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Abstract

An enterohepatic circulation model based on physiological aspects of biliary excretion has
been developed for population pharmacokinetic analysis. Mycophenolate mofetil was
selected as a model drug for validation of the model. As a secondary objective, the model
was used for pharmacokinetic comparison among different races.

The post-hoc plasma concentration±time course was well described by the newly
developed enterohepatic model and a secondary peak arising from enterohepatic circula-
tion was also well de®ned. The covariates predicted by the model agreed well with
literature results.

The model is useful for evaluation of the covariates of an enterohepatically circulated
drug. The population pharmacokinetic approach is of bene®t for evaluating racial
differences for a pharmacokinetic bridging package.

Enterohepatic circulation can affect terminal half-
life, the area under the plasma concentration±time
curve and bioavailability. Several pharmacokinetic
models have been published for description of the
pharmacokinetics of enterohepatically circulated
drugs (Pederson & Miller 1980; Yamaoka et al
1990; Gabrielsson & Weiner 1997). The impor-
tance of population pharmacokinetics in drug
development has increased recently because popu-
lation pharmacokinetics, as part of the drug
development programme, are thought to play a
signi®cant role and to provide information valuable
for registration purposes (Vozeh et al 1996).
Population pharmaco-kinetics can be used for eth-
nic comparisons and to provide a pharmacokinetic
bridging package. Docetaxel has been well des-
cribed in a bridging study with the purpose of
internationally harmonizing clinical development
(Tanigawara 1997). Since the agreement at the
Fourth International Conference on Harmonization
(Arey & Harron 1997), utilization of foreign clin-
ical data has been greatly encouraged in Japan.

Except for the current model, no enterohepatic
circulation model for population pharmacokinetics

based on physiological aspects of biliary excretion
has yet been reported. The author reported a proto-
type of the enterohepatic circulation model in 1997
(Funaki 1997). The aim of the current study was to
establish this model for population pharmacoki-
netics and evaluate its usefulness in ethnic com-
parison of enterohepatically circulated drugs as a
pharmacokinetic bridging package.

Mycophenolate mofetil, an immunosuppressant,
was selected as a model drug because its pharmaco-
kinetics and covariates are well de®ned (Bullingham
et al 1998). Mycophenolate mofetil is a prodrug of
mycophenolic acid, a glucuronidated immunosup-
pressant. Enterohepatic circulation of mycophenolic
acid has been estimated to be 40% (approx.) with a
range of 10 to 60% (Bullingham et al 1998). If similar
results can be obtained in the current population
pharmacokinetic analysis, this enterohepatic circu-
lation model for population pharmacokinetics could
be considered to be validated.

Material and Methods

Data
The original data used for this analysis can be
found elsewhere (Bullingham et al 1998) because
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the current analysis is a meta-analysis. Although a
total of 140 subject data were used, the total
number of plasma concentration±time courses was
270, because both steady-state and single dose data
are included. The dosing range of mycophenolate
mofetil was 100±2500 mg once or twice a day and
doses were taken before or after a meal. Plasma
samples were usually taken 0�5, 1, 2, 3, 4, 6, 8 and
12 h after dosing.

Model
The enterohepatic circulation model is shown in
Figure 1. In contrast with another model (Gab-
rielsson & Weiner 1997), release of bile is assumed
to occur as a bolus at the time of expulsion from the
gall bladder (tgap). After a single dose, the plasma
concentration in the time window tlag � t< tgap,
where tlag is the lag-time, can be described by
equation 1:

C � ka �D
�ka ÿ k� �Vd

�eÿk � �tÿtlag� ÿ eka � �tÿtlag�� �1�

where ka is absorption rate constant, k is elimina-
tion rate constant, D is dose and Vd is volume of
distribution. When t � tgap, the plasma concentra-
tion can be described by equation 2:

C � ka �D
�ka ÿ k� �Vd

�eÿk � �tÿtlag� ÿ eka � �tÿtlag��

� kd �D
k

1� 1

�ka ÿ k� �k �e
ÿka � tgap ÿ ka �eÿk � tgap�

� �

� ka

�ka ÿ k� �Vd
eÿk � �tÿtgap� ÿ eÿka � �tÿtgap�ÿ � �2�

After a multiple dose, the plasma concentration in
the time window tlag � t< tgap can be approximated
by equation 3:

C � �CSS�min �eÿk � t

� kaR �D
�ka ÿ k� �Vd

�eÿk�tÿtlag� ÿ eÿka�tÿtlag�� �3�

where (CSS)min is the minimum concentration at
steady-state and R the accumulation factor. R has
been de®ned by Gibaldi & Perrier (1982) but is
more complicated in this work; to simplify the
model R is de®ned as:

