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Abstract

This report describes an extended compartmental absorption and transit (CAT) model to estimate saturable small intestinal absorption.
This model simultaneously considers passive absorption, saturable absorption, degradation, and transit kinetics in the human small
intestine. Using cefatrizine as a model drug, we demonstrated that the extended CAT model, along with intravenous pharmacokinetic
parameters, was able to explain the observed oral plasma concentration-time profiles. The model predicted comparable passive and
saturable absorption characteristics for cefatrizine, particularly at high dose. The predicted fraction of dose absorbed was 74% at 250
mg, 61% at 500 mg, and 48% at 1000 mg, in agreement with the reported experimental data. The simulation study showed that no single
physiological factor (gastric emptying, small intestinal transit, and absorption mechanism) could account for the large variability of
cefatrizine absorption observed in the literature. 1998 Elsevier Science B.V.
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1. Introduction

Amino-b-lactam antibiotics, such as cefatrizine, are
absorbed by a carrier-mediated system [1–4], which is
saturable and might be responsible for dose-dependent
absorption [5,6]. Commonly used linear absorption models
evidently do not suffice in these cases. Recently, non-linear
models with saturable time-constrained absorption were
proposed to improve the fit of plasma concentration-time
profiles [7,8]. A mechanistic and quantitative model, how-
ever, still needs to be developed to estimate dose dependent
absorption and degradation in vivo.

A compartmental transit model was developed to char-
acterize the transit process of oral dosage forms through the
human small intestinal tract [9]. It was shown that the com-
partmental transit model was able to depict the transit pro-

cess of non-absorbable drugs through the human small
intestinal tract. The transit model was extended to incorpo-
rate linear intestinal absorption and a compartmental
absorption and transit (CAT) model was then developed
[10]. For highly soluble and passively transported drugs
dosed in immediate release dosage forms, the fraction of
dose absorbed,Fa, could be estimated byFa = 1 − (1 +
0.54Peff)

−7, wherePeff is the effective intestinal membrane
permeability in cm/h.

In this report, an extended CAT model was developed to
estimate saturable intestinal absorption. This model simul-
taneously takes account of passive absorption, saturable
absorption, degradation, and transit kinetics. To our knowl-
edge, no other absorption models have considered all these
processes despite the ample evidence of necessity [1–4].
The drug chosen for model validation is cefatrizine due to
its saturable absorption characteristics [1–4,11–13]. It was
shown that the extended CAT model, along with intrave-
nous pharmacokinetic parameters, could estimate not only
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plasma concentration-time profiles, but also the fraction of
dose absorbed.

2. Theoretical development

As illustrated in Fig. 1, the gastrointestinal tract is divided
into three segments: stomach, small intestine, and colon.
The proposed model simultaneously considers passive and
saturable absorption, degradation, and transit in the human
small intestine. Typically, gastric emptying follows a first-
order process [14]. The transit flow in the human small
intestine can be described by seven compartments, where
a drug transfers from one compartment to the next one in a
first-order fashion [9]. The colon is considered only as a
reservoir and the colonic transit flow was not considered
in this model. Assumptions for the extended CAT model
are:

1. Absorption from the stomach and colon is minor com-
pared with that from the small intestine and the drug is
absorbed by both passive and saturable absorption
mechanisms.

2. The drug is simultaneously degraded in the small intes-
tine.

3. The dissolution from dosage forms is considered to be
instantaneous.

Therefore, for highly soluble drugs dosed in immediate
release dosage forms, the simultaneous absorption and tran-
sit in the gastrointestinal tract can be depicted as follows:
stomach

dYs

dt
= −KsYs (1)

small intestine

dYn

dt
=KtYn−1 −KtYn −KanYn −KdnYn, n=1, 2, …, 7 (2)

whereYs andYn (n = 1, 2,…, 7) are the percent of dose,t is

the time,Ks, Kt, Kan, andKdn (n = 1, 2,…, 7) are the gastric
emptying, transit, absorption, and degradation rate
constants.Ks is viable, andKt has been determined to be
2.11 h−1 [9]. The rate constants of drug absorptionKan

(n = 1, 2,…, 7) consist of saturable absorption that is com-
partment dependent and passive absorption that is compart-
ment independent.Kan (n = 1, 2,…, 7) may be estimated
by

Kan =
Vmax,n

Kmn +Cmn
+Ka1, n=1, 2, …, 7 (3)

whereVmax,n, Kmn, and Cmn (n = 1, 2,…, 7) are the maxi-
mum rate of absorption, Michaelis constant of saturable
absorption, and the concentration of the drug.Ka1 is the
passive absorption rate constant. The degradation rate con-
stantKdn (n = 1, 2,…, 7) may be also compartment depen-
dent and can be estimated by

Kdn =Kd1 +Kd2Cmn, n=1, 2, …, 7 (4)

whereKd1 andKd2 are the first-order and second-order rate
constants of degradation. Clearly, we could incorporate the
other forms of degradation kinetics in Eq. (4).

