
Clin Transl Sci. 2024;17:e70097.     | 1 of 11
https://doi.org/10.1111/cts.70097

www.cts-journal.com

Received: 14 August 2024 | Revised: 5 November 2024 | Accepted: 15 November 2024

DOI: 10.1111/cts.70097  

A R T I C L E

Population pharmacokinetic analysis identifies an 
absorption process model for mycophenolic acid in patients 
with renal transplant

Yuki Suzuki1  |   Noriko Matsunaga2 |   Takahiko Aoyama1  |   Chika Ogami3  |   
Chihiro Hasegawa1  |   Satofumi Iida1,4 |   Hideto To3 |   Takashi Kitahara5 |   
Yasuhiro Tsuji1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.

1Laboratory of Clinical 
Pharmacometrics, School of Pharmacy, 
Nihon University, Funabashi, Chiba, 
Japan
2Department of Hospital Pharmacy, 
Nagasaki University Hospital, 
Nagasaki, Nagasaki, Japan
3Department of Medical 
Pharmaceutics, School of Pharmacy 
and Pharmaceutical Sciences, 
University of Toyama, Toyama, Toyama, 
Japan
4Department of Clinical Pharmacology, 
Yokohama University of Pharmacy, 
Yokohama, Kanagawa, Japan
5Department of Clinical Pharmacology, 
Graduate School of Medicine, 
Yamaguchi University, Ube, 
Yamaguchi, Japan

Correspondence
Yasuhiro Tsuji, Laboratory of Clinical 
Pharmacometrics, School of Pharmacy, 
Nihon University, 7- 7- 1 Narashinodai, 
Funabashi, Chiba, 274- 8555, Japan.
Email: tsuji.yasuhiro@nihon-u.ac.jp

Abstract
The pharmacokinetics (PKs) of mycophenolic acid (MPA) exhibit considerable 
complexity and large variability. We developed a population pharmacokinetic 
(popPK) model to predict the complex PK of MPA by examining an absorption 
model. Forty- two patients who had undergone renal transplantation were 
included in this study. popPK analysis, incorporating several absorption models, 
was performed using the nonlinear mixed- effects modeling program NONMEM. 
The MPA area under the concentration- time curve at 0–12 h (AUC0–12) was 
simulated using the final model to calculate the recommended dose. The PK of 
MPA was adequately described using a two- compartment model incorporating 
sequential zero-  and first- order absorption with lag time. Total body weight, renal 
function (RF), and posttransplantation day (PTD) were included as covariates 
affecting MPA PK. The final model estimates were 7.56, 11.6 L/h, 104.0 L, 17.3 L/h, 
169.0 L, 0.0453, 0.283, and 1.95 h for apparent nonrenal clearance, apparent renal 
clearance, apparent central volume of distribution, apparent intercompartmental 
clearance, apparent peripheral volume of distribution, absorption half- life, lag 
time, and duration of zero- order absorption, respectively. Simulation results 
showed that a dose regimen of 500–1000 mg twice daily is recommended during 
the early posttransplantation period. However, dose reduction could be required 
with increased PTD and decreased RF. The complex PK of MPA was explained 
using an absorption model. The developed popPK model can provide useful 
information regarding individual dosing regimens based on PTD and RF.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Mycophenolic acid (MPA) exposure is used as an index of the clinical outcomes 
of MPA. Population pharmacokinetic (PopPK) models incorporating absorption 
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INTRODUCTION

Mycophenolate mofetil (MMF) is an immunosuppres-
sant widely used in kidney and other organ transplanta-
tion.1–3 Following oral administration, MMF is rapidly 
hydrolyzed to its active metabolite, mycophenolic acid 
(MPA).1,4 MPA is then metabolized in the liver to its 
pharmacologically inactive form, mycophenolic acid glu-
curonide (MPAG), which is mainly excreted in urine.4 
The remaining MPAG is excreted in bile, converted back 
to MPA by the gut flora, and subsequently reabsorbed 
(enterohepatic circulation, EHC).1

