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Abstract

Background and Objective: Mycophenolate mofetil is a prodrug of mycophenolic acid (MPA), an im-
munosuppressive agent used in combination with corticosteroids and calcineurin inhibitors or sirolimus for the
prevention of acute rejection after solid organ transplantation. Although MPA has a rather narrow therapeutic
window and its pharmacokinetics show considerable intra- and interindividual variability, dosing guidelines
recommend a standard dosage regimen of 0.5-1.0 g twice daily in adult renal, liver and cardiac transplant
recipients. The main objective of the present study was to develop a method to predict the MPA area under the
plasma concentration-time curve during one 12-hour dosing interval (AUC;,) by using multiple linear re-
gression models and maximum a posteriori (MAP) Bayesian estimation methods in patients co-medicated with
ciclosporin or sirolimus, aiming to individualize the dosage regimen of mycophenolate mofetil.

Patients and Methods: Pharmacokinetic profiles of MPA and mycophenolic acid glucuronide (MPAQG),
the main metabolite of MPA, were obtained from 40 stable adult renal allograft recipients on three dif-
ferent occasions: the day before switching from ciclosporin to sirolimus co-medication (7.4 months post-
transplantation; period I) and at 60 days and 270 days after the switch (periods IT and I1T). Blood samples for
determination of MPA and MPAG concentrations in plasma were taken at 0 hours (pre-dose) and at 0.33,
0.66, 1.25,2, 4, 6, 8 and 12 hours after oral intake of mycophenolate mofetil. The MPA AUC,, was calcu-
lated by the trapezoidal method (the observed AUC,,). Patients were randomly divided into (i) a model-
building test group (n=27); and (ii) a model-validation group (n=13). Multiple linear regression models
were developed, based on three sampling times after drug administration. Subsequently, a population
pharmacokinetic model describing MPA and MPAG plasma concentrations was developed using nonlinear
mixed-effects modelling and a Bayesian estimator based on the population pharmacokinetic model was used
to predict the MPA AUC,, based on three sampling times taken within 2 hours following dosing.

Results: Fifty-two percent of the observed AUC,, values (three periods) in the 40 patients receiving a fixed
dose of mycophenolate mofetil 750 mg twice daily were outside the recommended therapeutic range
(30-60 pg e h/mL). The failure of the standard dose to yield an AUC,, value within the therapeutic range was
especially pronounced during the first study period. Of the multiple linear regression models that were
tested, the equation based on the 0-hour (pre-dose), 0.66- and 2-hour sampling times showed the best
predictive performance in the validation group: r>=0.79, relative root mean square error (rRMSE)=14%
and mean relative prediction error (MRPE)=0.9%. The pharmacokinetics of MPA and MPAG were best
described by a two-compartment model with first-order absorption and elimination for MPA, plus a
compartment for MPAG, also including a gastrointestinal compartment and enterohepatic cycling in the
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case of sirolimus co-medication. The ratio of aminotransferase liver enzymes (AST and ALT) and the glo-
merular filtration rate significantly influenced MPA glucuronidation and MPAG renal excretion, respectively.
Bayesian estimation of the MPA AUC,, based on 0-, 1.25- and 2-hour sampling times predicted the observed
AUC,, values of the patients in the validation group, with the following predictive performance characteristics:
r2=0.93, rRMSE =12.4% and MRPE =-0.4%.

Conclusion: Use of the developed multiple linear regression equation and Bayesian estimator, both based on
only three blood sampling times within 2 hours following a dose of mycophenolate mofetil, allowed an
accurate prediction of a patient’s MPA AUC,, for therapeutic drug monitoring and dose individualization.
These findings should be validated in a randomized prospective trial.

Background

Mycophenolate mofetil is an immunosuppressive agent used
in combination with corticosteroids, calcineurin inhibitors or
sirolimus for the prevention of acute rejection after solid organ
transplantation.!'! Mycophenolate mofetil is a prodrug of myco-
phenolic acid (MPA), a reversible noncompetitive inhibitor of
inosine monophosphate dehydrogenase, and blocks the de novo
synthesis of guanosine nucleotide.!” This not only results in the
reduction of lymphocyte levels, the target effect, but also explains
adverse effects such as diarrhoea, neutropenia and anaemia.>#

When mycophenolate mofetil is orally administered to kidney
transplant recipients, it undergoes de-esterification in the di-
gestive tract and is converted into MPA, the active moiety, which
is almost completely absorbed (bioavailability [F]=0.97). MPA is
extensively bound to albumin (97-99%)M and is metabolized in
the liver and the intestinal mucosa, mainly to a phenolic glucu-
ronide (MPAG) and, to a lesser extent, to mycophenolate acyl
glucuronide, which has been shown to have in vitro immunosup-
pressive activity. Other minor metabolites identified in humans
include the 7-O-glucoside of MPA and 6-O-desmethyl-MPA Pl
MPAG., the major and inactive metabolite, is mainly eliminated
by renal excretion and has been shown to undergo enterohepatic
cycling, particularly in studies conducted during the early post-
transplantation period.[

Current manufacturer guidelines recommend a standard
dose of mycophenolate mofetil for all patients within a trans-
plant group, e.g. 0.5-1.0 g given twice daily in adult renal, liver
and cardiac transplant recipients.l”-®! The pharmacokinetics of
MPA, however, are characterized by considerable intra- and
inter-patient variability.”-'!l In addition, MPA has a narrow
therapeutic window. As a consequence, dose individualization
and MPA therapeutic drug monitoring to determine the actual
exposure may improve the efficacy and tolerability of myco-
phenolate mofetil. Mourad et al.l'? have demonstrated a signif-
icant relationship between the MPA trough or pre-dose MPA
plasma concentration (C,) or the area under the MPA plasma
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concentration-time curve during one 12-hour dosing interval
(AUC,,) and the risk of rejection and haematological adverse
effects. However, a stronger pharmacokinetic-pharmacodyna-
mic relationship between acute rejection and the AUC,;, com-
pared with the C, favours AUC,,-based rather than Cj-based
therapeutic drug monitoring. Targeting an MPA AUC,, of
30-60 pg e h/mL has been proposed to minimize the risk of
acute rejection and to reduce toxicity.[%

To estimate an individual patient’s AUC,, without mea-
suring the full MPA plasma concentration-time profile, two
different methods can be used. A limited sampling strategy
(LSS) based on multiple linear regression (MLR) models using
a small number of blood samples, preferably obtained in the
early post-dose period, can be used to predict the full AUC,».
This approach, however, can be inconvenient in that it requires
strict adherence to the set times for blood sample collection
which, in practice, may not be easy. Maximum a priori (MAP)
Bayesian estimation of the AUC,, for each individual patient is
also based on a limited number of plasma concentration mea-
surements, preferably in the early post-dose period, but in-
volves more complex calculations and requires the development
of a population pharmacokinetic model. Unlike the LSS, how-
ever, which requires strict adherence to the time of blood
sample collection, the MAP Bayesian procedure is flexible in
blood sample timing.

The main objective of the present study was to develop a
method to predict the MPA AUC,, by using MLR models
and MAP Bayesian estimation methods in patients co-
medicated with ciclosporin or sirolimus, aiming to individualize
the dosage regimen of mycophenolate mofetil. Secondary
objectives were to characterize MPA and MPAG pharmaco-
kinetics in 40 stable renal transplant patients who were suc-
cessively co-medicated with ciclosporin or sirolimus between
approximately 7 and 16 months post-transplantation; to
identify and model the effect of demographic and clinical fac-
tors on pharmacokinetic variability by using nonlinear mixed-
effect modelling techniques and to assess the need for MPA
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therapeutic drug monitoring during the 7- to 16-month post-
transplantation period based on AUC,, values at different
periods post-transplantation.

