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Summary

A computer simulation model of transport of material along the small intestine is proposed. The model is developed by
considering a succession of boluses, created by stomach emptying, which proceed by discontinuous jumps along the small intestine.
During a jump material can be exchanged between adjacent boluses to simulate longitudinal mixing. The model is tested by
comparison of simulated distribution profiles of test markers with reported distribution of non-absorbable radioactive test markers in
the small intestine of the rat and with colonic arrival times in man, resulting in good agreement between simulations and

experimental data.

Introduction

Although many of the individual aspects of
drug absorption from the gastrointestinal tract
(GIT) are well-understood, there have been few
attempts to develop models which reflect the de-
gree to which the various factors involved interact.
The present work is part of a project to develop a
comprehensive simulation model of drug absorp-
tion from the GIT. The aim of this article is to
develop a simulation model of transport along the
small intestine which is generally accepted as the
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major site for drug absorption.

Mathematical models have been used for many
years to study various aspects of drug absorption,
but these models have generally ignored intestinal
transport. In pharmacokinetics, it is common to
represent the gut as a single compartment. This
assumes uniform distribution throughout the re-
gion where absorption occurs, and implicitly as-
sumes that transport along the intestine plays no
significant role in determining the absorption rate.
A simple extension of the one-compartment model
is to represent the gut by more than one compart-
ment; for example, as in the MacDope model
(Bloch et al., 1980). This model proposes separate
compartments for the stomach and the small in-
testine. Modelling the stomach as a single com-
partment in this approach seems reasonable; but
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representation of the small intestine as a single
compartment has many problems because it still
implicitly assumes that the small intestine is well-
mixed throughout its entire length. In addition,
there are pH and mucosal surface area variations
along the length of the intestine which are difficult
to model by a single compartment; absorption
windows also exist for some substances. The im-
portance of these factors in the absorption process
would be significantly influenced by differing
transport rates along the intestine.

A different approach is to represent movement
along the intestine as flow in a pipe (Amidon et
al., 1981). In this approach the intestine is repre-
sented as a tube, well-mixed in the radial direction
and experiencing constant flow; mathematical ex-
pressions are introduced to describe various possi-
ble forms of absorption from the intestine under
quasi-steady-state conditions. This model was
found to be useful for studying the interplay of
various factors in in situ perfused rat intestinal
absorption experiments, and in the estimation of
reserve length for a drug. Ni et al. (1980) proposed
an improvement to the model of Amidon and
co-workers by including terms to describe simulta-
neous turbulent diffusion under non-steady-state
conditions, in addition to the flow and absorption
terms originally described. Both of these models
assume that flow is continuous. While this may be
a reasonable assumption for a continuous flow in
situ intestinal loop, there is ample evidence that
flow is non-continuous in vivo (Kelly, 1981).

A major feature of the present model is that it
attempts to provide a realistic picture of the dis-
continuous movement of the gut contents. The
model is developed on the basis of a succession of
individual boluses travelling along the small in-
testine. Individual boluses are created by emp-
tying of stomach contents. The model is built up
by considering the processes which each individ-
ual bolus undergoes in its transit along the in-
testine. The net sum of events associated with
each of the individual boluses represents the total
behaviour of the intestinal contents during the
course of absorption.

All these processes are incorporated into a
computer program and the model is solved
numerically (see Appendix 1). The cycle of events

described by the complete model are:

(1) the stomach continuously empties new boluses
into the small intestine;

(2a) boluses are propelled by gut movements as a
series of discrete jumps;

(2b) some mixing of the contents of a bolus with
the following bolus occurs during movement;

(3) a period of quiescence occurs between jumps,
when absorption, secretion, dissolution, etc., can
occur; and

(4) when a bolus reaches the end of the ileum it
empties into the colon.

The operation of the model involves the simul-
taneous monitoring of all the boluses currently
present in the small intestine.

In the model, drug absorption (and other
processes of interest) occurs during step 3. Al-
though drug absorption is a major process of
interest, it is the purpose of this article to consider
just the transport terms (all steps except 3). In the
following article of this series the model will be
extended to incorporate water and electrolyte ab-
sorption, and subsequent articles will report simu-
lations with drugs.

There is a major difficulty in simulation models
of complex events when attempts are made to
compare the performance of the model with ex-
perimental observations. This is because a com-
plex simulation involves many parameters which
are not readily assigned. It is usually necessary to
some extent to adjust parameter values to obtain
agreement with the data. There is always a danger
that agreement with experimental data obtained in
this way is entirely spurious, because with suffi-
cient manipulation of parameter values quite arbi-
trary behavior can often be reproduced. For this
reason it is important in such studies to attempt to
evaluate the performance of each component of
the model independently of the other components.
Quantitative data on intestinal transport are
scarce, but in recent years there have been some
reports on the intestinal transport of non-absorba-
ble markers in humans. This provides the oppor-
tunity to investigate the performance of those
features of the model which deal just with the
longitudinal transport properties. The aim of this
approach is to provide a foundation in experimen-
tal observations of the basic features of the model



before attempting our major objective, which is
simulation of drug absorption.