The rate of absorption and degradation in the small intes-
tine can be estimated based on the corresponding rate con-
stant and percent of dose:

dYa

dt
= ∑

7

n=1
KanYn (5)

dYd

dt
= ∑

7

n=1
KdnYn (6)

where Ya and Yd are the percent of dose absorbed and
degraded in the small intestine. The rate of drug exiting
the small intestine or entering the colon can be estimated by

dYc

dt
=KtY7 (7)

From overall mass balance, we have

Ys + ∑
7

n=1
Yn +Ya +Yd +Yc =100% (8)

At t → ∞, Ys andYn (n = 1, 2,…, 7) go to zero, so
Ya +Yd +Yc =100% (9)

The fraction of dose absorbed,Fa, can then be estimated by

Fa =Y a=100=
�∞

0
∑

n=7

n=1
KanYn dt=100 (10)

The fraction of dose degraded,Fd, and in the colonFc could
be estimated byYd/100 andYc/100 at t → ∞. To predict
oral plasma concentration-time profiles, the rate of drug
absorption needs to relate to intravenous kinetics. For
example, in the case of the one compartment model with
the first-order elimination, the rate of plasma concentration
change is estimated by

dC
dt

=
D

100V
dYa

dt
−keC (11)

Fig. 1. A schematic diagram of a compartment absorption and transit
(CAT) model. This model simultaneously considers passive absorption,
saturable absorption, degradation, and transit in the human small intestine.

t → ∞
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whereC is the plasma concentration in the central compart-
ment,V is the volume of plasma (volume of distribution),D
is the dose, andke is the elimination rate constant.

3. Materials and methods

3.1. Computer simulation

The model Eqs. (1)–(11) are a typical initial problem of
an ordinary differential equation system. Due to its com-
plexity, this system was numerically solved by ADAPT
pharmacokinetic and pharmacodynamic modeling package
[15]. A subroutine was written to accommodate the
extended CAT model.

3.2. Model parameters

The intestinal absorption mechanism of cefatrizine has
been studied by using in vitro and in vivo techniques [2].
It was found that the intrinsic membrane absorption in rats
consists of saturable and passive transport processes [3,4].
Reigner et al. [7,16] studied the human saturable kinetics of
cefatrizine absorption and it was hypothesized that saturable
absorption occurred in the duodenum and jejunum. In addi-
tion, Barr et al. [6] recently found that no absorption of
amoxicillin occurred in the human colon. The literature
values of saturable and passive absorption kinetics of cefa-
trizine are summarized in Table 1.

It has been shown [9] that the transit flow of drugs in the
small intestine can be described by seven compartments.
We may visualize that the first half of the first compartment
represents the duodenum, the second half of the first com-
partment, along with the second and third compartments,
represents the jejunum, and the rest of the compartments,
the ileum. Table 1 lists model parameters used in the simu-
lations of plasma concentration-time profiles of cefatrizine.

It was assumed that there was no saturable absorption in the
ileum except the first compartment that takes account of the
diminishing transporters from the jejunum to the ileum. The
gastric emptying is assumed to be in first-order fashion with
the residence time of 0.25 h [14]. The volume of each com-
partment is the mean of the literature data [17]. The elim-
ination rate constant and the volume of distribution are from
intravenous kinetics [12]. Table 1 also shows the degrada-
tion parameters of cefatrizine determined by Nakashima et
al. [1].