Patients and Methods

Patient Characteristics and Study Design

Data from 40 stable adult renal allograft recipients, trans-
planted in one of two Belgian university hospitals (Universitair
Ziekenhuis Brussel and Universitair Ziekenhuis Antwerpen)
were included in this study. The study was approved by the
local ethics committees and all patients signed an informed
consent form. All patients received mycophenolate mofetil
(1g twice daily), ciclosporin and corticosteroids, all orally,
during the initial post-transplantation period. One month prior
to the switch from ciclosporin to sirolimus, the dose of myco-
phenolate mofetil was reduced to 0.75 g twice daily. At 7.4+ 1.4
months, ciclosporin was replaced by sirolimus while continuing
mycophenolate mofetil (0.75 g twice daily) and corticosteroid
treatment. The safety and efficacy aspects related to the switch
from ciclosporin to sirolimus as co-medication have been pub-
lished before.['3] Full pharmacokinetic profiles for MPA and
MPAG during one dosing interval were determined on three
different occasions: (i) on the day before switching from
ciclosporin to sirolimus at 7.4+ 1.4 months (n=40, period I);
(i1) at 60 days after the switch (n=39, period II); and (iii) at
270 days after the switch (n=36, period III). For the determi-
nation of the full pharmacokinetic profiles, blood samples were
collected in EDTA tubes and the plasma was kept frozen at
—20°C until analysis. Sampling times were as follows: at 0 hours
(pre-dose) and at 0.33, 0.66, 1.25, 2, 4, 6, 8 and 12 hours follow-
ing mycophenolate mofetil administration.

Analytical Method

MPA and MPAG plasma concentrations were determined
by a validated high-performance liquid chromatography
(HPLC) method with UV diode array detection. Calibrators
prepared in drug-free plasma were used and their concentra-
tions were 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0 and 20.0 ug/mL for
MPA and 2, 5, 10, 20, 50, 100, 150 and 200 pg/mL for MPAG.
In addition, in-house quality control (QC) samples at three
different concentrations (0.75, 2 and 10 pg/mL for MPA and
7.5,20.0 and 100.0 pg/mL for MPAG) were used. Using 1.5mL
polystyrene tubes, 20 LL of an internal standard solution (50 pg
visnadine/mL acetonitrile) was added to a 500 pL aliquot of
each plasma calibrator or of a patient’s plasma sample. The
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plasma samples were subsequently deproteinized by succes-
sively adding 20 uL of 5% perchloric acid and 20 uL. of 50%
sodium tungstate followed by vortex mixing for 30 seconds.
Plasma concentrations of MPA and MPAG were measured by
a reverse-phase HPLC method using a Supersher C18© column
(3.9%300mm; Waters Corporation, Milford, MA, USA) at
75°C. The mobile phase consisted of a gradient triethyl am-
monium phosphate (TEAP) buffer/acetonitrile (85/15 up to
30/70 v/v) and was pumped through the column at a flow rate of
1 mL/min. The TEAP buffer was adjusted to pH 3.0 with phos-
phoric acid. MPA and MPAG were detected by UV absorbance
at a wavelength of 254 nm. The average extraction recoveries of
MPA and MPAG were 95-99%. The calibration curves were
linear: r2=0.99 for both MPA and MPAG. The intra- and
interday imprecision values for both analytes were less than
5% and 10%, respectively, for all tested in-house QCs. This
method was found to be precise and accurate on an intra- and
interday basis: mean relative prediction error (MRPE) <11.3%
for all QC samples tested.

Noncompartmental Pharmacokinetic Analysis

The AUC,, was estimated by using the trapezoidal method
(noncompartmental analysis, WinNonlin® version 5.01; Phar-
sight Corporation, Mountain View, CA, USA). Pharmacokinetic
parameters of MPA and MPAG, such as the elimination half-life,
apparent oral clearance (CL/F) and apparent volume of distri-
bution (V4), were calculated by using standard equations. Other
parameters calculated were the maximum MPA concentration
and the time to reach the maximum MPA concentration.

Multiple Linear Regression and Limited
Sampling Strategies

The sample (n=40) was randomly split into two groups:
(1) a model-building subgroup (the test group) comprising
27 patients; and (ii) a model-validation subgroup of the remain-
ing 13 patients. Limited sampling strategies were developed to
predict MPA AUC,, values calculated on the basis of the full
pharmacokinetic profiles (nine MPA plasma concentrations
determined during one dosing interval) by MLR (JMP 6®; SAS
Institute Inc., Cary, NC, USA) using various combinations of
two to three MPA plasma concentrations determined during
the 2-hour interval following mycophenolate mofetil dosing in
the test group. The predicted AUC,, from each model was
compared with the observed AUC,, in the validation subgroup.
The predictive performance of the best model was further in-
ternally evaluated in the model-building group by repeated
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cross-validation as described by Pawinski et al.'*! Briefly, the
dataset was repeatedly and randomly divided into two equal
groups: a training group and an evaluation group. This process
was repeated a total of 20 times. The training group records
were used to determine the relationship (i.e. regression coeffi-
cients) between the observed MPA AUC,, and the sampling
times retained in the best MLR model. The linear regression
equations obtained in the preceding step were used to estimate
the MPA AUC,, for the profiles in the corresponding evalua-
tion set. Residuals were calculated for each of the MPA AUC,,
values in the evaluation group by taking the difference between
the logarithm of the reference MPA AUC,, and the logarithm
of the MPA AUC,, estimated by the regression equation. The
distribution of the entire set of residuals was examined to ensure
that the selected limited sampling equation for the prediction of
the MPA AUC,, generated a distribution of estimated MPA
AUC,, values in the evaluation sets that met certain statistical
criteria (mean value for the entire set of residuals close to 0 and
with a coefficient of variation [CV] <30%).

Population Pharmacokinetic Analysis

Nonlinear mixed-effects modelling was performed by using
NONMEM® version VI (double precision; Icon Development
Solutions, LLC, Ellicott City, MD, USA) and PsN-toolkit,['* a
programming library containing a collection of computer inten-
sive statistical methods for nonlinear mixed-effects modelling
and Xpose 4.0,1'% an S-Plus-based population pharmacokinetic-
pharmacodynamic model-building aid for NONMEM® with
an interface containing graphical and statistical tools. The same
two groups generated for stepwise MLR were used: (i) a model-
building subgroup (test group) comprising 27 patients; and
(i1) a model-validation subgroup of the remaining 13 patients,
used for Bayesian estimation. The first-order conditional estima-
tion approach with interaction between parameters (FOCEI)
was used throughout the entire modelling process. As shown in
equations 1 and 2, allometric scaling was used throughout the
modelling process: bodyweight (WT) was linearly incorporated
into clearance (CL), intercompartmental clearance (Q) and V4
terms, with exponents fixed to 0.75 for CL and Q and to 1 for V4
terms.['”1 CL and V for a typical subject with a bodyweight of
WT; were predicted from the structural model as follows:

WT;

TVVg4i =0 Eq. 1
d() vg X WThtea (Eq. 1)

WTi )0.75
TVCL; = ¢ x Eq. 2
CL (WTMed (Eq. 2)
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where TVV,;), and TVCL; are the typical values of V4 and CL
estimated by NONMEM® with allometric scaling, 0, g and 6cp
are the respective values estimated without allometric scaling,
and WTyq is the median bodyweight of the sample set.

