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Abstract

This report is aimed at characterizing small intestinal transit time distribution and presenting a slope-based method
to determine compartmental transit and dispersion model parameters. The intradose, intrasubject, and intersubject
means and variances were defined to examine small intestinal transit time distribution in individuals and populations.
Equations were derived to determine the optimum number of compartments and the dispersion coefficient. It was
found that the intra- or intersubject variance was significantly smaller than the intradose variance. The optimum
number of compartments and the dispersion coefficient were estimated to be seven and 0.78 cm2/s, respectively, in
agreement with the literature data. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although the importance of small intestinal
transit time in oral drug absorption is well recog-
nized and documented (Mayersohn, 1990; Yu et
al., 1996a), only a few have addressed variations
in transit times among individuals and popula-
tions (Coupe et al., 1991; Argenyi et al., 1995). In

our previous publication (Yu et al., 1996b), the
population variation of small intestinal transit
time was analyzed and the standard deviation was
found to be 78 min, along with a mean small
intestinal transit time of 199 min. Both compart-
mental transit and dispersion models were then
used to characterize the population variation.

The aim of this report is to analyze the individ-
ual variation of small intestinal transit time and to
determine model parameters based on the individ-
ual variation. The intradose, intrasubject, and in-
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tersubject means and variances are defined to
characterize the small intestinal transit time distri-
bution. A slope-based method is described to
determine the optimum number of compartments
and the dispersion coefficient.

2. Theoretical

2.1. Compartmental transit model

The compartmental transit model has been de-
tailed in our previous publication (Yu et al.,
1996b). In brief, we view a drug passing through
the small intestine as a process flowing through a
series of segments. A single compartment can
describe each segment with linear transfer kinetics
from one to the next. From mass balance, we
have

dMn

dt
=KtMn−1−KtMn, n=1, 2, ..., N (1)

where Mn is the amount of the drug in the nth
compartment, t is time, N is the total number of
compartments, and Kt is the transit rate constant,
Kt=N/BTsi\ . Solving Eq. (1) gives a cumula-
tive transit time distribution curve:

F(t)=1−e−Ktt�1+Ktt+
(Ktt)

2
+ ...+

(Ktt)N−1

(N−1)!
�

(2)

If the cumulative transit time distribution func-
tion given by Eq. (2) is differentiated, we obtain
an equation for the slope of the curve from which
the compartment number N may be determined
by comparison with the experimental transit time
distribution curve.

dF(t)
d(t/BTsi\ )

=
Ne−Nt/BTsi\

(N−1)!
� Nt
BTsi\

�N−1

(3)

At t/BTsi\=1, the slope is equal to� dF(t)
d(t/BTsi\ )

n
t=BT si\

=
NN+1e−N

N !
(4)

For N\5, Stirling’s approximation may be
used with an accuracy of 2% (Stirling, 1998):

N !$NNe−N
2pN (5)

Therefore, Eq. (4) becomes� dF(t)
d(t/BTsi\ )

n
t=BT si\

=
'N

2p
(6)

For NB5, approximate values of the slope at
t/BTsi\=1 are 0.368, 0.541, 0.672, 0.781, and
0.877 for one, two, three, four, and five compart-
ments, respectively.

2.2. Dispersion model

In addition to the compartmental transit model,
the dispersion model was also used to characterize
transit time distribution. The fundamental equa-
tion of the dispersion model is

(C
(t

=a
(2C
(z2 −6

(C
(z

(7)

where C is concentration, z is the axial distance
from the stomach, 6 is velocity in the axial direc-
tion, and a is the dispersion coefficient (Ho et al.,
1983). If the stomach is assumed to function as an
infinite reservoir with concentration of C0 and
with constant output with respect to both concen-
tration and volume, an analytical solution at the
end of the small intestine can be obtained. The
second term in the solution (Eq. (8); Yu et al.,
1996b) is relatively small and the final form is

F(t)
C
C0

=
1
2
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� L−6t


4at

�
(8)

where L is the length of the small intestine,
about 350 cm (Ho et al., 1983), and erfc is the
argument of the error function.

erfc(j)=1−
2
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The slope of the F curve can then be estimated
from the derivative of Eq. (8) at t=BTsi\ :� dF(t)

d(t/BTsi\ )
n
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3. Methods

3.1. Intradose, intrasubject, and intersubject
means and 6ariances

To characterize the small intestinal transit time
in individuals and populations, let us define intra-
dose, intrasubject, and intersubject means and
variances. Consider a non-absorbable drug solu-
tion dose that enters the small intestine of a
normal volunteer subject as a bolus. Drug
molecules will spread when traveling along the
small intestine. If we measure the amount of drug
at the end of the small intestine, we will have a
transit time distribution of the amount of drug as
a function of time, as shown in Fig. 1, which can
be approximately characterized by the intradose
mean and variance.

