.48,

respectively.

In contrast, an identical analysis for drugs (Table III)
that exhibit either first-pass metabolism or dissolution rate-
limited absorption and/or undergo degradation in the fasted
Gl tract gave a poor correlation (R = 0.483, n = 11) between
k, and 1/(1 — F) (Fig. 4A) or between k, and —[In(1 — F)J/F
(R = 0.583; Fig. 4B).

The reciprocals of the slopes, V/Q, of the lines given by
Egs. (16) and (17) represent a characteristic residence time
for the drug at the site of absorption, with an average value
in fasted humans of approximately 1.6 = 0.3 (SE) hr (mixing
tank analysis) or 0.32 * 0.05 hr (tube analysis).

To compare these values with physiological data re-
quires knowledge of both flow rate and volume of GI con-
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tents. Whereas flow rate measurements were the subject of
several studies, there have been few attempts to measure
volume in the small intestine. Table I lists the results of
several flow rate studies. Dillard et al. (14) showed that, as
the volume in the small intestine increases, there is an asso-
ciated increase in the flow rate, with flow becoming very
rapid at large volumes. At flow rates typically observed un-
der normal conditions (i.e., those listed in Table I), the cor-
responding volumes are small. For example, at a flow rate of
3 ml/min, the V/Q ratio is approximately 1.8 hr. This value is
in reasonable agreement with the pharmacokinetically de-
rived value using the mixing tank model, whereas the tube
model underestimates the physiological data. The value cal-
culated using the mixing tank model is also closer to resi-
dence times for fluids in the upper GI tract determined by
Malagelada et al. (42). A potential source of error with both
the tube and the mixing tank models is that the V/Q ratio may
vary with location in the GI tract, with the phase of motility
cycle for fasted state conditions, and between the fed and the
fasted states.

Previous attempts to simulate rate and extent of drug
absorption (4,5) utilized V/Q ratios of approximately 2 hr to
obtain the majority of results. It was also predicted in these
studies that the rate and extent of absorption would be sen-
sitive to the flow and volume parameters, as expressed
through changes in the mean residence time. There have
been several studies of fluid effects on drug absorption (35—
41). These indicate that the volume of coadministered fluid is
likely to affect the rate and/or extent of drug absorption only
if the drug is not freely water soluble. The most reasonable
explanation of these findings lies in the tendency of the flow
rate to offset any increase in volume ingested. Oberle (43),
for example, showed that flow rate from the stomach was
faster after ingestion of a 200- than a 50-ml volume of fluid
[ty = 6.4 £ 2.7 (SD) and 13.0 *+ 12.8 min, respectively].

In the fed-state studies, the mean residence time in the
stomach (44,45), but not the intestine (42,46), appears to be
prolonged. Since most drugs are absorbed much more
quickly from the intestine, the extent of absorption is not
expected to be dramatically improved in the fed state unless
the drug is poorly soluble.

In contrast to fluid loading and fed-state studies, perfu-
sion studies can be used to control the mean residence time
of the drug in the absorptive region. Human studies typically
employ flow rates between 5 and 15 ml/min over a perfused
segment 3045 cm in length. For example, Merfeld’s study
(47) of methyldopa absorption utilized a flow rate of 7 ml/min
over a combined mixing and test segment of 45 cm. Assum-
ing that the radius of human jejunum is approximately 1.5
cm, these values lead to a V/Q ratio of 0.75 hr. Similarly, the
V/Q ratio used by Vidon et al. (48) in their study of meto-
prolol absorption was approximately 0.35 hr. These values
for V/Q ratio are somewhat lower than the parameter derived
from the pharmacokinetic data using the mixing tank model.
Under perfusion conditions such as these, results may tend
to result in underestimates of absorption following oral ad-
ministration.

V/Q ratios used in rat perfusions are much higher than
those used in humans. In the corresponding methyldopa
study in rats, Amidon et al. (49) used a V/Q ratio of approx-
imately 12 hr. More recently, Sinko et al. (50) used V/Q
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ratios of 5-7.5 in their studies of cephalosporine absorption.
These larger values are required to maintain appropriate val-
ues of Graetz number (i.e., the ratio of the radial diffusion
rate to the axial convection rate) adjusted for the difference
in lumenal radius between the two species. In addition to
perfusion studies, whole-animal absorption studies are fre-
quently conducted to predict oral absorption in humans. It
would be of value to determine what the usual V/Q value is
in rats and other commonly used animals, to determine
whether the scaling methods used to extrapolate absorption
data from animals to humans can be improved.

In summary, the V/Q value estimated from analysis of
pharmacokinetic data using the mixing tank model is in rea-
sonable agreement with values obtained from physiological
measurements which are used in simulations of GI absorp-
tion. V/Q ratios used in human perfusions tend to be lower,
potentially resulting in an underestimate of GI absorption. In
contrast to the mixing tank model, analysis using a tube
model for the GI tract resulted in an underestimate of exper-
imentally observed residence times and may, thus, represent
a less useful hydrodynamic model for the upper GI tract in
humans. Determination of V/Q values in other species by the
pharmacokinetic method presented here, and using a mixing
tank model analysis, may aid scaling of absorption studies
from these species to man.
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