Theoretical

Stomach emptying

Stomach emptying is a non-continuous process
which is generally thought to occur as a series of
spurts with a period of approximately 3/min
(Kelly, 1981). We have assumed in the model that
the output from these spurts is such that there is
no significant difference between spurts over a 1
min interval. A single bolus is therefore defined in
the model as the accumulation of the total amount
of material emptied over a 1 min interval. One
minute is an arbitrary interval which we found
convenient to use and can be varied easily. Com-
puter time is the major consideration in this choice,
since it is sigunificantly increased with every in-
crease in the number of boluses formed.

In the literature, stomach emptying is often
represented by an exponential function (e.g. Hunt
and Stubbs, 1975), although there are other possi-
bilities, such as the square-root law (Hopkins,
1966) and a number of reports show other forms
of nonexponential emptying (e.g. Clements et al.,
1978; Hunter et al., 1982; Christensen et al., 1986).
Stomach emptying is implemented in the model as
either a simple exponential or, for non-exponen-
tial stomach emptying, by means of linear interpo-
lation of the observed or assumed emptying rate.

Bolus movement and mixing

We assume in the model that bolus movement
is non-continuous; that is, movement is made up
of a series of finite jumps with intermediate peri-
ods of quiescence. Luminal pressure traces show
sharp peaks of pressure, corresponding to contrac-
tions, interspersed with periods of basal pressure
where there are no contractions (Davenport, 1982).
The relatively long duration of a period of quies-
cence compared to a period of contraction allows
us to make the simplifying assumption that jumps
are effectively instantaneous. Statistical study of
contractions in the intestine in man shows that
contractions are spaced in time at intervals which
cluster around integer multiples of 5 s (Christen-
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sen et al, 1971). We assume in the model that
these contraction cycles can be adequately repre-
sented by an averaged regular contraction cycle
which we arbitrarily set at a 1 min interval.
Computer time is again the major consideration in
this assumption, since it depends on the number
of boluses which need to be followed concurrently
by the computer program; it also adjusts the period
of intestinal movement so that it is in phase with
that of stomach emptying.

During the movement of a bolus, represented
in the model as a discrete jump, two factors need
to be considered:

(1) the mixing between adjacent boluses that oc-
curs during a jump; and
(2) the distance that a bolus moves during a jump.

Mixing. As pure peristalsis is rarely seen in
man, any movement that a bolus undergoes is not
entirely propulsive, and some mixing with adjac-
ent boluses will occur. We assume that boluses
follow the normal physiological pattern and stay
in chronological order during a jump (Lew et al,,
1970); i.e. the contents of any bolus will not be
propelled more than one step forward in any
particular jump. In the process of propulsion,
some portion of the bolus will be left behind; this
could either be due to frictional drag, to leakage
of material back through the nodal constriction of
the intestine, or to retropulsion of chyme. To
describe this process we define the parameter F,
as the fraction of a bolus which is not propelled
along with the rest of the bolus and which mixes
with the bolus immediately behind it. Boluses are
numbered so that bolus 1 is closest to the ileocae-
cal valve and the latest bolus formed (closest to
the stomach) has the largest index (with a time
interval of 1 min, bolus number 7T is formed at
time T). When bolus J executes a jump, the
fraction F, of its contents mixes with the trailing
bolus (i.e. bolus J + 1); we also assume that the
individual boluses are internally well-mixed at all
times.

A mathematical description of the process is:

A(J, T+1)=(1 - Fu ) A(J, T)
+FenA(J—1,T) (1)

A(J, T) is the amount of substance in bolus J
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during interval T. Eqn. 1 states that the amount in
bolus J during time interval 7'+ 1 arises from the
fraction retained in that bolus from the previous
interval (the first term on the right) and the frac-
tion left behind by the leading bolus (the second
term on the right). A jump is assumed to be
effectively instantaneous. Thus, the jump referred
to in Eqn. 1 can be regarded as occurring either at
the end of interval T or the beginning of interval
T+ 1.