MPA exposure is used as an index of the clinical out-
comes of MPA. A target MPA area under the concentration- 
time curve from 0 to 12 h (AUC0–12) of 30–60 mg h/L is 
recommended for effective treatment in patients with kid-
ney transplant.3,5 When the AUC0–12 falls outside the target 
range, the risks of graft rejection, leukopenia, and infection 
increase.6,7 Nevertheless, the pharmacokinetic (PK) of MPA 
demonstrates large variability.1 In addition to a typical sin-
gle peak, an absorption delay or a second peak due to EHC 
is observed in some patients.8,9 The PK of MPA is affected 
by several factors, such as renal function (RF), serum albu-
min level, genetic polymorphisms, posttransplantation day 
(PTD), and concomitant medications.1 A better prediction 
of the PK of MPA is necessary to propose individualized dos-
ing and improve clinical outcomes.

A population pharmacokinetic (PopPK) analysis is an 
approach for predicting the variable PK of MPA and esti-
mating the individualized MPA AUC0–12. To date, popPK 

models of MPA have been reviewed and summarized in 
several studies.10,11 To describe the complex PK of MPA, 
various absorption and EHC models have been incorpo-
rated into the popPK model. As a popPK model examining 
the absorption process, a zero- order absorption model,12,13 
parallel zero-  and first- order absorption model,14 parallel 
first- order absorption model,15 and transit compartment 
absorption model16–18 have been reported. The EHC pro-
cess has been incorporated into several popPK models of 
MPA to enhance accuracy.15,16,19–23 However, a popPK 
model with an EHC process does not necessarily improve 
model fitting.18,24,25 This raises question about the accu-
racy of the EHC process in explaining the PK of MPA.26

Therefore, we hypothesized that the PK of MPA could 
be explained by examining an absorption model, rather 
than an EHC model, using popPK model analysis. The ob-
jective of this study was to develop a popPK model to pre-
dict the PK of MPA by comparing the absorption and EHC 
models. Additionally, this study aimed to propose individ-
ualized dosing recommendations based on the PK of MPA 
using the predictions of the developed popPK model.

METHODS

Ethics

The study was performed in accordance with the guide-
lines outlined in the Declaration of Helsinki, follow-
ing approval by the Ethical Review Boards of Nagasaki 

and enterohepatic circulation (EHC) have been developed to describe the variable 
pharmacokinetics (PKs) of MPA.
WHAT QUESTION DID THIS STUDY ADDRESS?
Despite some studies suggesting that incorporating popPK model with EHC does 
not improve model fitting, question remains whether EHC sufficiently explains 
the PK of MPA. This study aimed to develop a popPK model to predict the PK of 
MPA by comparing the absorption and EHC models.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
An EHC model was not selected in this study. Instead, a two- compartment 
model, incorporating sequential zero-  and first- order absorption with lag time, 
was selected to describe the PK of MPA. Total body weight, renal function 
(RF), and posttransplantation day (PTD) were included as covariates affecting 
MPA PK. The simulation results indicated that achieving the target AUC0–12 
requires reducing the mycophenolate mofetil dose with an increase in PTD and 
a decreased RF.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The developed popPK model can be used to propose individual dosing regimens 
for patients undergoing renal transplantation based on PTD and RF.
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University Hospital (approval number: 14052645- 13) and 
Nihon University (School of Pharmacy, approval number: 
19- 018). Written informed consent was obtained from all 
individual patients.

Patients and data sources

Patients undergoing kidney transplant who received 
MMF (CellCept®; Chugai Pharmaceutical Group, Tokyo, 
Japan) at Nagasaki University Hospital between April 
2011 and September 2019 were included in this analysis. 
Clinical data, including plasma MPA concentrations, 
were collected. The creatine values were determined by 
the enzymatic method, and creatinine clearance (CLcr) 
was calculated using the Cockcroft–Gault equation.27 
MMF (500–1000 mg) was administered twice daily, and 
steady- state blood samples were collected.