The structural pharmacokinetic model was built in two
steps:
(i) First, MPA and MPAG plasma concentrations (after con-
version to molar MPA equivalents) were modelled separately
and various structural models were tested: one-, two- and three-
compartment models with first-order or zero-order absorption
and with or without a lag time (t;,,). MPA concentrations were
modelled alone for ‘parsimony’ reasons, whereas MPAG con-
centrations were separately modelled solely to facilitate further
building of the combined model.
(i1) Subsequently, MPA and MPAG concentrations (MPA molar
equivalents) were simultaneously used to build the structural
pharmacokinetic model. The influence of enterohepatic cycling
was tested during this second stage. For ‘parsimony’ reasons,
simpler models were also tried on the combined MPA and
MPAG plasma concentration-time data. Basic pharmacokinetic
parameters of MPA and MPAG were estimated by NONMEM®
in terms of first-order rate constants (k) and apparent volumes
of distribution of the various compartments. CL and Q were
further computed using conventional equations. For example,
when a two-compartment model was tested, equations 3 and 4
were used to estimate CL and Q from the first-order rate
constants:

CL = ke x V3 (Eq. 3)

Q=kixVy=kpn xV; (Eq. 4)

where k, is the first-order elimination rate constant, V, is the
central compartment volume, Vj is the peripheral compartment
volume, k,; and ks, are the first-order transfer rate constants
from the central to the peripheral compartment and from the
peripheral to the central compartment, respectively. Since oral
bioavailability (F) could not be determined, the values for MPA
CL, V4 and Q correspond to the ratios CL/F, V4/F and Q/F. In
the absence of urine data, the fraction of the MPA dose converted
to MPAG (f,,,) is not precisely known. Therefore, the values for
MPAG V4 and CL correspond to the ratios V4/f,, and CL/f,.
Intra- and interindividual variabilities were modelled using an
exponential error model and initially all parameters were tested.
The value of a parameter in the it individual at the j'" oc-
casion (P;) was a function of the parameter value in the typical
individual (6;) and an individual deviation initially represented
by m; and «;, the interindividual and the intra-individual
variability terms for the j'" occasion for the it patient. The ns
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and «s in the population were supposed to be symmetrically
distributed, zero-mean random variables with a variance that
was estimated as part of the model estimation from equation 5:

(Eq. 5)

1 and/or k terms were maintained in the structural model only

Pij = 91 X exp(ni + Kij)

when they improved the model based on the decrease of the
Akaike information criterion (AIC) computed as described
below.

Additive, proportional, exponential and mixed error models
were tested for the residual error from equations 6-9:

Y = IPRED + €344x (Eq. 6)

Y = IPRED x (1 + €propx) (Eq. 7)

Y = IPRED x (1 + exp(expx)) (Eq. 8)
Y = IPRED x (1 + €propx) + €addx (Eq. 9)

where Y represents the observed concentration, IPRED is the
individual predicted concentration and €,44x, €propx aNd Eexpx
are the additive, the proportional and the exponential error
terms on the substance ‘X’ concentrations, respectively. s are
symmetrically distributed, zero-mean random variables with
variances that are estimated as part of the population model-
fitting process from equations 6-9.

Model selection only concerned models for which the
NONMEM® minimization process was successful and was
based on the following criteria: the AIC, the plausibility and
the precision of parameter estimates and graphical analysis.
The AIC was computed on the model objective function value
(OFV) and the number of parameters used (NPAR) as follows:

AIC = OFV + (2 x NPAR) (Eq. 10)

The models with the lowest AIC were further evaluated. The
precision of parameter estimates, expressed as the standard
error of estimates, was generated by the co-variance option
within the NONMEM® program. Goodness-of-fit plots in-
cluding individual predictions versus observed concentrations,
as well as conditional weighted residuals (CWRES)!3! versus
predictions, and the distribution of CWRES with time after
dose, were used for diagnostic purposes.

To explain interpatient, interoccasion, and residual variability
on pharmacokinetic parameters, relationships were investigated
between pharmacokinetic parameters and the following patient
co-variates: age, sex, race, bodyweight, glomerular filtration rate
(GFR) estimated by the Cockcroft and Gault and Nankivell
formulas,['>2% plasma albumin concentration, liver enzymes
(AST and ALT), serum bilirubin concentration and haemo-
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globin. The use of either sirolimus or ciclosporin as co-medication
was also tested. Individual Bayesian estimates of pharmaco-
kinetic parameters were generated from the structural model and a
stepwise regression model was built between each co-variate and
the individual pharmacokinetic parameters using NONMEM®,
A difference of at least 3.84 in the OFV (%2 p-value <0.05) from the
structural model OFV was considered statistically significant.

Co-variates that were continuous variables (age, bodyweight,
GFR, plasma albumin concentration, AST, ALT, serum bili-
rubin concentration and haemoglobin) were centred to their
median values and tested on the pharmacokinetic parameters
in a linear (equation 11) or nonlinear (equation 12) manner.
For example:

GFR;

K4 = Bkyy + OGFR onkyg X GFRuw (Eq. 11)
GFR; OGER on ks

kg =0 —_— Eq. 12

40 = Ok, + (GFRMed> (Eq. 12)

where k4 is the first-order elimination rate constant from
compartment 4, GFR; is the GFR estimated by the Nankivell
formula for the i" individual and GFRy4 represents the
median GFR estimated by the Nankivell formula.?"]

For the categorical co-variates such as sex, race, time after
the transplantation (occasions 1, 2 and 3 represented 6, 9 and
16 months post-transplantation, respectively) and the use of
sirolimus or ciclosporin as co-medication, a change in a phar-
macokinetic parameter, e.g. k4, was evaluated by equation 13:

Oy, in the case of ciclosporin co-medication
Kat =1 00 + Ogronk,, in th f siroli dicati
kq; T Osironky, 1 the case of sirolimus co-medication

(Eq. 13)

where 0, is the population average first-order transfer rate
constant from compartment 4 to compartment 1 (k4;) for pa-
tients co-medicated with ciclosporin and O on k,, 1s the frac-
tional change in k4, for patients co-medicated with sirolimus.

Certain continuous co-variates were also categorized and
tested as described above and/or combined and tested as a
unique factor. For example, GOT and GPT were combined and
categorized as follows (equation 14):

WT ) ; AST
OcL x <WTMcd) in the case of {77 < 1

CL = wr
Ocr x (WTMed

) + GAST/ALTOHCL in the case of 2_15} >1
(Eq. 14)

where O is the population average CL for patients with an
AST/ALT ratio €1 and Oag1/ALT on c1 18 the fractional change
in CL for patients with an AST/ALT ratio >1.
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Subsequently, a full model was built using NONMEM® in-
cluding all co-variates that showed significant influence on phar-
macokinetic parameters. A backward process was implemented
to build the final model. To partially compensate for the mul-
tiple comparisons, a more restrictive criterion was adopted and
adifference in the OF Vs of >11 (32 p-value <0.001) was required
to maintain the co-variate in the final model. Bootstrapping,
cross-validation and simulations were used to validate the final
model. Two-hundred bootstraps were generated using the PsN
toolkit and a confidence interval was built around the median
of each parameter. Estimated values of each parameter by the
final model were compared with this confidence interval.
During the cross-validation, ‘predicted’ estimates of the OFV
were obtained with the final model by successively removing
one different subject from the dataset. The model with esti-
mates acquired for subset N-1 was applied to the remaining
subject. The root mean square error (RMSE) and MRPE were
computed on the OFVs. Values higher than 30% would suggest
the presence of influential individuals. Finally, the predictive
performance of the model was evaluated using a visual pre-
dictive check (VPC). The population pharmacokinetic model
was used to simulate 1000 hypothetical patients. The distribu-
tion (median and 5th and 95th percentiles) of the simulated
concentration-time curves was compared with the observed
MPA and MPAG concentration values in the original dataset.

Bayesian Estimation

Bayesian estimation on the validation group (by the
POSTHOC and MAXEVAL=0 option of the NONMEM®
estimation subroutine) was performed by using the final model
developed on the model-building patient group. All combina-
tions of three MPA plasma concentration-time points sampled
within 2 hours following mycophenolate mofetil dosing were
tested and the best combination was retained. Previously
published Bayesian estimators developed for adult stable renal
transplant recipients were also assessed in patients allocated to
the validation group.?!-*21 Observed AUC,, values (obtained
by the trapezoidal rule) were compared with AUC,, values
computed using Bayesian estimators as described in the follow-
ing section.