If we repeat the experiment several times on the
same subject as determined over the course of
many doses, we will have several intradose means
since each experiment will produce an intradose
mean. Several intradose means constitute a distri-
bution which can be characterized by the intra-
subject (interdose) mean and variance. The

intrasubject variance describes the dose-to-dose
variability of the transit time in a subject.

If we conduct the experiment for all the subjects
of a population, we then calculate the intersubject
mean and variance based on intrasubject means.
The intersubject mean represents the overall mean
transit time in a population, and the variance
describes the subject-to-subject variability of the
transit time in a population.

3.2. Scintigraphic measurement of small intestinal
transit time

Scintigraphy is one of the major methods used
to measure small intestinal transit time (von der
Ohe and Camilleri, 1992). In general, the transit
time is calculated by the difference in time be-
tween 50% of the drug arriving in the colon and
50% of the drug leaving the stomach (Davis et al.,
1986; Coupe et al., 1991; Argenyi et al., 1995).
Such a method provides only a measure of the
small intestinal transit time and does not give any
indication of the distribution or range of the
actual transit time.

Malagelada et al. (1984) developed a deconvo-
lution method for quantifying the intestinal tran-
sit time distribution because of the obvious flaw in
the 50% method that implicitly assumes that the
small intestinal transit time is a single constant.
Malagelada et al. (1984) measured the small intes-
tinal input and output rates using scintigraphy.
The input and output rates were then fitted by
polynomial functions. The transit time distribu-
tion was calculated using a numerical deconvolu-
tion program. The transit time distribution over
six individuals was measured for both solid and
liquid (Malagelada et al., 1984). Considering the
confounding effect of the ileocecal junction
(Davis, 1989), only liquid data were used for this
analysis.

3.3. Data processing and parameter estimation

Based on the transit time distribution curves of
Malagelada et al. (1984), we calculated the intra-
dose mean and variance. The means for six indi-
viduals were then used to calculate the
intersubject mean and variance. Since the experi-

Fig. 1. Schematic representation of a typical intestinal transit
time distribution profile upon administration of a pharmaceu-
tical solution as a bolus.
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Table 1
Summary of intradose mean and standard deviation of small intestinal transit time from Malagelada et al. (1984)

Optimum num-Intradose standardIntradose meanSubject Slope at t=BTsi\ Dispersion coeffi-
dF(t)/d(t/BTsi) ber of compart-(min) cient (cm2/s)deviation (min)

ments

2101 45 1.29 10 0.47
50 0.90 52 1.30154
45 1.51238 143 0.30

1804 114 0.44 1 4.66
53 1.255 10227 0.46
80 0.75212 46 1.36

203Average pooled 65 7 0.78a

Intersubject standard 31
deviation (min)

a Subject 4 was excluded. Otherwise, the average dispersion coefficient would be 1.43 cm2/s.

ment is only conducted once in each individual, no
intrasubject variance would be expected from their
results. The intradose mean and variance were used
to estimate the optimum number of compartments
and the dispersion coefficient to characterize the
transit time distribution in the human small intes-
tine.

4. Results and discussion

4.1. Means and 6ariances of small intestinal
transit time

Table 1 shows the intradose means and their
standard deviations for the six individuals based
on the liquid results of Malagelada et al. (1984).
The intradose mean transit time is relatively consis-
tent and varies from 154 to 238 min. The mean
transit time for the population is 203 min, in
agreement with our previous finding (199 min; Yu
et al., 1996b).

There are remarkable differences in the intra-
dose variances among individuals. The standard
deviation varies from 45 to 114 min and the mean
standard deviation was 65 min, which is in agree-
ment with the population standard deviation (78
min) from our previous publication (Yu et al.,
1996b).