Distance jumped. In order to model the dis-
tance that a bolus moves during each jump, an
equation was chosen to describe the velocity of a
bolus at any position in the intestine. Results from
studies in the rat suggest that the velocity of
material moving along the intestine varies sub-
stantially with its position in the intestine (Sikov
et al, 1969). There is also limited evidence that
velocity is a function of position in humans (Kaus
et al., 1984; Soergel, 1971). As discussed later, it
was also found to be necessary to incorporate
time-dependence in the velocity profile.

Sikov et al. (1969) proposed a logarithmic rela-
tionship to describe the position-dependence of
velocity but this is not a suitable function for our
purposes (it approaches infinity as distance
travelled approaches zero). A number of equations
with similar profiles were investigated as possible
alternatives. The results are presented in the fol-
lowing section.

The velocity needed to describe the movement
of an individual bolus is not in general the same
as the mean velocity of the intestinal contents
since the latter is also influenced by mixing be-
tween adjacent boluses (in our notation, by the
parameter F ). In the model, an individual bolus
with velocity V' (as judged by position and time)
travels a distance ¥ during a jump (which occurs
once every minute in our implementation of the
model; if a time AT is used instead of a 1 min
cycle the bolus jumps the distance VAT). At the
same time the “mixing equation”, Eqn. 1, de-
scribes the exchange of material between adjacent
boluses. Thus, the bolus progresses along the in-
testine in discrete jumps, leaving a certain amount
of material behind at each jump and gaining
material left behind by the bolus in front of it.
The passage of a bolus along the intestine, and the

mixing of the intestinal contents, is simulated by
repeated application of these two procedures.

Results

All simulations were carried out using the Uni-
versity of Sydney Cyber 825/830 computers with
programs written in FORTRAN, making use
where needed of the NAG library routines.

Simulation of transport in rats

In view of the limited amount of data available
in humans, preliminary investigations were con-
ducted using data from studies in rats. In particu-
lar, data on the amount of marker as a function of
position along the length of the intestine do not
appear to be available in humans, but are availa-
ble in rats (Sikov et al., 1969; Poulakos and Kent,
1973). In spite of the possibility of substantial
differences between rats and humans (in addition
to the obvious differences due to size) it was
thought useful to examine the general perfor-
mance of the simulation in an animal model.

As a first approximation, data on the position
of the leading edge of a test meal at various times
(such as that of Sikov et al., 1969) would seem to
present the possibility of modelling the velocity
profile without interference from mixing; whether
this happens in practice depends on the method of
detecting the leading edge, and the extent of bolus
mixing. The difficulties involved with this ap-
proach are discussed later with the aid of simu-
lated data. Our conclusion is that the use of
“leading edge” data is unreliable for the purpose
of establishing a suitable velocity function. In-
stead, preliminary analysis was carried out by
means of simulations of the amount of material as
a function of position along the length of the
intestine, for comparison with reported rat intesti-
nal profiles (Poulakos and Kent, 1973). The model
used here also included Eqn. 1 and stomach emp-
tying. In all cases linear interpolation was carried
out to match the simulated stomach emptying
profiles to the experimentally reported stomach
emptying profiles that did not display simple ex-
ponential behaviour. Simulations were carried out
with various parameter values selected to give



reasonable values for the transit time, and the
resulting profiles were compared with those re-
ported. As a final step, non-linear regression was
carried out to calculate best estimates of the
parameters for these equations.

Preliminary investigations were carried out with
the following trial functions to describe the posi-
tion-dependence of velocity, V:

V=ab/(b+x)+c—dx (2a)
V=ae ™ +c—dx (2b)
V=ae ™ +c—dx (2¢)
V=a—bx forx<c (2d)

=a—bc—d(x—c)forx>c
V=a—bxforx<c (2e)
=a—bcforx>c¢

where a, b, ¢ and d are parameters and x is the
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TABLE 1

Parameter values used to obtain simulated intestinal profiles in
the rat.

Parameter Value

Fed rats Fasted rats
a(%h 1) 914 214
bt 36.9 12
c(%)* 18.4 9.1
Fion 0.75 0.172

2 % of intestinal length.

position along the small intestine (in percent). In
each case the function was chosen to allow for a
more rapid transport in the duodenum (small x),
as shown by the data of Sikov et al. (1969) in the
rat. Eqn. 2e was chosen as the best representation
of the velocity profile; the performance of Eqn. 2e
was essentially the same as the more flexible func-
tion given in Eqn. 2d, but Eqn. 2e involves one
less parameter. For the other functions, adjust-
ment of parameter values to give adequate agree-
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Fig. 1. Distribution of radioactive test markers. 0, Na3' CrO,; and >, '*I-polyvinylpyrrolidine (PVP) in the small intestine of fasted
rats (Poulakos and Kent, 1973) compared with model simulated distribution. Solid line, simulation with mixing, F.;, =0.17; dashed
line, simulation with plug flow, F,.q = 0.
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ment with intestinal profiles (such as those shown
in Figs. 1 and 2) resulted in unreasonable velocity
values, or unrealistic transit times. It is important
to note that Eqn. 2e is not directly comparable
with observed velocity data, such as those of Sikov
et al. (1969). Observed velocity data are also a
function of mixing; i.e. the combined effect of
Eqns. 1 and 2e.