4. Results and discussion

4.1. Explanation of cefatrizine pharmacokinetics

Coupling with its intravenous pharmacokinetic para-
meters, the extended CAT model was used to predict the
observed plasma concentration-time profiles of cefatrizine.
The predicted results are shown in Fig. 2, where the plasma
concentration-time profiles at three (250, 500 and 1000 mg)
doses were shown to illustrate the ability of the extended
CAT model to predict the dose-dependent absorption. Fig. 2
also shows the human experimental data from Pfeffer et al.
[12]. The predicted peak plasma concentrations and peak
times were 4.3, 7.9, and 9.3mg/ml at 1.6, 1.8, and 2.0 h,
in line with the experimental mean peak plasma concentra-
tions of 4.9± 1.2, 8.6± 1.0, and 10.2± 2.1 mg/ml at the
peak times 1.4± 0.4, 1.6± 0.2, and 2.0± 0.6 h. The
reported absolute bioavailability was 75 and 50% at the
250- and 1000-mg oral doses [12], and compared favorably

Table 1

Model parameters used in the simulation of plasma concentration-time
profiles of cefatrizine at oral doses of 250, 500 and 1000 mg

Parameter Value Reference

Ks (h) 4.0 [14]
Kt (h) 2.11 [9]
Ka1 (h) 0.086 [1]
Duodenum Vmax (mM/h) 1.0 [7]

Volume (ml) 50 [17]
Jejunum Vmax (mM/h) 1.0 [7]

Volume (ml) 275 [17]
Ileum Vmax (mM/h)a 0.0 [7]

Volume (ml) 275 [17]
Km (mM) 0.6 [3,7]
Kd1 (h) 0.0824 [1]
Kd2 (mM/h) 0.00935 [1]

aIt was assumed that there is no saturable absorption in the ileum except
the first compartment to take account of the diminishing transporters (sa-
turable absorption) from the jejunum to the ileum.

Fig. 2. Estimation of the plasma concentration profiles of cefatrizine at the
oral doses of 250 (X), 500 (B), and 1000 mg (♦ ), where (———) repre-
sents the theoretical prediction from the CAT-based pharmacokinetic
model and symbols represent the experimental points from [12].
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to the theoretical fraction of dose absorbed, as shown in
Table 2. The calculated fraction of dose absorbed at a
500-mg dose is 61%, lower than the experimental bioavail-
ability of 75% [12].

Table 2 summarizes the predicted fractions of dose
absorbed, degraded in the small intestine, and in colon.
With the increase of dose from 250 to 1000 mg, the fraction
of dose absorbed decreases from 74 to 48%, while the frac-
tion of dose in colon increases from 16 to 33%, and the
fraction of dose degraded in the small intestine increases
from 10 to 19%. Although the overall fraction of dose
absorbed decreases with increasing dose, the fraction of
dose absorbed by passive transport mechanism increases
slightly. The decrease in the overall fraction of dose
absorbed is mainly due to the saturable absorption mechan-
ism. Sixty-four percent of dose at a 250-mg dose was
absorbed by saturable absorption, compared to only 34%
at a 1000-mg dose. Meanwhile, at a 1000-mg dose, 14%
of dose was absorbed by passive diffusion, comparable to
34% by saturable absorption, suggesting that passive diffu-
sion may not be excluded in the simulation of cefatrizine
absorption. These findings were also supported by the
experimental evidence [3,4].

The predicted fraction of dose degraded in the small
intestine and the fraction of dose in the colon are given in
Table 2. Because of the long mean residence time (35 h) in
the colon [18], the majority of the drug in the colon may be
degraded and the significant amount of cefatrizine was then
not found in feces [11]. The reported excretion in feces was
28 and 32% at doses of 500 and 1000 mg, respectively [11],
in fair agreement with the theoretical results. Certainly, the
drug degraded in the small intestine could also be found in
feces.

4.2. Effect of model parameter

The literature data of the model parameters, such as gas-
tric emptying, transit time, and absorption mechanisms vary

significantly and the mean values were then used for pre-
diction above. It is of interest to know how the variations of
these parameters influence the prediction results. Gastric
emptying varies 50% in the literature [13] and small intest-
inal transit varies 40% [9].Vmax varies remarkably in the
literature [1,3] and 50% variation was assumed. The devia-
tion of Km was from literature [3] and 50% variation ofKa1

was assumed. Table 3 shows the mean and standard devia-
tion of parameters evaluated. Because of the large variations
of the parameters, only one standard deviation changes were
simulated. The corresponding percentage changes in the
fraction of dose absorbed are calculated by

Fa(mean± SD) −Fa(mean)
Fa(mean)

× 100

where SD is the standard deviation of the mean. The simu-
lated results are shown in Table 3. Table 3 shows that no
single factor results in over 25% variation in the fraction of
dose absorbed.