The intersubject standard deviation was calcu-
lated to be 31, substantially smaller than the mean
intradose variation. Coupe et al. (1991) and

Argenyi et al. (1995) studied intrasubject variation
using g-scintigraphy. It was found that the intra-
subject variability was generally lower than the
intersubject variability based on the difference in
time between 50% of the drug arriving in the colon
and 50% of the drug leaving the stomach. Despite
the confounding effect of the intradose variation in
their analysis (the intradose variance was not
separated from the intrasubject and intersubject
variances), the conclusion would be expected to
remain valid. Considering the analysis of intersub-
ject variance, we also conclude that the intrasubject
variance was substantially smaller than the intra-
dose variance.

4.2. Estimation of the number of compartments

The slope at the mean transit time of the small
intestinal transit time distribution was calculated
to determine the optimum number of compart-
ments and the dispersion coefficient. Table 1 shows
the slopes calculated for each individual. The
optimum number of compartments was estimated
based on Eq. (6) for N\5 and the real values for
NB5. The optimum number of compartments
varies from one to 14 (Table 1) for the six individ-
uals studied, suggesting the complexity and
difficulty in developing a ‘universal’ model to
describe the ‘spreading’ in humans. The average
optimum number of compartments was found to
be seven, which is the same as the number obtained
in our previous publication (Yu et al., 1996b).
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Fig. 2. Estimating individual small intestinal transit time distribution using compartmental transit and dispersion models, where
experimental data points were from Malagelada et al. (1984).

Fig. 2 shows the experimental and theoretical
small intestinal transit time distributions. The the-
oretical estimates are overall in agreement with
the experimental distributions. The predicted val-
ues are generally too low at the high end or too
high at the low end. This may be due to the fact
that it allows only integer values of N and that it
may not be possible to obtain a match of the

transit time distribution at both high and low
values of F with the same value of N.

Individuals 4 and 6 show double phase transit
distribution curves characterized by a rapid out-
put phase, followed by a slow, continuous output,
and finally, a rapid output phase in which all drug
solution was quickly emptied from the small intes-
tine. The double phase phenomena contradict the
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Fig. 2. (Continued)

model assumption that all compartments have the
same time-independent transit time. It is possible
to abandon the assumption and let each compart-
ment have different time-dependent transit time.
However, this requires hard experimental data
that are currently unavailable.

4.3. Estimation of dispersion coefficient

The dispersion coefficient was calculated based
on the slope of the transit time distribution curve.
Table 1 shows the calculated results. Again, large
intradose variability causes large variations in the
dispersion coefficient among six individuals. Sub-
ject 4 has a dispersion coefficient of 4.66 cm2/s
that is far above the dispersion coefficients of the
other subjects. If we excluded subject 4, the aver-
age dispersion was 0.78 cm2/s, which is in agree-
ment with literature values ranging from 0.33 to
0.61 cm2/s (Ho et al., 1983) and 0.78 cm2/s (Yu et
al., 1996b).

The calculated transit time distributions by the
dispersion model are also shown in Fig. 2. The
theoretical curves for both compartmental transit
and dispersion models are similar. For individuals
4 and 6, fitting by both models largely deviates at
the high end, indicating the limitations of the
model.

5. Conclusions

The intradose, intrasubject, and intersubject
means and variances were defined to examine
small intestinal transit time. It was shown that the
intra- or intersubject variance was significantly
smaller than the intradose variance. The slope-
based method was presented to estimate the opti-
mum number of compartments and the dispersion
coefficient. The estimated results are in agreement
with the literature data. The slope-based method
has the advantages of simplicity and intuition
over the least square of errors method used in our
previous publication (Yu et al., 1996b). The com-
partmental transit and dispersion models are in
essence single parameter models. Such models are
still relatively simple compared to the enormous
complexity of the GI tract, e.g. villi, microvilli,
motility, and various dosing conditions, despite
the fact that they represent advances over the
commonly used single compartmental model.
Consideration of these factors will be necessary to
develop a robust transit flow model. The informa-
tion gained about small intestinal transit time can
be used to better understand its effect on oral
drug absorption.
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