Evaluation of Predictive Performance of Predictors of the
Area under the Plasma Concentration-Time Curve from
0to 12 Hours

Linear regression was performed to evaluate the strength of
the relationship between the AUC,, values predicted by the
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various LSS/Bayesian estimators and the observed AUC,, va-
lues. The Pearson coefficient of determination (r?) was one of
the criteria used to select the best LSS and Bayesian estimator.
In addition, the predictive performance of the various LSSs and
agreement between predicted and observed AUC,, values were
assessed as described by Sheiner and Beall?® and Bland and

(241 respectively. Sheiner and Beall>3! described two

Altman,
parameters: the RMSE to characterize the precision of the
model and the prediction error (PE) to estimate the bias on each
difference between the predicted and observed AUC,,. The
lower the RMSE and PE values, the better the model. Bland
and Altman¥ used the 95% confidence interval around the
MRPE to assess the predictive performance of the LSS.
Equations 15-17 display expressions of estimation of the
relative root mean squared error (rRMSE), relative PE (RPE)
and MRPE, respectively. Finally, during the evaluation of
predictive performance in this study, a model was considered to
display a good predictive performance when, in the validation
sample set, the 95% confidence interval around the MRPE was
included between —20% and +20%[?” of the reference MPA
AUC,, values.

1 AUCpreq — AUCops :
rRMSE = - \/Z < % 100) (Eq. 15)

AUCps

Achobs - A]Jcpred
RPE = 100 Eq. 16
( AUCqp * (Ea. 16)
1 AUCqps — AUCpreq
MRPE = — 100 Eq. 17
NZ( AUCops x (Eq- 17)

where AUC,,,, represents the observed AUC,, and AUC,4
represents the AUC,, predicted by the model.

Therapeutic Drug Monitoring of Mycophenolic Acid

The need for therapeutic drug monitoring to optimize
mycophenolate mofetil dosage was assessed based on an MPA
therapeutic window of 30—60 pg e h/mL for the AUC,,. AUC,,
values obtained in the complete patient dataset (dose: 0.75 g
twice daily) were computed for the three different periods
following transplantation. The percentage of AUC,, values
outside the therapeutic range, thus obtained for the three
different periods post-transplant, was then calculated.

Clin Pharmacokinet 2009; 48 (11)



Limited Sampling Models for MPA in Stable Renal Transplant Patients

751

Table I. Patient characteristics in the test and validation groups

Patient characteristics Test group? Validation group?®
No. of patients 27° 13°

Sex (n; male/female) 18/9 8/5

Age (y) 54 [24-65] 47 [32-67]
Bodyweight (kg) 70 [58-101] 67 [43-132]
MMF daily dose (g) 1.5[1.5-1.5] 1.5[1.5-1.5]
Prednisolone daily dose (mg) 7.5[5-10] 7.5[5-12.5]

Ciclosporin Cq (ng/mL) 174 [103-207] 166 [127-215]
Sirolimus C, (ng/mL) 10.5[6-13.4] 11.5[7.3-17.2]
Serum ALT (U/L) 28 [19-46] 20 [13-42]
Serum AST (U/L) 34 [15-44] 42 [19-62]
GFR® (mL/min) 55 [45-69] 61[53-81]

a Values are expressed as median [range] unless specified otherwise.

b n=27inperiodlandll, and n=24 in period Il (see Patient Characteristics
and Study Design section).

¢ n=13 in period |, and n=12 in periods Il and Il (see Patient
Characteristics and Study Design section).

d Calculated GFR (by the Nankivell formula).[2°]

Co=trough plasma concentration; GFR=glomerular filtration rate; MMF =
mycophenolate mofetil.

a Period |

Concentration of MPA (ug/mL)

b Period |

Period Il

Results

Clinical characteristics of the patients in the test and vali-
dation groups are summarized in table I. There were no
significant differences between the validation and test group
characteristics. Figure 1 shows individual MPA and MPAG
plasma concentration-time profiles. Large pharmacokinetic
variability was observed during the three study periods. Pharma-
cokinetic and exposure parameters of MPA calculated by
noncompartmental analysis are summarized in table II. They
are characterized, in almost all cases, by a high interindividual
variability. Indeed, in all but three cases, the CV of the pharma-
cokinetic parameters was >30%. No statistically significant
differences were found in the pharmacokinetic parameters be-
tween the test and the validation groups.

Figure 2 shows box-and-whisker plots of observed AUC,,
values in the studied patients, who received a fixed dose regimen
of mycophenolate mofetil 1.5 g/day, for the three different pe-
riods following transplantation. Fifty-two percent of the
AUC,, values of 40 patients were outside the therapeutic range
for the AUC,,, i.e. 30—60 pg e h/mL. Especially during the first
observation period, when the patients were co-medicated
with ciclosporin, 63% of the AUC,, values were outside the

Period Il

200

Concentration of MPAG (ug/mL)

Time (h)

Fig. 1. (a) Mycophenolic acid (MPA) and (b) mycophenolic acid glucuronide (MPAG) individual pharmacokinetic profiles during period | (+ 7 months), period Il

(£9 months) and period Il (+ 15 months) [n=40, 39 and 36, respectively].
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Table Il. Pharmacokinetic and exposure parameters of mycophenolic acid
obtained by noncompartmental analysis

Parameter Test group® Validation group? p-Value®
AUC,; (ngeh/mL)

Period | 37.1 [23-65] 38.3 [20-49] 0.81
Period II 42.2[19-81] 52 [18-94] 0.51
Period Il 54.1 [14-79] 56.2 [14-71] 0.95
Cumin (ng/mL)

Period | 1.1[0.2-2.4] 0.8[0.1-2.9] 0.67
Period II 1.6 [0.1-6] 1.7 [0.2-5] 0.41
Period 111 1.5[0.2-10] 1.5[0.2-7] 0.59
Cimax (ng/mL)

Period | 16.5 [9-39.2] 16.1 [8-40] 0.67
Period Il 18.6 [4.2—-43.3] 16.3[0.3—41.2] 0.53
Period 111 12.8 [7-39.] 15.1[6.2-24] 0.18
tmax (h)

Period | 1[0.3-1.3] 1[0.3-1.3] 0.79
Period Il 1[0.3-2] 0.66 [0.3-2] 0.48
Period IlI 1[0.3-2] 1[0.3-2] 0.51
CL/F (L/h)

Period | 12.3[7.6-21] 15.6 [6-35] 0.43
Period II 9.5 [3-29] 15 [2-42] 0.23
Period Il 16.2 [7-92] 15 [3-53] 0.73
V4/F (L)

Period | 61 [28-123] 64.3 [27-184] 0.62
Period II 63 [24—126] 61.8 [17-109] 0.67
Period Il 78 [20-98] 70 [33-142] 0.49
t,. (h)

Period | 4[1.3-6] 7 [2-12.1] 0.54
Period II 4[1.3-13] 5[4—12.4] 0.11
Period IlI 5[2-8.3] 6[3-12] 0.96

a Values are expressed as median [range].
b p-Value of the Wilcoxon rank test.

AUC,,=area under the plasma concentration-time curve during one 12-hour
dosing interval; CL/F=apparent oral clearance; C,ax=maximum plasma
concentration; Cp,i, =minimum plasma concentration; t,,=elimination half-
life; tmax =time to reach C,,,,; V4/F =apparent volume of distribution after oral
administration.

therapeutic range. Although the median AUC,, values during
periods 2 and 3 were located within the therapeutic range, 47% of
patients had AUC,, values outside the 30—60 pg e h/mL range.
Stepwise MLR analysis was used to select MPA plasma
concentration sampling timepoints within the 0—2 hour post-
dose interval. Model equations are shown in table III together
with measures of correlation (Pearson r?), accuracy (MRPE)

© 2009 Adis Data Information BV. All rights reserved.

and precision (rRMSE). Model 1, with samples drawn at
0 hours (pre-dose), 0.66 hours (40 minutes) and 2 hours after
mycophenolate mofetil dosing, showed not only the best fit to
the MPA AUC,, (r>=0.79), but also better prediction precision
and accuracy than the other models. In addition, with this
model, none of the patients had a predicted AUC,, lower than
—20% or higher than +20% of the reference value. This model
was additionally validated by 20 repeated cross-validations and
gave good performance (mean value for the entire set of resid-
uals=-0.03 and CV=23%).