Figs. 1 and 2 show a comparison of the simu-
lated intestinal profiles with data from fasted and
fed rats at time 60 min after gavage of a test
marker (Poulakos and Kent, 1973). Figs. 1 and 2
show that the simulations fit the experimental
data well. Table 1 shows the values used for the
parameters in these simulations. It can be seen
that the values for the parameters are different for
the fed and the fasted case. This is to be expected,
due to the major differences in the pattern of gut
activity associated with the presence of food
(Davenport, 1982). This is especially evident in the
values for the parameter Fi. In the fed state,
where much more mixing is expected, the value

100

for Fy is higher. Conversely, in the fasted state,
very little spreading of contents is observed ex-
perimentally, which is consistent with the low
value found for the parameter F, in simulations
of fasted profiles. The dashed lines in Figs. 1 and
2 represent the simulated distribution of marker if
no mixing occurs (i.e. plug flow; in our notation,
F s, = 0). In the case of fasted rats little difference
between the simulation with and without mixing is
noted, whereas for fed rats the two profiles are
significantly different. Simulated distribution pro-
files for plug flow (i.e. F; =0) are not smooth
curves because linear interpolation is used to
simulate stomach emptying. In simulations where
mixing is present (i.e. F, . >0) this effect is
smoothed out.

Simulations of the data of Poulakos and Kent
(1973) at earlier times showed similar agreement
with observations to that presented in Figs. 1 and
2, but different parameter values were needed.
Simulation based on a fixed set of parameter
values did not show good agreement with the
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Fig. 2. Distribution of radioactive test markers. 0, Na3' CrO, and ¢, *’I-PVP in the small intestine of fed rats (Poulakos and Kent,
1973) compared with model simulated distributions. Solid line, simulation with mixing, F,.; = 0.8; dashed line, simulation with plug
flow, Fiq =0.



experimental profiles at all times. This suggests
that a time-dependent velocity profile may be
necessary. The need for a time-dependent velocity
was not investigated intensively in the rat. The
experimental data for rats were obtained by
sacrifice of the animals, so there is the possibility
of experimental artefacts due to post-mortem
manipulations; also, test marker was administered
by gavage, which may have prematurely forced
material from the stomach into the intestine. These
problems would have a greater effect on the
early-time data than on the 60 min data. The
possibility of time-dependent velocity was noted
and investigated more thoroughly in the human
simulations.

Parameter estimation for human simulations

As there are insufficient experimental data in
man to enable characterization of each of the
parameters independently, parameter estimation
was carried out by indirect means. Preliminary
assignments were made to provide reasonable val-
ues for transit times and velocities, then further
adjustments were made to simulate the colonic
arrival-time data discussed below.

Estimates of transit time vary widely; in a
recent literature survey, Ho et al. (1983) found
reports of transit time ranging between 73 min
and 6 h. Davis et al. (1986) suggest that average
transit time has a relatively constant value of 3-4
h and is independent of meal conditions and
dosage form. However, the range of transit times
measured in this study also varied widely, from
about 1.3 to 9 h. The possibility that this variabil-
ity is to some extent an artefact of the means of
measurement is discussed later. As there is such a
wide range of transit times reported in the liter-
ature, in simulations of the available experimental
data we have adjusted the parameters to suit the
transit time found for each of the individual ex-
perimental studies discussed below.

Table 2 shows the parameter values used for
each of the human simulations.

Simulation of transport in humans

Christensen et al. (1985) studied the transit of a
100 ml suspension of radiolabelled pellets along
the intestine given with a 300 ml liquid nutrient

237

TABLE 2

Parameter values used to obtain simulated profiles in man

Parameter Value

Fig. 3 Figs. 4, 6 Fig. 5
a(%h~ D2 700 610 610
bt 29 29 29
c(%)® 15 15 15
Fiett 0.8 0.8 0.8
¢ (min™') 0.0025 0.001 0.0005

* % of intestinal length.

meal. In this study, accumulation of the radioac-
tive marker in the colon was used as the measure
of transit time. Preliminary simulations were car-
ried out using the stomach-emptying profile ob-
served experimentally, and intestinal mixing
according to Eqn. 1 with a time-independent
velocity profile. This yielded simulated colonic
profiles where the effective leading edge of the
model marker arrives in the colon at approxi-
mately the correct time, but the rest of the marker
arrives in the colon too quickly. The extent of
mixing influences the effective velocity of the
chyme; therefore an increase in the value of F
is expected to slow down the rate of arrival of
chyme in the colon. Even when this parameter is
increased to almost 1, with a fixed transit time for
the leading edge, model-predicted colonic arrival
is still too fast; at Fi =1 the chyme does not
progress in the model, as theoretically all of the
bolus is left behind during a jump.