Determination of MPA concentrations

Two milliliters of blood was collected and centrifuged at 
3000 rpm for 5 min to prepare plasma samples. Plasma 
MPA concentrations were measured using Dimension 
Xpand (Siemens, Germany) with a homogeneous 
particle- enhanced turbidimetric inhibition immunoassay 
(PETINIA) technique and MPA Flex reagent cartridge 
(Siemens). Plasma samples were analyzed within the 
stability period described in the manual of the MPA Flex 
reagent cartridge (8 h at room temperature, 14 days at 
2–8°C, and 18 months at −20°C). A 200 μL plasma sample 
was used to measure MPA concentration. A standard 
solution of MPA was used, and the inter- day coefficient of 
variation (CV) of the inter- day precision sample containing 
2.06, 6.68, 10.82, and 21.81 mg/L of MPA was <7%. The 
lower limit of quantification (LLOQ) was 0.2 mg/L, and 
the lower limit of detection was 0.12 mg/L. The calibration 
curve was linear over a concentration range of 0.2–30 mg/L 
for total MPA. The cross- reactivity was 0.6% when MPAG 
was 1000 μg/mL and MPA was 5.0 μg/mL.

PopPK

PopPK analysis was performed using the nonlinear 
mixed- effects modeling program NONMEM version 7.5.1 
(ICON Development Solution, Ellicott City, MD, USA). 
First- order conditional estimation with the interaction 
method was used to estimate parameters and variability 
during the model- building process. PK modeling, visual 
predictive checks, bootstrapping, and simulations were 
performed using Wings for NONMEM (Nick Holford, 

University of Auckland, New Zealand). Statistical analyses 
of the results were performed using R version 4.1.3 (R 
Foundation, Vienna, Austria).

For the base model, one- compartment, two- 
compartment, and three- compartment models with 
first- order absorption and elimination were assessed. 
Between- subject variability (BSV) in the MPA PK pa-
rameters was assessed using an exponential error model. 
Residual, unidentified variability was assessed using a 
combined proportional and additive error model. During 
model development, the units of MMF doses were nor-
malized to account for their molecular weight ratios with 
MPA (MMF and MPA: 433.5 and 320.3 g/mol, respectively; 
https:// pubch em. ncbi. nlm. nih. gov/ ). The initial estimates 
of each model were chosen based on values from previ-
ous publications and values obtained during the model 
development process (e.g., CL/F = 14.3, V/F = 113). In the 
popPK model incorporating the EHC process, the gall-
bladder compartment is connected to the central and gut 
compartments. The fraction of the central compartment 
to the gallbladder compartment (FGB) and gallbladder 
elimination half- life were parameterized. The start and 
duration of gallbladder emptying time after meals were 
estimated using a model event time (MTIME) set at 8 a.m., 
12 p.m., and 6 p.m. as a meal time.28

To describe the absorption process, zero- order, first- 
order, sequential zero-  and first- order, parallel zero-  and 
first- order, parallel first- order, and transit compartment 
absorptions were tested. The absorption lag time was also 
evaluated. For transit compartment absorption, a model 
with a fixed number of transit compartments (the Erlang 
model)29 and a model estimating the number of transit 
compartments (the Savic model)30 were assessed. In the 
Erlang model, the transfer rate constant (ktr) for each tran-
sit compartment was the same. The number of parameters 
in the Erlang model was not changed in different number 
of transit compartments. In the Savic model, the range of 
transit compartment numbers was set to 0 or more.

Covariate model

The factor of size (FSIZE) was employed to standardize PK 
parameters. Following the equation below, the allometric 
exponent (PWR) of FSIZE was fixed at 0.75 for CL/F (and 
Q/F) and at 1 for VC/F (and VP/F).31,32

The LogP of MPA is 2.8 (https:// pubch em. ncbi. nlm. nih. 
gov/ ), suggesting that MPA is a lipophilic compound. 
Considering its distribution in fat mass, normal fat mass 

(1)FSIZE =

(

NFM

NFMSTD

)PWR

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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(NFM) was incorporated. NFM was used as an index of 
body size.31,32 The NFM of each individual patient was 
determined from total body weight (TBW), fat- free mass 
(FFM), fat mass (FAT), and the factor describing the in-
fluence of fat mass (Ffat) using the following equations: Ffat 
was included in the model and estimated.