As far as the basic deterministic pharmacokinetic model for
the population analysis is concerned, a two-compartment model
with t,,, and first-order absorption and elimination best fitted
the MPA plasma concentrations, whereas a one-compartment
model with t,, and first-order absorption and elimination
was retained for fitting the MPAG plasma concentrations.
A two-compartment model with ty,,, first-order absorption,
intercompartmental transfer and elimination rate constants plus
a gastrointestinal tract (GIT) and an MPAG compartment best
fitted the combined MPA and MPAG data. A schematic diagram
of the latter model is shown in figure 3. For MPA, the following
pharmacokinetic parameters were estimated: t,,,, absorption rate
constant (k,), apparent volume of the central compartment after

90 A

70 A

50 A

40 A

AUC,, of MPA (ug  h/mL)

30 A

20 A

10 A

Period | Period Il Period 1l

Fig. 2. Box and whisker plots of observed area under the plasma
concentration-time curve during one 12-hour dosing interval (AUC,,) values
in the studied patient population receiving a fixed dosage regimen of myco-
phenolate mofetil 1.5g/day at three different post-transplantation times:
period | (£7 months), period Il (£9 months) and period Il (£15 months). The
boxes represent the 25th, 50th and 75th percentiles, the whiskers represent
the range, the grey shaded area represents the therapeutic range for the
AUC;, (i.e. 30-60 g« h/mL) and the asterisks represent statistically signifi-
cant differences from the period | AUC,, (Kruskal-Wallis [paired] test on the
differences). MPA =mycophenolic acid.
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Table lll. Multiple linear regression models: predicted mycophenolic acid area under the plasma concentration-time curve during one 12-hour dosing interval

(AUC,,) correlated with the observed AUC;,

Model Sampling times (h) Model equation r2 rRMSE (%) MRPE (%) [95% CI]
1 0, 0.66, 2 8.64+5.13¢C(+0.62¢Cy5+2.84Cy 0.79 14 0.9[-2.7,1.6]
2 0,0.33,2 10.69+4.90¢Cy+0.58¢C 33+3.33¢C, 0.73 26 1.6 [-0.5, 7.6]
3 0,1.25,2 10.09+6.39¢Cy+1.03¢Cy 25+1.960C, 0.73 27 1.9[1.5,7]
4 0, 0.66, 1.25 10.29+5.170C+0.44 ¢ Cy g+ 1.26 ¢ C; 55 0.70 33 2.2[-5.4,2.4]
5 0,0.33,1.25 8.35+7.04¢C(y+0.54¢Cy33+1.71eCy 55 0.69 35 2.2[2,7.5]
6 0.33,0.66, 2 7.86+0.56¢C( 33+0.58¢Cpg6+3.95¢C, 0.67 36 -3.2[-8.5, -0.3)]
7 0.33,1.25,2 7.29+0.89¢C33+0.900Cy 55+3.50C, 0.62 41 -3.9[-8.4,-0.2]
8 0.66, 1.25, 2 10.95+0.703¢ Cy 55+ 0.17¢C 25+ 3.5 C, 0.62 41 -4 [-9.4,-0.3]
9 0,2 15.53+5.84¢C(+2.98¢C, 0.67 47 2.7[2, 8.6]

10 0,1.25 12.847.700Cy+1.57¢C; o5 0.64 48 5.41[3.2,11.1]

C,=plasma concentration at x hour(s); MRPE =mean relative prediction error; rRMSE = relative root mean square error.

oral administration (V,/F), apparent volume of the peripheral
compartment after oral administration (V3/F), intercompart-
mental clearance (Q/F=k,; e V,/F=kj3, ¢ V3/F), first-order rate
constants for elimination from the central compartment (k,g)
and biotransformation (glucuronidation) to MPAG apparent
clearance (CL/F =k,, ¢ V5/F). For MPAG, the apparent volume
of distribution (V4/f,,) and first-order rate constants for renal
elimination (k4) and enterohepatic cycling (k,;) were estimated
(table IV).

The GFR estimated by the Nankivell formula was the only co-
variate maintained in the final model on MPA concentrations
alone. This factor significantly influenced MPA clearance. A final
model with better performance with regard to the precision of
estimates and graphical analysis was obtained with the combined
MPA and MPAG data. In table V, the final model parameters
including co-variates are summarized. The introduction of an
enterohepatic cycle (a non-null value for k) significantly im-
proved the model (AOFV =58), but in the final combined model
this was retained only in the case of sirolimus co-medication:
the value of k4, was close to 0 (0.0004) in the case of ciclosporin
co-medication (see equation 13). The AST/ALT ratio signifi-
cantly influenced the MPA phenol-glucuronidation (CL) when
introduced in the model as a categorical parameter as shown in
equation 14, whereas the GFR estimated by both the Cockroft-
Gault and Nankivell formulas linearly (see equation 11) signifi-
cantly influenced the MPAG elimination rate constant, k,,. Only
the Nankivell-calculated GFR was retained in the final model.
A good estimation of all model parameters was obtained (stan-
dard error of estimates <41% of estimates) in the final model.
Figures 3—5 show diagnostic plots of the final model’s perfor-
mance. The retained final model validation by bootstrapping and

© 2009 Adis Data Information BV. All rights reserved.

case deletion diagnostics followed by cross-validation gave satis-
factory results. From the cross-validation, the RMSE and MRPE
computed on OFVs were 24% and 18%, respectively. In addition,
all parameters were included in the 15-60% confidence interval
computed with the parameter values obtained from the 200
bootstraps. Finally, the predictive performance of the model was
evaluated using a VPC. The population pharmacokinetic model
was used to simulate 1000 hypothetical patients. The results are
shown in figure 6. The overlap of the simulated and original
distributions indicates the accuracy of the identified model.
Bayesian estimation of pharmacokinetic parameters from
samples drawn at 0 hours (pre-dose), 1.25 hours and 2 hours after
drug intake enabled the best prediction of the individual AUC,,
with satisfactory accuracy and precision as compared either with
the reference value obtained by using the trapezoidal method
(r>=0.93, MRPE =-0.4%, rRMSE = 12.4%) or with the Bayesian
estimator computed from all samples (r>=0.96, MRPE=0.52%,

tiag l v, Tkzo A
Kiz MPA kog MPA
GIT »  central < peripheral
compartment Kso compartment
A
Kaq
Va v
Kas MPAG Kao

central compartment

Fig. 3. Schematic diagram of the two-compartment model plus a metabolite
compartment used to describe mycophenolic acid (MPA) and mycophenolic
acid glucuronide (MPAG) pharmacokinetics. GIT=gastrointestinal tract;
k,, =intercompartmental transfer rate constant; tj,4=lag time; V,=volume of
distribution of the central compartment of MPA; V;=volume of distribution of
the peripheral compartment of MPA; V4 =volume of distribution of the central
compartment of MPAG.
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Table IV. Population pharmacokinetic analysis for the combined myco-
phenolic acid (MPA) and mycophenolic acid glucuronide (MPAG) plasma

concentrations: structural model characteristics (n=27 +27 +24)?