Two possible explanations for the slow transit
of the latter parts of the meal are that small
intestinal transit time is a function of stomach-
emptying rate, or that the velocity of chyme in the
small intestine exhibits some dependence on the
time that a particular meal remains in the GIT.
Previous workers could not find any correlation
between stomach-emptying rate and small intesti-
nal transit time (Read et al, 1982). Therefore,
simulations using a time-dependent velocity pro-
file were carried out.

To incorporate time-dependence in the velocity
profile the following equation was used for the
time-dependent velocity V' *.

Vr=Ve (3)
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where € is a parameter, ¢ is the time after adminis-
tration of the meal that the bolus enters the
duodenum and ¥V is the time-independent profile
described previously. For positive € (found to be
appropriate in the simulations) the velocity de-
creases exponentially with time. Simulations based
on Eqn. 3 fit the experimental data significantly
better than when transit time is held constant.
Fig. 3 shows a comparison of the fit obtained
using a time-dependent velocity profile with the
data of Christensen et al. (1985). The fit shown in
Fig. 3 was subjected to non-linear regression to
see if any improvement could be obtained. How-
ever, there was little improvement over the fit
obtained by eye, due mainly to the large uncer-
tainty in the data. However, in no case was there
any tendency for the non-linear regression to set
the parameter e to zero, which would correspond
to the case of a time-independent profile. Due to
the model assumption of non-continuous move-
ment, the simulation curves representing arrival of
material in the colon are not smooth. There is a
possibility that no bolus reaches the colon in any
particular time interval; hence the curve is scal-
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loped where there is a significant time interval in
which no boluses arrive in the colon.

Simulations were also carried out for compari-
son with a study using radioactive test meals (Read
et al, 1986). In this study mashed potato was
labelled with ™ Tc and the marker followed via
y-scintigraphy. Again, simulations with constant
transit time did not fit the data well. Much im-
proved fits were obtained when variable transit
time was used as discussed above. Fig. 4 shows a
comparison of the percentage of test marker in the
colon versus time observed experimentally with
that for the simulation. Parameter values for this
simulation are similar to those used for the simu-
lation of the data of Christensen et al. (1985), but
slight adjustments were needed to obtain the best
fit due to the differences in transit time observed
experimentally in each study. This difference in
observed transit time may be due to differences in
the size and nature of the test meals used.

In order to investigate the effect of meal size
further, simulations were obtained for comparison
with the data of Davis et al. (1987). This study
used pellets containing tiaprofenic acid and a re-
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Fig. 5. Experimentally observed colonic arrival of test marker (mean & S.D.) after a heavy (0) or a light () breakfast (Davis et al,,
1987) compared with model simulated colonic arrival for each meal.
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sin onto which was adsorbed the y-emitting label,
[**™Tc]sodium pertechnetate, as a non-absorbable
marker. A y-camera was used to follow the pro-
gress of these pellets along the small intestine after
experimental subjects had eaten either a heavy or
a light breakfast. Comparisons of the experimental
profiles and the simulation profiles for the two
breakfasts are shown in Fig. 5. Agreement at
earlier times is good (especially for the light
breakfast), but at later times there is considerable
discrepancy. The most probable explanation for
this disagreement is instability of the non-ab-
sorbable marker, as evidenced by the plateau at
70-80% of the dose in the experimental data.
Stability studies discussed by Davis et al. (1987)
show that 10% of the *™Tc-label was lost from
the base resin in a study period of 5 h. Our model
shows excellent qualitative agreement at earlier
times, but deviated from the experimental data
when the effect of this loss of label is likely to be
most significant. The most significant aspect of
these simulations is that the parameter values used
to fit the early times in this simulation are almost

exactly the same as for those for Read et al.
(1986). Both studies followed the radioactive
marker after solid food; the meal used in the Read
study is closer in composition to the light break-
fast used in the Davis study.