R � 1

�1ÿ eÿk �t� �4�

where t is the dosing interval. When t � tgap the
plasma concentration after a multiple dose can be
approximated by:

C � �CSS�mineÿkt � ka �R �D
�ka ÿ k�Vd

�eÿk � �tÿtlag�

ÿeÿka � �tÿtlag�� � kd �R �D
k

1� 1

�ka ÿ k�
�

�k �eÿka � tgap ÿ ka �eÿk � tgap�
�
� ka

�ka ÿ k� �Vd

eÿk � �tÿtgap� ÿ eÿka � �tÿtgap�ÿ � �5�

Software
NONMEM V (NONMEM Project Group 1998)
was used for population pharmacokinetic analysis.
Visual Fortran 5.0 (Digital Equipment Corporation
1997) was used as the Fortran compiler.

Covariates
Covariate candidates were screened by univariate
analysis, by use of NONMEM. After the analysis,
covariates were incorporated into the model one by
one (stepwise forward inclusion). When object
function was reduced by more than 10�83 after
incorporating a new covariate, the covariate was
kept in the model and incorporation of another was
attempted. After development of a full model, its
stability was checked by subtracting each covariate
individually (backward elimination). Where object
function was reduced by more than 3�84 after
subtracting the covariate, the subtracted covariate
was put back into the model.

Results and Discussion

Demographic and background data
Demographic data from patients used for the
population pharmacokinetic analysis are shown in
Table 1. Japanese, Caucasian, African American
and other races were categorized. The balance in
sample size might in¯uence evaluation of inter-
group differences (Tanigawara & Hori 1991). The
total number of Japanese and Caucasian patients
was nearly equal; the mean body weight of Japa-
nese was slightly less than that of Caucasians.
Background data from patients is shown in Table 2.
Feeding habits during drug intake were sub-
stantially different for Japanese and Caucasians.
Most Japanese (84�7%) took the drug after a meal
whereas most Caucasians (82�9%) took it before.
Although AUCs of mycophenolic acid were sta-
tistically equivalent in the fed and fasted states, the
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median tmax was higher and the mean Cmax was
statistically signi®cantly lower in the fed state than
in the fasting state (Bullingham et al 1998).
Therefore, bias in feeding habits for Japanese and
Caucasians might complicate the covariate of race
if both race and feeding habits are covariate.

Pharmacokinetic model
As shown in Figure 1, to simplify the model
mycophenolic acid was assumed to be a recircu-
lating entity in this study. In the real situation
mycophenolic acid is glucuronidated in the liver
and excreted in the bile as glucuronidated myco-
phenolic acid. Glucuronidated mycophenolic acid
excreted in the bile is rehydrolysed to mycophe-
nolic acid in the intestine and reabsorbed as
mycophenolic acid. The de-esteri®cation of myco-
phenolate mofetil was also not included in the
model.

The steady-state equation was approximated in
this study because the analytical equation for
steady-state was dif®cult to obtain. The error in
the approximation can be evaluated by simulated
multiple-dose administration. Simulation results

show that the error of approximation is marginal
(not shown).

Typical plasma concentration±time courses are
shown in Figure 2. The post-hoc estimate by
NONMEM agreed well with the observed value.
The secondary peak arising from enterohepatic
circulation was also well de®ned. The clearance
(CL) values in this study were 25±46 L hÿ1, in
good agreement with the previously reported value
for the hepatic clearance of mycophenolic acid
(Bullingham et al 1998). These partially validate
the current model of enterohepatic circulation.

Table 2. Background of patients used for population-pharmacokinetic analysis.

Frequency (%)

Japanese Caucasian American African Others Total
(n� 58) (n� 68) (n� 9) (n� 5) (n� 140)

Gender
Male 56�9 48�5 66�7 60�0 53�6
Female 43�1 51�5 33�3 40�0 46�4

Disease
Rheumatoid arthritis 31�0 39�7 22�2 80�0 36�4
Renal transplant 69�0 60�3 77�8 20�0 63�6

(n� 118)a (n� 123)a (n� 18)a (n� 11)a (n� 270)a

Feeding habits
Fasted 0�0 11�4 11�1 36�4 7�4
After meal 84�7 5�7 5�6 18�2 40�7
Before meal 15�3 82�9 83�3 45�5 51�9

Maalox
No 30�5 11�4 11�1 36�4 20�7
Yes or unknown 69�5 88�6 88�9 63�6 79�3
aNumber of plasma±concentration pro®les.

Table 1. Demographics of patients used for population-pharmacokinetic analysis.