Parameter Estimate IV (estimate IOV (estimate
[CV%]P [CV%]P) [CV%IP)

Ot (h) 0.3[8.9]

Ok, () 1.9 [26] 17 [48] 58 [35]

Ov,/F (L) 14.0[13] 18 [44] 21 [40]

Ov,y/F (L) 248 [48]

Oy, /tm (L) 5[23] 15 [39]

Ocu/r (L) 7(7.2] 5.6 [29] 67 [26]

0q,F (L/h) 24.3[12] 27 [41]

Bkyo (h71) 0.41[27]

Bk, (W) 0.21 [46] 43[32] 9 [51]

Bk,, (™) 0.06 [49] 62 [52]

€prop MPA (%) 0.4[14]

€prop MPAG (%) 0.2[57]

€add Mpa (1g/mL) [SD] 0.1[102]

occasions: during the initial post-transplantation period when
patients received ciclosporin as co-medication, and 60 days and
270 days after switching the co-medication from ciclosporin to
sirolimus.

MLR models were developed to predict individual AUC,,
values by using two or three sampling times within 2 hours
following mycophenolate mofetil administration. As expected,
model equations based on three sampling times in general
performed better than those based on two sampling times.

Table V. Population pharmacokinetic analysis for the combined mycophe-
nolic acid (MPA) and mycophenolic acid glucuronide (MPAG) plasma con-
centrations: final model characteristics (n=27 +27 +24)®

a n=27inperiodlandll, and n=24in period lll (see Patient Characteristics
and Study Design section).

b CV% represents the precision of the estimate.

£aqa = additive error; gprop=proportional error; 0=population parameter;
CL/F=apparent oral clearance; CV =coefficient of variation; f,,=fraction of
the MPA dose converted to MPAG; IIV = interindividual variability; IOV =inter-
occasion (intra-individual) variability; k,, =intercompartmental transfer rate
constant; Q/F =apparent intercompartmental clearance after oral administra-
tion; tiag=lag time; V,/F=apparent volume of distribution of the central
compartment of MPA after oral administration; V3/F =apparent volume of
distribution of the peripheral compartment of MPA after oral administration;
V,/F =apparent volume of distribution of the central compartment of MPAG
after oral administration.

rRMSE =19%). With this model, none of the patients had an
AUC,, lower than —20% or higher than +20% of the reference
value. Our algorithm applied to the validation group,i.e.n=13 +
12 + 12, performed much better than two previously proposed
algorithms applied to our validation dataset (table VI). Figure 7
shows the linear regression between the observed (trapezoidal
method) and predicted (Bayesian estimation and MLR) AUC,,
in the validation group.

Discussion

The pharmacokinetics of MPA and MPAG were determined
in kidney transplant recipients receiving mycophenolate mofetil
0.75 g twice daily. Plasma concentrations of MPA and MPAG
were measured during one dosing interval on three different

© 2009 Adis Data Information BV. All rights reserved.

Parameter Estimate v 10V 95% ClI of
[CV%]P (estimate (estimate parameter
[CV%]P) [CV%]P) estimates
from 200
bootstraps
Ot (h) 0.26 [7.4] 0.1,0.3
By, (W) 1.83[32] 62[18] 1,4
Oy, /F (L) 14.7 [22] 3.2[12] 21[31] 11,16
Oygr (L) 250 [32] 122, 476
Oy /i (L) 6.31[17] 2,15
Oc/F (L/h) 14.7 [11] 13 [26] 8,28
Bsironkyy (M) 0.10[14] 0.03,0.5
Bkyo (W) 0.36 [23] 0.08, 1.7
0a/F (L/h) 21.1[0.8] 17[8] 12,29
Bikyo (N71) 0.36 [23] 0.03, 1.6
Bk, (h71) 0.008[41] 2[16] 5[39] 0.001, 0.1
OAST/ALT on CL/F 3.1[33] 24,62
0GFR on kyg 0.12[10.7] 0.07,0.15
Eprop MPA (%) 0.41 [59] 0.25,0.5
Eprop MPAG (%) 0.18[0.4] 0.14,0.4
€add mpa (LQ/mL) [SD]  0.19 [63] 0.16, 0.22

a n=27inperiodlandll, and n=24in period lll (see Patient Characteristics
and Study Design section).

b CV% represents the precision of the estimate.

£aqq = additive error; gp.op=proportional error; 6=population parameter;
CL/F =apparent oral clearance; CV =coefficient of variation; f,=fraction of
the MPA dose converted to MPAG; GFR = glomerular filtration rate calculated
by the Nankivell formula; IV =interindividual variability; IOV =interoccasion
(intra-individual) variability; K, =intercompartmental transfer rate constant;
Q/F=apparent intercompartmental clearance after oral administration;
Sir=sirolimus; t,g=lag-time; V,/F=apparent volume of distribution of the
central compartment of MPA after oral administration; V3/F=apparent
volume of distribution of the peripheral compartment of MPA after oral
administration; V,/F = apparent volume of distribution of the central compart-
ment of MPAG after oral administration.
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Fig. 4. Individual predicted (IPRED) vs observed (OBS) concentrations of
(a) mycophenolic acid (MPA) and (b) mycophenolic acid glucuronide (MPAG)
in the final population pharmacokinetic model. Occasions 1, 2 and 3 corre-
spond to periods I, Il and Il (7, +9 and +15 months after transplantation),
respectively.

The MLR equation based on plasma concentrations of MPA
obtained at 0 hours (pre-dose), 0.66 and 2 hours post-dose
showed the best predictive performance, which was not very
different from the predictive performance obtained with the
Bayesian estimator. However, unlike MAP Bayesian estima-
tion of the AUC,,, LSSs based on MLR require strict ad-
herence to sampling times. Nevertheless, the MLR approach is
interesting because it is easier to implement in routine practice
than the Bayesian estimation method. Several LSSs based on
MLR in stable renal transplant patients co-medicated with
tacrolimus or ciclosporin have already been published.[>>-28]
First of all, the various model equations were based on sam-
pling times ranging from 0 hours (pre-dose) to 12 hours post-
dose, making some of them less practical as they would require
a long hospital visit for the patient. Moreover, some of these
model equations were neither internally nor externally vali-
dated. Recently, Figurski et al.*! developed an MLR predictive
LSS to estimate the AUC;, of MPA in stable renal transplant
patients co-medicated with sirolimus or ciclosporin. The model
equations were well validated and the sampling times were re-
stricted, as in our case, to the 2-hour time period following myco-
phenolate mofetil administration. Their best model equation was
based on sampling times at 0, 0.66 and 2 hours, exactly the same
times selected for our MLR estimation of the MPA AUC;,.
This is the first report on MPA population pharmaco-
kinetics in renal transplant patients on sirolimus co-medication
and covering a post-transplantation period of up to 15 months.

© 2009 Adis Data Information BV. All rights reserved.

An enterohepatic elimination model with an absorption t,,, and
first-order absorption for MPA, central and peripheral com-
partments for MPA, a central compartment for MPAG and
first-order elimination of MPAG into the urine and into the
GIT followed, in the case of sirolimus co-medication, by hydro-
lysis and reabsorption of MPA, best described the data.
A population pharmacokinetic model was developed by
using nonlinear mixed-effects modelling and validated by
goodness-of-fit plots, precision of estimates, bootstrapping and
simulation-based diagnostics.