The mean urinary recovery is around 60% upon 500-mg
oral dosing of cefatrizine. However, it ranges from 37 to
82% in the literature [11,19–21] and the corresponding var-
iation is about 40%. The variable recoveries could be attrib-
uted to differences in bioavailability. Our simulation study
showed that no single physiological factor, including gastric
emptying, small intestinal transit, and absorption mechan-
isms, could account for such a large difference. However, as
we can see from Table 3, the overall effect of these physio-
logical factors could account for up to 40% variability in
bioavailability.

4.3. Model comparison

Reigner et al. [7] have examined the absorption kinetics
of cefatrizine and proposed an empirical pharmacokinetic
model, MM, that incorporated the Michaelis–Menten type
of saturable absorption. This MM model was a statistically
significant improvement over models incorporating either
first- or zero-order absorption; however, the MM model
fails to explain the reduced extent of absorption at high
doses. Therefore, Couet et al. [16] introduced the absorption
window concept in the MM model and proposed a MM-Dt
model. The authors evaluated severalDt and found that the

Table 2

Summary of the fractions of dose absorbed, degraded in the small intes-
tine, and in colon at oral doses of 250, 500 and 1000 mg for cefatrizine

Parameter 250 mg
(%)

500 mg
(%)

1000 mg
(%)

Predicted fraction of dose
absorbed

74 61 48

By passive transport 10 12 14
By saturable transport 64 49 34

Reported bioavailability [12]
By AUC 77 ± 7 75 ± 10 47± 10
By urinary excretion 72± 12 77± 29 55± 19

Predicted fraction of dose
in colon

16 25 33

Predicted fraction of dose
degraded

10 14 19

Reported excretion in feces
[13]

28 ± 04 32± 6

Table 3

The effect of gastric emptying, small intestinal transit, and absorption
mechanism on the fraction of dose absorbed of cefatrizine at an oral
dose of 500 mg

Parameter Mean± SD [Ref.] Fa (−SD)
%

Fa (+SD)
%

Ks (h) 4.0± 2.0 [14] +6.5 −2.2
Kt (h) 2.11± 0.84 [9] +20.1 −15.1
Ka1 (h) 0.086± 0.043 [1,3] −7.2 +6.2
Vmax (mM/h) in duodenum 1.0± 0.5 [1,3] −4.8 +4.3
Vmax (mM/h) in jejunum 1.0± 0.5 [1,3] −21.3 +15.6
Km (mM) 0.6 ± 0.2 [3] +6.0 −4.9
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MM model with Dt of 1.5 h explained the bioavailability of
cefatrizine best. An extended version of this MM-Dt model
has been applied to ascorbic acid kinetics [22] and amox-
icillin absorption [8]; however, since these models have not
considered the effect of the degradation, a direct comparison
between MM and CAT models appears not feasible.

A mechanical and quantitative absorption model is pre-
sented here. This model simultaneously considers passive
absorption, saturable absorption, degradation, and transit in
the human small intestine. It has been shown that the
extended CAT-based pharmacokinetic model was able to
interpret the cefatrizine dose-dependent oral pharmacoki-
netics. Consequently, an oral pharmacokinetic model can
simultaneously account for passive absorption, saturable
absorption, and degradation kinetics. We showed compar-
able passive and saturable drug absorption of cefatrizine,
particularly at high dose. In addition, we also showed the
large differences in the fraction of dose degraded among
doses, which have not been considered before.

Absorption and degradation kinetics are the only model
parameters that need to be determined to estimate the frac-
tion of dose absorbed and to simulate intestinal absorption
kinetics using the extended CAT model. Degradation
kinetics may be determined in vitro and absorption para-
meters can also be determined using the human intestinal
perfusion technique [23]; therefore, it may be feasible to
predict the intestinal absorption kinetics based on in vitro
degradation and in vivo perfusion data. Nevertheless, con-
sidering the complexity of the oral drug absorption, such
prediction is only an approximation. In addition, the
extended CAT-based pharmacokinetic model may be
directly used to fit experimental pharmacokinetic data. It
has been an advantage of the extended CAT model that
we may simultaneously estimate the fraction of dose
absorbed while curve fitting pharmacokinetic data. The
risk involved is that, we assume no metabolism occurs.
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