Number of patients Age (years) Weight (kg) Creatine clearance (mL minÿ1)

Japanese 58 45� 13 (17±66) 54�5� 11�4 (35�0±100�9) 51�5� 27�0 (5�0±101�8)
Caucasian 68 54� 12 (20±77) 74�7� 18�0 (38�2±127�0) 58�6� 25�6 (4�3±125�0)
African American 9 41� 12 (18±57) 73�1� 18�7 (49�5±102�0) 30�3� 27�2 (6�8±81�9)
Others 5 53� 8 (44±61) 81�4� 2�7 (78�0±84�0) 93�8� 25�8 (48�5±111�0)
Total 140 49� 13 (17±77) 66�5� 183 (35�0±127�0) 55�1� 27�9 (4�3±125�0)

Results are means� s.d. (minimum±maximum). Immediate post-transplant data were excluded from the analysis.

Figure 1. The enterohepatic circulation model used for popu-
lation pharmacokinetic analysis: ka, absorption rate constant;
kd, excretion rate constant into gallbladder; k, elimination rate
constant; tgap, expulsion time of gallbladder.
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This model assumes only one gall-bladder dis-
charge in the given sampling schedule; under
physiological conditions several discharges of the

gallbladder might occur. However, such modelling
is very dif®cult for a limited number of samples,
especially for population pharmacokinetic analysis.

Covariates
The covariates which were found in this study are
shown in Table 3. Both feeding habits and race
were found as covariates for ka, k and Vd. As
described previously, there is bias in feeding habits
for Japanese and Caucasians and this might com-
plicate the results. A comparison of our results with
published data (Bullingham et al 1998) is shown in
Table 4; they did not contradict the previous
results. Baseline background data, i.e. pre-dose data
on day 1, were used in this study as covariates even
in the steady state. Therefore, identi®cation of a

Table 4. Comparison of current and previous results.

Current results Previous results (Bullingham et al 1998)

Feeding habits affected ka. The absorption rate constant in the
fed state was smaller than in the fasted state

AUC24 was statistically equivalent in the fed and fasted states;
tmax was delayed and Cmax was lower in the fed state

Maalox had no effect on ka Maalox reduced AUC24 and Cmax whereas tmax was unchanged

The clearance derived by the model was 25±46 L hÿ1 The hepatic clearance was ca 24 L hÿ1.

Bodyweight and creatinine clearance were found as covariates
for Vd

Age, creatinine clearance and body weight were found have
important effects on the AUC for healthy subjects

Creatinine clearance had minimal effect on AUC in renal
transplant patients.

Racial effect was found on k and Vd, thus CL was ca 25 L hÿ1

for Japanese and ca 45 L hÿ1 for Caucasians
The Japanese population seemed to have a systemically higher

AUC12 than Caucasians. This apparent racial difference
might have been complicated by differences in body weight

Gender and age were not found as covariates for any
pharmacokinetic parameters

Gender had no effect on the pharmacokinetics, although
occasionally Cmax and AUC were slightly higher for women
than for men

ka and k are the absorption and elimination rate constants, Vd is the volume of distribution, and CL is the clearance. AUC12 and
AUC24 are the areas under the plasma concentration±time curves between 0 and 12 and 0 and 24 h, respectively. Cmax is the maximum
plasma concentration and tmax is the time at which Cmax is reached.

Figure 2. Comparison between values calculated by NONMEM (solid line) and the values observed for typical patients.

Table 3. Covariates in univariate analysis, found by use of
NONMEM.

Parameter Covariates

ka Food, race
k Food, race
Vd Food, race, weight, Maalox,

creatinine clearance
tlag Maalox

Gender and disease were not found as covariates for any
parameters. ka and k are the absorption and elimination rate
constants, Vd is the volume of distribution, and tlag is the lag-time.
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time-dependent covariate might be necessary in the
future to describe covariates in more detail.

Ethnic comparison
A comparison of pharmacokinetic parameters
found in covariates is shown in Table 5. The dif-
ference between each pharmacokinetic parameter
for Japanese and Caucasians is not signi®cant if
inter-subject variation is taken into account. In
contrast, the difference between African Americans
and Caucasians is large. The reason race was found
to be a covariate can be partially explained by the
difference between African Americans and Cau-
casians. Comparison of the pharmacokinetic para-
meters ka, k, Vd and CL is shown in Figure 3. Some
outliers can be observed in ka. Excluding the out-
liers, ka were largely similar for Japanese and
Caucasians. The other parameters of k, Vd and CL
were also almost equal for the two groups.

Comparison of simulated plasma concentrations
for Japanese and Caucasian virtual patients is
shown in Figure 4, where the same age, weight and
creatinine clearance are assumed. From these
results the pharmacokinetics of mycophenolic acid
can be concluded to be similar for these two
groups.

Conclusion
The current enterohepatic circulation model is useful
for evaluation of the covariates of an enterohepati-
cally circulated drug. The population pharmaco-
kinetic approach is of bene®t for evaluating racial
differences for a pharmacokinetic bridging package.
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