Several population pharmacokinetic models have been de-
scribed for MPA or MPA/MPAG in stable renal transplant
patients.[?1-22:30-351 Although the absorption following oral
administration of mycophenolate mofetil is quite complex, in
most cases a biexponential elimination model with first-order
absorption and an absorption t,,, was selected to describe the
data. Multiple peaks are often observed in the MPA plasma
concentration-time profiles due to enterohepatic cycling.[30-321
MPAG excreted into the bile may be deconjugated back to
MPA, which is subsequently reabsorbed. Biliary excretion of
MPAG and subsequent distal reabsorption of MPA are likely
to require several transport mechanisms, including organic
anion transporters and multidrug resistance-associated pro-
tein 2 (MRP-2).3¢ Ciclosporin has been shown to interrupt
the enterohepatic cycling of MPA/MPAG by inhibiting
MRP-2.37-38 This could therefore be the reason why the
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Fig. 5. Combined mycophenolic acid and mycophenolic acid glucuronide
conditional weighted residuals (a) vs predicted concentrations and (b) vs time
in the final population pharmacokinetic model. Occasions 1, 2 and 3 corre-
spond to periods |, Il and Il (7, +9 and +15 months after transplantation),
respectively.
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Fig. 6. Visual predictive check results of (a) mycophenolic acid (MPA) and
(b) mycophenolic acid glucuronide (MPAG) concentrations. The shaded
area shows the limits of the 5th and 95th percentiles of the simulated
concentrations. Occasions 1, 2 and 3 correspond to periods I, Il and Ill (7, +9
and £15 months after transplantation), respectively.

structural pharmacokinetic model, which included a central
compartment for MPAG and a first-order rate constant
describing the excretion of MPAG into the GIT followed by
hydrolysis and reabsorption of MPA, best fitted our data on
both MPA and MPAG plasma concentrations (figure 2).
Inclusion of the following three co-variates in the popula-
tion pharmacokinetic model significantly reduced the inter-
individual, intra-individual or residual variability of certain
pharmacokinetic parameters: AST/ALT on CL (i.e. MPA
glucuronidation), GFR on k;y (MPAG renal excretion rate)
and sirolimus co-medication on k4, (biliary excretion/
hydrolysis of MPAG). Both the Cockroft-Gault and Nankivell
estimations of the GFR showed a significant influence on
MPAG renal excretion (i.e. kyo) during the co-variate inclusion
process. However, only the GFR estimated by the Nankivell
method was retained in the final model after the backward

exclusion process, meaning that it affected the OFV more than
the GFR estimated by the Cockroft-Gault method. In previous
population pharmacokinetic studies of MPA or MPA/MPAG
co-variates depending on liver function such as bilirubin, serum
AST and ALT levels were not identified as significant co-
variates. The influence of GFR on MPAG renal excretion is
logical but has not been shown before in a population pharmaco-
kinetic study, probably because MPAG measurements are
usually not included in these models. Switching from ciclosporin
to sirolimus as co-medication necessitates the inclusion of entero-
hepatic cycling in the model because ciclosporin effectively in-
terrupts enterohepatic cycling of MPA/MPAG. It has previously
been suggested that enterohepatic cycling may be more pro-
nounced in the period immediately following transplantation as
a possible explanation for the higher interindividual variability in
MPA pharmacokinetics generally observed in the early post-
transplantation period.?'! Our data show that enterohepatic
cycling of MPA/MPAG is not significantly different at 9 months
versus 15 months post-transplantation in patients receiving sir-
olimus as co-medication. Enterohepatic cycling in these patients,
calculated as the ratio of k4; to k4 + kyg, and therefore re-
presenting the fraction of MPAG recycled in the body, was esti-
mated to be approximately 46%.

Based on the final population pharmacokinetic model, MAP
Bayesian estimation of individual AUC,, values was performed
by using various combinations of three blood sampling times
within 2 hours following mycophenolate mofetil administra-
tion. Plasma concentrations of MPA/MPAG obtained at 0,
1.25 and 2 hours resulted in the best predictive performance.
The MRPE for this model was very small (-0.4%). The predic-
tive performance of two previously published algorithms,!-2?1
using Bayesian forecasting and based on three sampling times
(0,0.25 and 3 hours) to estimate individual AUC,, values in our
studied patient population, was not as good as ours. There are
two possible explanations why our algorithm performed better
than the previously published Bayesian estimators. First, MPA
and MPAG plasma concentrations were used to build our

Table VI. Comparison of the performance of two previously published Bayesian estimators with the Bayesian estimator based on the model developed in the

present study

Study Sampling Estimation r rRMSE MRPE (%)
times (h) method (%) [95% CI]

Present 0,1.25,2 MEM/FOCEI 0.93 12.4 -0.4[-0.9, 2.1]

Prémaud et al.l21] 0.33,1,3 ITS 0.42 74 27 [5, 30]

Le Guellec et al.[??] 0.33,1,3 MEM/FO 0.54 48 33[6, 47]

FO =first-order estimation method; FOCEI =first-order conditional estimation approach with interaction between parameters; ITS =iterative two-stage method;
MEM = mixed-effects modelling; MRPE =mean relative prediction error; rRMSE =relative root mean square error.
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Fig. 7. Bayesian (a) and multiple linear regression (b) predicted area under
the plasma concentration-time curve during one 12-hour dosing interval
(AUC;,) vs the observed AUC,, computed by the trapezoidal rule.

model, whereas the previously published estimators were based
on MPA plasma concentrations only. In addition, the valida-
tion group patients used to evaluate our Bayesian estimator had
many common characteristics with the test group patients:
same hospital, same clinical practice, same time post-transplant
period, etc., whereas the previously published algorithms were
evaluated on a really independent sample set.

While individualization of mycophenolate mofetil treat-
ment in renal transplant patients based on target concentration
intervention, particularly during the first 2 months post-
transplantation, has been recommended by scientific societies
and during consensus conferences, the use of a fixed-dose
mycophenolate mofetil regimen in combination with calci-
neurin inhibitors and corticosteroids is still standard practice
for the prevention of acute rejection. Le Meur et al.3l showed
that therapeutic drug monitoring using a Bayesian estimator
of the MPA AUC,, based on three-point sampling reduced the
risk of treatment failure and acute rejection in renal allograft
recipients 12 months post-transplantation with no increase in
adverse events. The results of the present study in renal trans-
plant patients show that following administration of a myco-
phenolate mofetil 1.5 g/day fixed-dosage regimen, the AUC, is
located outside the therapeutic range in approximately 50% of
the patients during the three study periods, suggesting the need
for an individual dose adjustment.

Conclusion

Based on the results of the present study, the Bayesian
estimator using MPA and MPAG plasma concentrations at
0, 1.25 and 2 hours would be an efficient tool to individualize
mycophenolate mofetil dosage in renal transplant patients.

© 2009 Adis Data Information BV. All rights reserved.

Nevertheless, this approach should be validated in a random-
ized, prospective clinical trial.

Acknowledgements

No sources of funding were used to assist in the preparation of this
study. The authors have no conflicts of interest that are directly relevant to
the content of this study.

References
1. European Mycophenolate Mofetil Corporate Study Group. Placebo-
controlled study of mycophenolate mofetil combined with cyclosporine and
corticosteroids for prevention of acute rejection. Lancet 1995; 345: 1321-25

2. Langman LJ, LeGatt DF, Yatscoff R. Pharmacodynamic assessment of
mycophenolic acid-induced immunosuppression by measuring IMP dehy-
drogenase activity. Clin Chem 1995; 41: 295-9

3. Allison AC, Eugui EM. The design and development of an immunosuppressive
drug, mycophenolate mofetil. Semin Immunopathol 1993; 14: 353-80

4. Hale MD, Nicholls AJ, Bullingham RES, et al. The pharmacokinetic-
pharmacodynamic relationship for mycophenolate mofetil in renal trans-
plantation. Clin Pharmacol Ther 1999; 64: 672-83

5. Staatz CE, Tett SE. Clinical pharmacokinetics and pharmacodynamics of
mycophenolate in solid organ transplant recipients. Clin Pharmacokinet
2007; 46: 13-58

6. van Gelder T, Hilbrands LB, Vanrenterghem Y, et al. A randomized double-
blind, multicenter plasma concentration controlled study of the safety and
efficacy of oral mycophenolate mofetil for the prevention of acute rejection
after kidney transplantation. Transplantation 1999; 68: 261-6

7. Cellcept (mycophenolate mofetil) 500 mg powder: summary of product char-
acteristics. Welwyn Garden City: Roche Products Limited, 2009 Jun 8 [on-
line]. Available from URL: http://emc.medicines.org.uk/medicine/1681/SPC/
Cellcept+500mg+Powder/ [Accessed 2009 Sep 11]

