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1 ABSTRACT

The immunosuppressive agent mycophenolate mofetil has been succesfully used over the past 10 years
to prevent acute allograft rejection after renal transplantation. It has mainly been administered with a
fixed dose of mycophenolate mofetil 1000 mg twice daily. The pharmacokinetics of mycophenolic acid,
the active moiety of the prodrug mycophenolate mofetil, show large between-patient variability, and
exposure to mycophenolic acid correlates with the risk for acute rejection. This suggests that the already
excellent clinical results can be further improved by mycophenolate mofetil dose individualisation. This
reviewdiscussesdifferentargumentsinfavourof individualisation of mycophenolate mofetil dose, as well
as strategies for managing mycophenolate mofetil therapy individualisation, including pharmacokinetic
and pharmacodynamic monitoring and dose individualisation based on pharmacogenetic information.
It is expected that pharmacokinetic monitoring of mycophenolic acid will offer the most effective and
feasible tool for mycophenolate mofetil dose individualisation.

2 INTRODUCTION

Mycophenolate mofetil (MMF) is a prodrug of mycophenolic acid (MPA). The recently introduced
enteric-coated mycophenolate sodium (EC-MPS) contains MPA as the active compound. MPA has
immunosuppressive properties through the selective, reversible and non-competitive inhibition of
inosine monophosphate dehydrogenase (IMPDH). Inhibition of this enzyme, which consists of two
isoforms (type | and type II), leads to an arrest of synthesis of guanosine monophosphate, which is
necessary for de novo synthesis of purine nucleotides. As proliferation of T- and B-cells is largely
dependent on the de novo pathway, MPA selectively inhibits proliferating lymphocytes [1,2]. MPA has
a 4.8-fold higher inhibitory affinity for IMPDH type Il than type | [2].

Since its approval by the US FDA in 1995, MMF has proven to be effective in the prevention of acute
rejection after renal transplantation. For example, a pooled efficacy analysis showed a decrease
of the rate of biopsy-proven acute rejection in renal transplant patients from 40.8% with regimens
of ciclosporin, corticosteroids and azathioprine or placebo, to 19.8% and 16.5% with regimens
consisting of ciclosporin, corticosteroids and MMF 2 or 3 g/day, respectively [3]. Comparable results
have been obtained with MMF in combination with tacrolimus [1]. Strikingly, one recent multi-center
study [4] could not find a significant difference in the incidence of acute rejection between MMF and
azathioprine in a highly selected population of recipients of a first cadaveric renal transplant. The
absence of a positive effect of MMF was explained by an improved exposure to ciclosporin after
Neoral® administration compared with previous trials which used Sandimmune®. Nevertheless, MMF
has largely replaced azathioprine in most immunosuppressive regimens, considering that 79% of renal
transplant recipients in the US used MMF at hospital discharge in 2002 [5]. The success of MMF in
solid organ transplantation has also led to its application for prevention of graft-versus-host disease
after haematopoietic stem cell transplantation, as well as for treatment of autoimmune disorders such
as systemic lupus erythematosus and psoriasis [6]. Another important aspect that may have contributed
to its widespread use, is that MMF is considered as easy to use with a fixed dose recommendation of
1 gram twice daily, without the need for monitoring, which is in contrast with the use of ciclosporin,
sirolimus or tacrolimus [7].

Despite the successful use of MMF, a growing amount of data suggests that the “one-size-fits-all”
strategy for MMF may not be the optimal therapeutic option. With fixed dose therapy a 10-fold
between-patient variability in exposure to MPA is observed. In addition, the changing pharmacokinetics
of the drug over time, and the large between-patient variability in IMPDH inhibition are arguments that
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suggest that individualisation of MMF dose can further improve current MMF practice [1,8,9]. This
review focuses on the need for individualisation of MMF therapy and subsequently discusses possible
pharmacokinetic and pharmacodynamic methods that could serve as a basis for dose individualisation.
For more general aspects about the use of MMF in solid organ transplantation, as well as for detailled
information about EC-MPS, the reader is referred to previous papers in this journal [10,11].