The FFM was calculated from maximal weight 
height squared (WHSmax), WHS50, and height (H) using 
Equation (3): WHSmax is the maximum FFM for any given H 
and WHS50 is the TBW value when FFM is half of WHSmax. 
WHSmax is 42.92 and 37.99 kg/m2 and WHS50 is 30.93 and 
35.98 kg/m2 for males and females, respectively.31,32

The standard value of NFM (NFMstd) was calculated 
with a standard FFM value (56.1 kg) calculated from a 
standard TBW (70 kg) and a standard H (1.76 m).33

RF, defined as the ratio of the observed CLcr to the stan-
dard CLcr (CLcrstd),33,34 was investigated as a covariate of 
clearance. CLcr was determined using the Cockcroft–
Gault formula standardized to a TBW of 70 kg.27 The RF 
was normalized to a standard CLcr (CLcrstd) of 6 L/h/70 kg 
(100 mL/min/70 kg) using Equation (4):

It was hypothesized that apparent total clearance 
(CLtotal/F) comprised both apparent nonrenal clearance 
(CLnonrenal/F) and apparent renal clearance (CLrenal/F), 
with CLrenal/F being linearly related to RF. RF was incor-
porated into the model using a combination of CLnonrenal/F 
and CLrenal/F using the following equation:

The PTD was investigated as a covariate for PK param-
eters. The PTD (FPTD) was included in the model using 
Equation  (6): PTDmax represented the maximum PTD 
considered in the analysis (84 days). The KPTD is a factor 
that describes the effect of PTD. The FPTD was included 
in apparent clearance (CL/F), apparent central volume of 
distribution (VC/F), absorption half- life (TABS), duration 
of zero- order absorption (D1), lag time (TLAG), and rela-
tive bioavailability (F1).

Model evaluation and validation

The models were evaluated using the likelihood ratio 
test. The objective function value (OFV) was compared 
between the models using the chi- square test. A decrease 
in OFV (ΔOFV) exceeding the specified criteria (i.e., 
ΔOFV 3.84, degree of freedom = 1, p = 0.05, ΔOFV 6.63, 
degree of freedom = 1, p = 0.01) indicated a significant 
improvement.

Goodness- of- fit (GOF) plots were created to eval-
uate the model. The observed concentrations versus 
population- predicted concentrations (PRED), observed 
concentrations versus individual- predicted concentra-
tions (IPRED), conditional weighted residuals (CWRESs) 
versus PRED, and CWRES versus time after dosing were 
evaluated.

The bootstrap method was used to assess the internal 
validity and robustness of the parameters (200 bootstrap 
samples). Initially, bootstrap samples were generated by 
random resampling of the original dataset. Parameters 
were estimated for each bootstrap sample. The mean, 
median, 95% confidence intervals, and relative standard 
errors of the parameters obtained from the 200 bootstrap 
replicates and the final estimated parameters from the 
original dataset were evaluated.

The predictive performance was assessed using a 
prediction- corrected visual predictive check (pcVPC). The 
observed concentrations were plotted against the median, 
90 percentile intervals, and their 95% confidence intervals 
derived from the simulated concentrations using the final 
parameters (n = 200).

Simulation

The AUC0–12 of MPA was simulated for up to 90 days 
posttransplantation based on the final population PK 
model (n = 1000). AUC0–12 was calculated using the 
following equation:

The simulated dosing regimens included 250, 500, 
750, and 1000 mg of MMF every 12 h based on a fixed 
standard TBW of 70 kg. The CLcr in patients with  
standard RF was assumed to be 100 mL/min/70 kg, while 
the CLcr in patients with renal impairment was assumed 
to be 25, 50, and 75 mL/min/70 kg. The target exposure 
(AUC0–12) for MPA was set at 30–60 mg h/L.3,5 The per-
centage of patients within the target AUC0–12 was calcu-
lated, and the dosage that achieved the highest percentage 
was selected as the recommended dose.