Measures of colonic arrival times are relatively
insensitive to the velocity or transit time in the
early part of the small intestine. This is because
the transit time for the early segment, where
material moves more rapidly, is a small proportion
of the total transit time. It would be possible to
have relatively large errors in the velocity function
for the initial segment and at the same time rea-
sonable agreement with observed colonic arrival
times. This is potentially significant in view of the
importance of the initial segment in drug absorp-
tion. To further investigate this possibility, simula-
tions were carried out for a study conducted by
Lagerlof et al. (1974). In this study, markers
(vitamin B,, modifications) were infused into the
first 15 cm of the small intestine and sampled by
an intraluminal tube at 75 cm. These observations
are therefore sensitive to velocities in the initial
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Fig. 6. Amount of marker at 75 cm following infusion into the small intestine at 15 cm at various times after a meal. Solid lines,
experimental data (Lagerlof et al., 1974); dashed lines, simulation. a: marker 1, infused from time 0—40 min after the meal. b: marker
3, infused from time 80—-120 min after the meal. ¢: marker 5, infused from time 160—200 min after the meal.



segment (which in our model occupies the first 45
cm). The simulation used the same parameter
values as for the Read study, reported in Table 2.
The good agreement between simulated and ob-
served data for 3 of the markers is illustrated in
Fig. 6 (similar results were obtained for 3 other
markers). The observations also indicate clearly
the need for a mixing term (such as our F ;) in an
intestinal transport model. The profiles differ sub-
stantially from those predicted by a compartment
model (uniform with position) or by a plug flow
model (a sharp leading edge, then uniform).

Another test of the performance of the model is
to compare the velocities predicted by the model
with the limited information available from direct
measurements. In experiments using a dye dilu-
tion technique, Soergel (1971) measured intestinal
flows over a period of 180 min after a test meal.
Mean values of 2.2 cm- min~} were reported for
the jejunum and 1.5 cm - min~! for the ileum. At
this time terminal bolus velocity predicted by the
model is 7.3-8.4 cm - min "~ !. However, as a result
of intestinal mixing, material in solution will not
travel at the same velocity as the bolus but some-
what slower. The model predicts that the mean
velocity V of intestinal contents is related to the
bolus velocity V' * by the equation

I72(1—F|en)V* (4)

With a value of F, of about 0.8, found to be
suitable in the simulations of colonic arrival times
after food, we expect the value of V to be about
20% of the value of V *. Thus, we expect dye in
solution to travel at about 20% of the velocity of a
bolus (1.5-1.7 cm-min~'), in good agreement
with observation.

Eqn. 4 may also help to explain some observa-
tions on the intestinal movement of large non-dis-
integrating objects. In an investigation into the
behaviour of a non-disintegrating capsule in fasted
subjects given 200 ml of orange juice and 100 ml
of water with the capsule, Kaus et al. (1984)
reported capsule speeds of 4.2-5.6 cm - min~! in
the jejunum and ileum during the study period.
These values are very close to the model predic-
tions of the bolus velocity, but substantially higher
than the mean velocity for the simulations in Figs.
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3-35, or the velocity measured by the dye dilution
technique. Under the conditions of the study (small
fluid volume, large non-disintegrating object) it is
likely that intestinal movement is controlled by
the interdigestive migrating motility complex
(IMMC). Since the IMMC clears the GIT of solid
residues, it is expected that the value of F in
this case would be low (less mixing), and the solid
object would be propelled at close to the bolus
velocity. In the same study velocities > 25 cm -
min ! were reported in the duodenum. This result
is consistent with the mode! predictions if we
again suppose that the capsule travels at speeds
near the bolus velocity (model predicted value
30-35 cm - min~ ).

Another study which looks at the transit of
non-disintegrating devices is that of Davis et al.
(1984). In this study 6 devices were given with a
light breakfast. Some of the devices emptied early,
with the meal, and these devices showed a transit
time of about 180-240 min. The device which
emptied later (~ 8 h after the meal) showed a
shorter transit time of about 70-80 min. The latter
value suggests that the device is being carned
along with the IMMC (less mixing, faster transit).
Transit times for those devices emptied with the
meal were consistent with a value of F, of about
0.8. In this case we cannot interpret F, as the
fraction left behind in a single jump, since the
devices are non-disintegrating. Instead, we can
take this to indicate that the device is propelled
along the intestine with a bolus in 20% of jumps,
and left behind in 80% of jumps. This interpreta-
tion is consistent with the interpretation for a
dispersed material if the non-disintegrating object
is randomly distributed within a bolus.