8. Shaw LM, Sollinger HW, Halloran P, et al. Mycophenolate mofetil: a report of
the consensus panel. Ther Drug Monit 1995; 17: 690-9

9. Johnson AG, Rigby RJ, Taylor PJ, et al. The kinetics of mycophenolic acid and
its glucuronide metabolite in adult kidney transplant recipients. Clin Phar-
macol Ther 1999; 66: 492-500

10. Bullingham R, Monroe S, Nicholls AJ, et al. Pharmacokinetics and bioavail-
ability of mycophenolate mofetil in healthy subjects after single oral and
intravenous administration. J Clin Pharm 1996; 36: 315-24

11. Wollenberg K, Krumme B, Schollmeyer P, et al. Pharmacokinetics of myco-
phenolic acid after renal transplantation. Transplant Proc 1998; 30: 2237-9

12. Mourad M, Malaise J, Chaib Eddour D, et al. Correlation of mycophenolic
acid pharmacokinetic parameters with side effects in kidney transplant
patients treated with mycophenolate mofetil. Clin Chem 2000; 47: 88-94

13. Sennesael JJ, Bosmans JL, Bogers JP, et al. Conversion from cyclosporine to
sirolimus in stable renal transplant recipients. Transplantation 2005; 80: 1578-85

14. Pawinski T, Hale MD, Korecka M, et al. Limited sampling strategy for
the estimation of mycophenolic acid area under the curve in adult renal
transplant patients treated with concomitant tacrolimus. Clin Chem 2002; 48:
1497-504

15. Lindbom L, Pihlgrem P, Jonsson EN. PsN-toolkit: a collection of computer
intensive statistical methods for non-linear mixed effect modeling using
NONMEM. Comput Methods Programs Biomed 2005; 79: 241-57

16. Jonsson EN, Karlsson MO. Xpose: an S-Plus based population pharmaco-
kinetic/pharmacodynamic building aid for NONMEM. Comput Methods
Programs Biomed 1999; 58: 51-64

17. Hu TM, Hayton WL. Allometric scaling of xenobiotic clearance: uncertainty
versus universality. AAPS Pharm Sci 2001; 3: 1-15

Clin Pharmacokinet 2009; 48 (11)



758

Musuamba et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

. Hooker AC, Staatz CE, Karlsson MO. Conditional weighted residuals (CWRES):

a model diagnostic for the FOCE method. Pharm Res 2007; 24: 2187-97

Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum
creatinine. Nephron 1976; 16: 31-41

Nankivell BJ, Gruenewald SM, Allen RD, et al. Predicting glomerular filtra-
tion rate after kidney transplantation. Transplantation 1995; 59: 1683-9

Prémaud A, Le Meur Y, Debord J, et al. Maximum a posteriori Bayesian
estimation of mycophenolic acid pharmacokinetics in renal transplant re-
cipients at different postgrafting periods. Ther Drug Monit 2005; 27: 354-61

Le Guellec C, Bourgoin H, Biichler M, et al. Population pharmacokinetics and
Bayesian estimation of mycophenolic acid concentrations in stable renal
transplant patients. Clin Pharmacokinet 2004; 43: 253-66

Sheiner LB, Beal SL. Some suggestions for measuring predictive performance.
J Pharmacokinet Biopharm 1981; 9: 503-12

Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet 1986; I: 307-10

Willis C, Taylor PJ, Salm P, et al. Evaluation of limited sampling strategies for
estimation of 12-hour mycophenolic acid area under the plasma concentration-
time curve in adult renal transplant patients. Ther Drug Monit 2000; 22: 549-54

Yeung S, Tong KL, Tsang WK, et al. Determination of mycophenolate area
under the curve by limited sampling strategy. Transplant Proc 2001; 33: 1052-3

Zicheng Y, Xianghui W, Peijun Z, et al. Evaluation of the practicability of
limited sampling strategies for the estimation of mycophenolic acid exposure
in Chinese adult renal recipients. Ther Drug Monit 2007; 29: 600-6

Filler G, Mai 1. Limited sampling strategy for mycophenolic acid area under
the curve. Ther Drug Monit 2000; 22: 169-73

Figurski MJ, Nawrocki A, Pescovitz MD, et al. Development of a predictive
limited sampling strategy for estimation of mycophenolic acid area under the
concentration time curve in patients receiving concomitant sirolimus or
cyclosporine. Ther Drug Monit 2008; 30: 445-55

Shum B, Duffull SB, Taylor PJ, et al. Population pharmacokinetic analysis of
mycophenolic acid in renal transplant recipients following oral administra-
tion of mycophenolate mofetil. Br J Clin Pharmacol 2003; 56: 188-97

© 2009 Adis Data Information BV. All rights reserved.

31

32.

33.

34.

35.

36.

37.

38.

39.

Jiao Z, Ding JJ, Shen J, et al. Population pharmacokinetic modelling for en-
terohepatic circulation of mycophenolic acid in healthy Chinese and influence
of polymorphism in UGT1A9. Br J Clin Pharmacol 2008; 65: 893-907

Cremers S, Schoemaker R, Scholten E, et al. Characterizing the role of
enterohepatic recycling in the interactions between mycophenolate mofetil
and calcineurin inhibitors in renal transplant patients by pharmacokinetic
modelling. Br J Clin Pharmacol 2007; 10: 249-56

van Hest RM, Mathot RAA, Pescovitz MD, et al. Explaining variability in
mycophenolic acid exposure to optimize mycophenolate mofetil dosing:
a population pharmacokinetic meta-analysis of mycophenolic acid in renal
transplant recipients. J Am Soc Nephrol 2006; 17: 871-80

Staatz CE, Dufull SB, Kiberd D, et al. Population pharmacokinetics of
mycophenolic acid during the first week after transplantation. Eur J Clin
Pharmacol 2005; 61: 507-16

van Hest RM, van Gelder T, Vulto AG, et al. Population pharmacokinetics of
mycophenolic acid in renal transplant recipients. Clin Pharmacokinet 2005;
44:1083-96

Kuypers DR, Verleden G, Naesens M, et al. Drug interaction between myco-
phenolate mofetil and rifampin: possible induction of uridine diphosphate
glucurosyl-transferase. Clin Pharmacol Ther 2005; 78: 81-8

Hesselink DA, Van Hest RM, Mathot RAA, et al. Cyclosporine interacts with
mycophenolate mofetil by inhibiting the multidrug resistance-associated
protein 2. Am J Transplant 2005; 5: 987-94

van Gelder T, Klupp J, Barten MJ, et al. Comparison of the effects of tacro-
limus and cyclosporine on the pharmacokinetics of mycophenolic acid. Ther
Drug Monit 2001; 23: 119-28

Le Meur Y, Buchler M, Thierry A, et al. Individualized mycophenolate mofetil
dosing based on drug exposure significantly improves patient outcomes after
renal transplantation. Am J Transplant 2007; 7: 2496-503

Correspondence: Mrs Flora T. Musuamba, Université Catholique de
Louvain, School of Pharmacy, Faculty of Medicine, Av. E. Mounier, 73/69,
B-1200 Bruxelles, Belgium.

E-mail: flora.musuamba@uclouvain.be

Clin Pharmacokinet 2009; 48 (11)



	Limited Sampling Models and Bayesian Estimation for Mycophenolic Acid Area under the Curve Prediction in Stable Renal Transplant Patients Co-Medicated with Ciclosporin or Sirolimus
	Abstract
	Background
	Patients and Methods
	Patient Characteristics and Study Design
	Analytical Method
	Noncompartmental Pharmacokinetic Analysis
	Multiple Linear Regression and Limited Sampling Strategies
	Population Pharmacokinetic Analysis
	Bayesian Estimation
	Evaluation of Predictive Performance of Predictors of the Area under the Plasma Concentration-Time Curve from 0 to 12 Hours
	Therapeutic Drug Monitoring of Mycophenolic Acid

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