NFM = FFM + Ffat × FAT

(2)FAT = TBW − FFM

(3)FFM =WHSmax ×H
2 ×

(

TBW
(

WHS50 ×H
2 + TBW

)

)

(4)RF =
CLcr

CLcrstd

(5)CLtotal∕F = CLnon−renal∕F + CLrenal∕F × RF

(6)FPTD = e
KPTD×

PTD

PTDmax

(7)AUC0 − 12 = F1 ×
Dose

CLtotal∕F
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RESULTS

Patients' background

Forty- two patients with renal transplants who received 
MMF were included. The demographic and clini-
cal characteristics of the patients are summarized in 
Table 1. The baseline dose of MMF was 500 mg (n = 10), 
750 mg (n = 25), and 1000 mg (n = 7), administered twice 
daily, every 12 h.

PopPK of MPA

The popPK model of MPA was developed based on 312 
MPA observations collected from 14 days pretransplanta-
tion to 84 days posttransplantation (Figure  1). All MPA 
concentrations were above the LLOQ, with none falling 
below this threshold. The OFV of the two- compartment 
model exhibited a significant decrease compared with 
that of the one- compartment model (ΔOFV 17.81, de-
grees of freedom 2, p < 0.01). However, the OFV of the 
three- compartment model did not show significant im-
provement. Therefore, the two- compartment model 
was selected as the preliminary structural model. 
Additionally, incorporating an EHC process did not sig-
nificantly improve the OFV.

A summary of the various absorption models in-
vestigated is presented in Table S1 and Figure S1. The 
OFV of the sequential zero-  and first- order absorption 
model was the lowest. A two- compartment model, 

incorporating sequential zero-  and first- order absorp-
tion with lag time and first- order elimination, was 
selected as the final candidate popPK model. The pa-
rameters of this model included the apparent clearance 
(CL/F), apparent central volume of distribution (VC/F), 
apparent intercompartmental clearance (Q/F), appar-
ent peripheral volume of distribution (VP/F), absorp-
tion half- life (TABS), lag time (TLAG), and duration of 
zero- order absorption (D1).

Unit
Number of 
participants

Observation interval

2.5% 50% 97.5%

Sex (male/female) – 29/13 – – –

MMF dose 
(500 mg/750 mg/1000 mg)

– 10/25/7 – – –

Age year 42 29.0 51.0 68.9

Height m 42 1.50 1.66 1.80

Total body weight kg 42 39.6 55.9 77.5

Posttransplantation day days 42 23 40 84

Albumin g/dL 42 2.7 3.7 4.4

Alanine aminotransferase IU/L 42 5.0 14.0 163.7

Aspartate aminotransferase IU/L 42 7.0 12.0 63.9

Serum creatinine mg/dL 42 0.5 1.6 14.3

Creatinine clearance mL/min/70 kg 42 6.6 52.8 148.8

Blood urea nitrogen mL/min 42 11.0 26.0 95.9

Tacrolimus concentration μg/L 24 2.0 6.9 14.7

Prednisone dose mg/day 23 0.0 10.0 50.0

T A B L E  1  Baseline demographic and 
clinical data of the study participants.

F I G U R E  1  Observed mycophenolic acid concentration versus 
time after dose based on individual patient data.
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Covariate model

Ffat was included in the NFM calculation as a factor 
accounting for the influence of FAT. The OFV with 
estimated Ffat values for CL/F, VC/F, VP/F, and Q/F did 
not differ significantly from those with Ffat set at 1.

In the covariate analysis, RF was selected as a sig-
nificant covariate for CLrenal/F and PTD was selected as 
a significant covariate for relative bioavailability (F1) 
(Table S1). The final model PK parameters are given by 
the following Equation (8). The NM- TRAN control stream 
is shown in Appendix S1.

Model evaluation and validation

The GOF plots obtained from the final PK model are 
shown in Figure S2. The predicted concentrations agreed 
well with the observed concentrations, and the distribu-
tion of the plots was near the trend line y = x. There was 
no trend in the distribution of CWRES over the popula-
tion prediction and time after dose; most CWRESs were 
within 3.

The results of the pcVPC are shown in Figure 2. The me-
dian of the observed values closely matched the predicted 
values. The 90% quantiles of the observed values were 
within 95% confidence intervals of the predicted values.