Discussion

The simulations presented here show an agree-
ment with experimental observations of colonic
arrival times, and data on transport over the first
75 cm of the small intestine, which is well within
experimental error. Good agreement is also found
between the model predictions and independent
measures of velocity of intestinal contents. In ad-
dition, the model predictions agree with observed
amount-position profiles in rats.
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A number of different velocity profiles were
examined as possible alternatives to the simple
profile chosen for the simulations reported here.
However, we cannot exclude the possibility of
supertor performance of some untried function.
Similarly, the time-dependence we found neces-
sary in our simulations could be implemented in
other ways. For example, it might be possible to
show similar behaviour with selected parameters
varying with time or position (e.g. F, ). However,
the available experimental data are probably in-
sufficient to distinguish between these possibili-
ties. We adopted the simplest option at the pre-
sent stage of development of the model. It is likely
that further refinement of simulation of longitudi-
nal transport will be possible with further develop-
ment of the model, for example by simulation of
absorption of compounds with an absorption
window to provide information on transport char-
acteristics in the absorption region.

Eqn. 1, which expresses the basic assumptions
about discontinuous movement, can be written in
the form of a finite difference equation which can

be solved analytically (see Appendix 2). However,
all the simulations presented above were carried
out numerically (see Appendix 1) using the finite
difference form. This approach has a number of
benefits. The present work is part of a larger
program to develop a comprehensive model of
drug absorption, incorporating transport of drug
across the gastrointestinal membrane, water ab-
sorption and secretion, drug dissolution and a
number of other features. All these processes are
readily described within the framework of the
model as presented here. These can all be treated
as events which occur berween jumps (since there
is a relatively long period of quiescence between
contractions (Davenport, 1982)), and the exten-
sion of the model to cover these events involves
additional descriptions of the added features
without any change to the transport model de-
scribed here. By contrast, the use of analytical
solutions will generally require a new integrated
model to be solved with each new development.
The present approach is also very flexible with
respect to variation in the parameters of the trans-
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Fig. 7. The effect of F,., on the model simulated small intestinal distribution and the effective leading edge of test marker (velocity
profile is the same for each curve, range of Fi., is 0.1-0.9 in increments of 0.1).



port model. For example, if the influence on drug
absorption of the pharmacological action of a
second drug is of interest, it would be a simple
matter to regard parameter values as a function
of, say, the plasma concentration of the second
drug as a function of time (but not so simple to
specify the exact functional dependence). An ana-
lytical solution, on the other hand, would be much
more difficult to obtain in this case.

A possible criticism of the present approach is
that the numerical method used is actually a rather
inefficient method for evaluating a partial dif-
ferential equation, which our Eqn. 1 expresses in
finite difference form. We take the contrary view
that the processes involved in intestinal transport
are intrinsically discontinuous, and that it is more
appropriate to work directly with the finite dif-
ference forms, and to avoid the dubious assump-
tion, which must be made to derive the partial
differential forms, that the various functions in-
volved are continuous.

One of the applications of the transport model
i1s to simulate the distribution of material along
the intestine at any time. This is an important
feature when drug absorption is dependent on
position within the intestine. The results presented
here, as well as illustrating the significant effect
that mixing has on the distribution of material
within the small intestine, are of some interest in
the interpretation of measurements of transit time.
Fig. 7 shows typical profiles generated by various
values of F. All of the curves were simulated
using identical velocity profiles; the true leading
edge for all of the simulations is at ~ 60% of the
length of the small intestine. However, in an ex-
perimental study the detection of the leading edge
depends on a measurement of limited sensitivity
and the “effective” leading edge will be identified
when the measurement exceeds some threshold
value. It is apparent from Fig. 7 that, except for
the very lowest values of F,, the shape of the
profile is such that the true and observed leading
edges may be very different, and that the position
of the observed leading edge of the test marker”
may be highly sensitive to the lower limit of
detection. This observation may in part explain
some of the extremely wide variation in intestinal
transit times obtained using different techniques.
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Appendix 1

This appendix describes some details of the
implementation of the equations in the text.
As given in the text in Eqn. 1 we have

A(J, T+1)=(1—F)A(J, T)

+ FlegA(J -1, T) (A1.1)
where A(J, T) is the amount in bolus J at the
start of interval T and F\, is the fraction left
behind during a jump. The first bolus formed is
given the index J =1 and J is incremented by 1
as each new bolus i1s formed. With a time incre-
ment of 1 min, bolus 7 is formed at the beginning
of time interval T. Given the amounts in each
bolus at time 7, this equation is used to calculate
the new distribution of material at time 7 + 1,
after a jump. The amounts in each bolus are
stored as an array, updated for each new time
interval.

Stomach emptying causes the formation of new
boluses. While stomach emptying continues a new
bolus is formed at the pylorus at the beginning of
every interval. S(/) denotes the amount of
material emptied from the stomach at the begin-
ning of time interval I. This can be calculated in
various ways; e.g. using an exponential function
for first-order emptying, using some other em-
pirical function for stomach emptying, or by in-
terpolation from numerical data. The IMMC can
be simulated by taking S(/)=0 for values of [
corresponding to periods of quiescence, then S(7)
equal to the amount dumped into the duodenum
per minute during active periods of the IMMC,
followed by S(I) =0 for a subsequent period of
quiescence. The same formulation can be used to
simulate experiments in which a drug or marker is
infused into the upper duodenum.