The final parameter estimates and results of the boot-
strap method are presented in Table  2. Parameter esti-
mates obtained from the final popPK model matched the 
mean and median of the parameter estimates derived 
from the bootstrap results and were within the 95% confi-
dence intervals of the bootstrap results.

Simulation

The relationship between PTD and MPA AUC0–12 of 
MMF 500 mg administered to patients with different RF 
is shown in Figure 3. MPA AUC0–12 increased with in-
creasing PTD and decreasing RF. During the early post-
transplantation period, the recommended dose was 
500 mg every 12 h for patients with a CLcr of 25 mL/min, 
750 mg every 12 h for patients with a CLcr of 50 mL/min, 
and 1000 mg every 12 h for patients with a CLcr of 75 and 
100 mL/min.

CL∕F (L∕h) = (7.56 + 11.6 × RF) ×

(

TBW

TBWstd

)
3

4

VC∕F (L) = 104.0 ×

(

TBW

TBWstd

)

Q∕F (L∕h) = 17.3 ×

(

TBW

TBWstd

)
3

4

VP∕F (L) = 169.0 ×

(

TBW

TBWstd

)

ka
(

h−1
)

=
0.693

0.0453

ALAG1 (L) = 0.283

D1 (L) = 1.95

(8)FPTD = e
0.956×

PTD

PTDmax

F I G U R E  2  Prediction- corrected visual predictive check of mycophenolic acid concentration versus time after dose based on final 
population pharmacokinetic model parameters of mycophenolic acid. (a) Green dotted lines and circles connect the observed data points 
for each participant. Red and black lines represent the median (solid) and 90% prediction intervals (dashed) of the observed data and 
predicted data, respectively. (b) Green circles represent the observed data. Red and black lines represent the median (solid) and 90% 
prediction intervals (dashed) of the observed data and predicted data, respectively. The shaded areas represent the 95% confidence intervals 
for the median and 90% prediction intervals.
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DISCUSSION

In this study, a popPK model of MPA was developed 
for patients with renal transplants. An EHC model was 
not selected; instead, the PK of MPA was adequately de-
scribed using a two- compartment model with sequen-
tial zero-  and first- order absorption following a lag time. 
Given that after oral administration MMF is rapidly con-
verted to MPA in the stomach and MMF can hardly be 
detected in plasma,3 an MMF dose was adjusted to MPA 
using their molecular weight. The predictive performance 
and robustness of the developed popPK model were dem-
onstrated through the pcVPC and bootstrap results.

This is the first study to explore multiple absorp-
tion models of MPA, demonstrating that sequential 
zero-  and first- order absorption best describes MPA ab-
sorption in patients with renal transplants. Although 
various absorption models have been reported, such as 
zero- order absorption,12,13 parallel zero-  and first- order 
absorption,14 parallel first- order absorption,15 and transit- 
compartment absorption,16–18 these were not selected 
in this study. One reason for selecting the sequential 
zero-  and first- order absorption model was the variabil-
ity observed in the absorption process in this study. In 
some patients, MPA was absorbed slowly, exhibiting a 
delayed tmax (Figure 1). To explain this variability, three 

T A B L E  2  Summary of parameter estimates and bootstrap results of the final model.

Parameters Unit
Final model 
estimate

Bootstrap sample estimates (n = 200)

Mean Median

95% CIa

%RSELower 2.5% Upper 97.5%

Population mean

Apparent nonrenal clearance L/h 7.56 7.87 7.52 5.36 13.53 25.4

Apparent renal clearance L/h 11.6 11.3 11.6 3.8 18.0 30.0

Apparent central volume of distribution L 104.0 100.8 100.0 68.1 143.0 18.9

Apparent intercompartment clearance L/h 17.3 19.3 18.3 10.1 35.2 31.3

Apparent peripheral volume of 
distribution

L 169.0 279.0 195.0 68.7 1060.0 89.1

Absorption half- life h 0.0453 0.0485 0.0443 0.0102 0.1285 67.6

Lag time h 0.283 0.292 0.286 0.145 0.475 26.4

Duration of zero- order absorption h 1.95 1.78 1.77 1.26 2.27 15.7

Relative bioavailability – 1 fixed – – – – –

Effect of posttransplantation day on 
relative bioavailability

– 0.956 1.010 0.970 0.529 1.773 26.8

Ffat for clearance – 1 fixed – – – – –

Ffat for volume of distribution – 1 fixed – – – – –

Between- subject variability

Apparent clearance CV% 42.8 40.0 41.2 14.1 58.8 28.8

Apparent central volume of distribution CV% 58.1 61.1 60.7 33.0 87.4 23.2

Apparent intercompartment clearance CV% 0 fixed – – – – –

Apparent peripheral volume of 
distribution

CV% 0 fixed – – – – –

Absorption half- life CV% 73.1 105.4 76.0 64.7 301.7 65.8

Lag time CV% 121.7 121.7 119.6 85.4 174.8 22.5

Duration of zero- order absorption CV% 90.8 88.8 88.2 68.1 113.6 13.4

Relative bioavailability CV% 18.0 17.7 17.2 2.6 37.7 52.3

Residual unidentified variability

Proportional residual unidentified 
variability

CV% 28.3 26.9 27.0 22.9 30.0 7.1

Additive residual unidentified variability mg/L 0.0634 0.0874 0.0639 0.0138 0.3053 79.0

Abbreviations: CI, confidence interval; CV, coefficient of variance; RSE, relative standard error.
a95% CI was estimated from 2.5 to 97.5 percentile of the bootstrap sample estimates.
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parameters were used: the duration of zero- order absorp-
tion, absorption half- life, and lag time. The estimated 
BSV for these absorption parameters was relatively large 
(Table 2). Incorporating the variability of the absorption 
process using a sequential zero-  and first- order absorp-
tion model may account for the large variability in the 
PK of MPA observed in this study.

The physicochemical properties of MPA also support 
the selection of this model. MMF exhibits pH- dependent 
solubility and is classified as a Class II compound in the 
Biopharmaceutical Classification System (BCS).35 In 
agreement with the findings of this study, previous studies 
have reported that a sequential zero-  and first- order ab-
sorption model is appropriate for other BCS Class II com-
pounds.36–38 Further studies are required to elucidate why 
this model is suitable for BCS Class II compounds.

In the covariate analysis, using a stepwise approach, 
we comprehensively incorporated each covariate into the 
final candidate model one by one and selected covariates 
that significantly changed OFV. The TBW, RF, and PTD 
were included as covariates affecting the PK of MPA. 
The NFM estimation of Ffat was tested; however, Ffat did 
not significantly differ from 1, indicating that the PK of 
MPA was influenced by TBW. After oral administration 

of radiolabeled MMF, approximately 93% of the dose was 
excreted in the urine.4 RF is considered crucial in the PK 
of MPA and was included as a covariate. Although the 
effects of PTD on CL/F and VC/F have been reported 
previously,25,39 in this study, PTD was selected as a covari-
ate for relative bioavailability. The relative bioavailabil-
ity increased over PTD and was predicted to be 2.8- fold 
higher at 90 days posttransplantation than on the day of 
transplantation. These results were consistent with those 
of previous reports showing a time- dependent increase in 
MPA exposure.25,40 This could be attributed to an alter-
ation of the gut environment following renal transplanta-
tion. The differences in gut environment between healthy 
individuals and patients with chronic kidney disease and 
the alteration in gut microbiota profile following kidney 
transplantation are well established.41,42 These changes, in 
turn, may increase drug absorption, potentially resulting 
in increased MPA exposure.