The connection between stomach emptying and
intestinal distribution and transport arises from
the relation

A(T, T) = F, A(T - 1 T-1)+S(T) (A1.2)

That is, the amount in the bolus just formed at
time 7T is the sum of the amount emptied from the
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stomach and the amount left from the bolus
formed in the previous interval.

The first few steps in the calculation of amounts
are as follows. The amount in bolus 0 is taken as 0
in the calculations for bolus 1.

A(1,1)=5(1)

A(1,2)=(1—-F,)AQ1, 1)

A(2,2) =F,,A(1,1) + S(2)
A(1,3)=(1-F,,,)A(1,2)
A(2,3)=(1—F,;,)A(2,2) + F . A(1, 2)

A(3’ 3) = Eef:A(z’ 2) + S(3)

This calculation provides values for the amount in
each bolus, but it is also necessary to track the
position of each bolus. The current position of
bolus J is stored in the array Pos(J, T). If V *(J,
T, X) is the velocity of bolus J at time 7 at
position X, the position of each bolus is calculated
using the relation

Pos(J, T+1)="Pos(J, T)
+V*(J, T, Pos(J, T))
(A1.3)

If a time interval other than 1 min is used, the
second term on the right should be multiplied by
the time interval.

- A bolus is emptied into the colon once it has
travelled the length of the simulated small in-
testine. When Pos(J, T) exceeds this length, the
contents of the bolus are accumulated with the
amount in the colon and further calculations are
continued only with later boluses.

The evaluation of these equations over the

simulation time produces data which can provide
various forms of output. For example:
(1) An amount versus position profile at a particu-
lar time can be obtained by referencing A(J, T')
for the amount and Pos(J, T) for the correspond-
ing position.

(2) The cumulative % marker past a position can
be estimated by first calculating the largest value
of J (call it J, ) for which Pos(J, T) exceeds the
required position value, then summing the A(J,
T) values for all J <J,,,,, including any marker
emptied into the colon (Figs. 1 and 2 of the text).
Alternatively (and this must be done if absorption
occurs) the required amount can be estimated by
accumulating the contents of each bolus as it
jumps past the required position.

(3) The cumulative amount of drug or marker in
the colon as a function of time can be obtained, as
indicated above, by accumulation of the amount
array, A4, for those boluses J for which Pos(J, T')
exceeds the length of the small intestine.

Appendix 2

This appendix presents an analytical solution
to Eqn. 1 of the text. This solution may be of use
for theoretical considerations of the influence of
the factors involved on intestinal profiles, but for
numerical evaluation the finite difference forms
discussed in Appendix 1 are more convenient.

Eqn. 1 of the text is

A(J, T+1)=(1-F,)A(J, T)

+ FloA(J—1,T) (A2.1)
As a result of mixing, bolus J at time T contains
material originating from amounts emptied from
the stomach at all earlier times; i.e. from amounts
S(I), I=1,2,...,J where S(/) is the amount
emptied into the intestine at the beginning of
interval I. Therefore we can write

A(J, T)= i &(1, J, T)S(I)

(A2.2)

where ®(I, J, T) is the fraction of S(/) which
ends up in bolus J at time 7. To simplify discus-
sion we say that a jump occurs when material is
carried along with an advancing bolus and that a
lag occurs when material is left behind to merge
with the trailing bolus. This means that a contri-
bution from S([7), formed at time 7, has executed



a total of T—1 lags and jumps at time 7. A
contribution to bolus J must experience J — I
lags and T —J jumps. Therefore the fraction of
material from S(/) which reaches bolus J by a
particular sequence of lags and jumps is Fi; /(1 —
Fip)" 77, the same for any sequence. However,
there is more than one sequence starting from [
and ending at J: the total number is the number
of ways of selecting J — I entities from 7 -/
entities, namely the binomial coefficient

771]-

Adding the separate contributions from each se-
quence we get

(T—1)!
(T—IWJT—1)

(A2.3)

(1, J,T)= [; ] ere (1= Fleft)T_J (A2.4)

Combining Eqns. A2.4 and A2.2 and rearranging
we obtain the solution to Eqn. A2.1 as

T-J
Flﬁn(l - Fleft)
(T-J)

A(J, T)=

(r-1n
y (J=1)!

X 2: T beS) (A2.5)

The solution can be verified by direct substitution
into Eqn. A2.1.
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