In this study, tacrolimus and prednisone were con-
comitantly administered in some patients. Kim et al.43 re-
ported that tacrolimus did not change the PK parameters 
of MPA and its metabolites. On the contrary, a previous 
study reported that glucocorticoids induced the hepatic 
uridine 5′- diphospho- glucuronosyltransferase (UGT) 
activity and decreased the bioavailability of MPA.44 
Cattaneo et al.44 reported that discontinuation of gluco-
corticoids resulted in higher MPA exposure and lower 
MPAG trough levels. With the concomitant use of glu-
cocorticoids, the concentration of MPAG increases, and 
the proportion of EHC of MPAG may increase, potentially 
resulting in a clear second peak. However, in this study, 
the number of patients exhibiting a clear second peak was 
limited, suggesting that the PKs of MPA did not change 
significantly with the concomitant use of prednisone. 
Additionally, the inclusion of tacrolimus and prednisone 
as a covariate of CL/F and VC/F in the final model did not 
show significant improvement of OFV (data not shown). 
Tacrolimus and prednisone are unlikely to affect the PKs 
of MPA in this study.

The recommended target AUC for MPA AUC0–12 
during MMF administration is 30–60 mg h/L.3,5 In this 
study, a recommended individualized dose based on 
the PTD and RF was proposed by simulating the MPA 
AUC0–12. The simulation results indicated that achiev-
ing the target AUC0–12 requires reducing the MMF dose 
with an increase in PTD and a decreased RF. The rec-
ommended dose was within the dose stated in the pack-
age insert of Cellcept® in Japan, USA, and Europe.45–47 
MPA exposure is approximately 75% higher in patients 
with severe renal impairment than in healthy individu-
als.48 Moreover, doses of MMF greater than 1 g twice a 
day should be avoided, as stated in the package insert of 
Cellcept®.46,47 The recommended dose in patients with 

F I G U R E  3  Predicted time course of area under the 
concentration- time curve at 0–12 h (AUC0–12) of mycophenolic 
acid (MPA) following renal transplant. Predicted time course of 
AUC0–12 of MPA based on the final population pharmacokinetic 
model parameters in patients with different renal functions 
(creatinine clearance 25, 50, 75, and 100 mL/min). Solid line 
represents the median values of predicted MPA concentrations, 
while gray areas represent 10%–90% intervals of predictions. Blue- 
shaded areas represent the target MPA AUC0–12 (30–60 mg h/L). 
The dosing regimen of 500 mg MMF every 12 h was assumed.
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severe renal impairment (CLcr = 25 mL/min/70 kg) in 
this study was also within the dose stated in the package 
insert of Cellcept®. Thus, the developed popPK model can 
provide useful information on individualized doses of 
MMF based on PTD and RF.

This study had some limitations. First, owing to the 
sample size and variability of the PK of MPA, the number 
of patients exhibiting a clear second peak was limited. 
This may explain why an EHC model was not adopted in 
this study. Previous study has indicated a six- fold inter- 
individual variability in the contribution of EHC to AUC.4 
Without EHC, it is difficult to predict the MPA exposure, 
including the contribution of EHC, and the increase in 
exposure due to EHC is not predicted. MPA exposure 
could be underestimated, leading to an unexpected rise 
in MMF dose. Further studies using a larger dataset and 
more cases showing a clear second peak are necessary to 
assess the contribution of absorption delay and the EHC 
process to the PK of MPA. Second, unbound MPA and 
MPAG were excluded due to data unavailability. Given 
that free drugs contribute to pharmacological action, it is 
desirable to include unbound MPA concentrations to pre-
dict individual clinical responses. The MPAG is involved 
in EHC.1 Several popPK models with unbound MPA and 
the EHC of MPAG have been reported.13,16,20–23 A more 
mechanistic model could be developed in the future by 
incorporating both unbound MPA and MPAG. Finally, a 
popPK model was developed using data collected within 
3 months of transplantation. Data collected beyond this 
timeframe were not used for model development because 
of its limited availability. Previous reports49,50 suggest 
that MPA exposure stabilizes 3 months after transplan-
tation. The development of a popPK model using data 
collected beyond 3 months posttransplantation is neces-
sary for MMF, which is continuously administered for an 
extended period.

In the present study, the PK of MPA was adequately 
described using a two- compartment model incorporating 
sequential zero-  and first- order absorption with lag time. 
Individual dosing regimens with a high probability of 
achieving the target MPA AUC0–12 were predicted using 
the popPK model. The popPK model can be used to pro-
pose individual dosing regimens for patients undergoing 
renal transplantation.
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