3 PHARMACOKINETICS
AND PHARMACODYNAMICS
OF MYCOPHENOLATE MOFETIL

After oral adminstration, MMF undergoes rapid presystemic de-esterification to MPA[12]. The absorption
process of MPA is fast and almost complete, with maximum plasma concentrations generally occurring
within 1 h after MMF administration. MPA binds extensively to plasma albumin with a free fraction of
< 3% [12]. The protein binding of MPA is presumed to play an important role in the pharmacokinetics of
MPA. First, it is the free fraction of MPA that is available for immunosuppressive activity, and, second,
MPA is believed to be a restrictively cleared drug. The latter means that it is the free fraction of MPA
which is supposed to be available for elimination from the body. The consequence is that an increase of
the free fraction of MPA will subsequently result in an increase of MPA clearance [13]. MPA is cleared
through metabolism by uridine diphosphate-glucuronosyltransferase (UGT) enzymes in liver, kidney and
intestinal mucosa [14,15]. The main metabolite is primarily formed by UGT1A9 and is the phenolic MPA
glucuronide (MPAG), which is not pharmacologically active [12,15,16]. MPAG has a protein binding of
82% and is known to displace MPA from its albumin binding sites at high concentrations, which may
occur during renal insufficiency [12,17]. Other glucuronide metabolites have been identified: the phenolic
glucoside and the acyl glucuronide (AcMPAG) metabolite [15,16,18]. The latter is formed by UGT2B7 and
has been shown to be pharmacologically active in vitro[1,14]. AcMPAG has been linked to the occurrence
of gastrointestinal adverse effects that are frequently observed with MMF therapy, and which are an
important reason for MMF dose reductions or for discontinuation of the drug [19]. The pharmacokinetics
of MPA are further characterised by an enterohepatic recirculation, in which MPAG is excreted into bile;
thereafter MPAG is deglucuronidated in the gut by the intestinal flora to form MPA, which is reabsorped
from the colon, leading to a second peak concentration 6 - 12 h after MMF administration [12]. The
contribution of enterohepatic recirculation to the total MPA area-under-the-curve (AUC) ranges 10 - 61%
in humans [12]. Finally, the glucuronide metabolites are excreted by the kidneys.

The course of inhibition of IMPDH activity runs parallel to the MPA concentration-time profile. Maximal
IMPDH inhibition coincides with maximal MPA concentrations ~ 1 h after MMF administration [20,21].
In five dialysis patients, IMPDH inhibition persisted for 4 h, despite MPA concentrations below a mean
value of 2.0 mg/L. IMPDH activity returned to baseline 11 h after MMF dosing [22].

EC-MPS was developed to reduce the gastrointestinal adverse effects occurring with the use of MMF.
Absorption of MPA following EC-MPS administration is delayed compared with MMF because MPA
becomes available for absorption no earlier than in the ileum as a result of the enteric-coating [11].
The result is that maximum concentrations occur 1 - 8 h after EC-MPS intake [23,24]. Despite this
difference in pharmacokinetics, several studies have shown bioequivalent MPA exposure after EC-
MPS compared with MMF [25,26], and also therapeutic equivalence has been found in stable renal
transplant recipients [27].
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4 THE NEED FOR MYCOPHENGOLATE MOFETIL
DOSE INDIVIDUALISATION

The official dose recommendation for MMF in adult renal transplant recipients is to use 2000 mg/day
in combination with a calcineurin inhibitor and corticosteroids. This dosing strategy was based on the
three so-called pivotal randomised, controlled, double-blind, multicentre trials for MMF [28-30]. These
trials included in total 1493 renal transplant recipients and showed that a dose of 3000 mg/day did not
significantly reduce the incidence of biopsy-proven acute allograft rejection over a dose of 2000 mg/day,
whereas gastrointestinal toxicity and tissue-invasive cytomegalovirus disease occurred significantly more
frequently with MMF 3000 mg. Since these studies, data have become available which provide four reasons
to question the justification of a fixed MMF dose: 1) the existence of a concentration-effect relationship;
2) large between-patient variability in pharmacokinetics and pharmacodynamics; 3) an increase of MPA
exposure over time after transplantation despite a fixed dose; and 4) the influence of co-medication.

4.1 Mycophenolic acid
concentration-effect relationship

After a small pilot study in Japanese renal transplant recipients [31], the existence of a strong
relationship between exposure to MPA and the risk for acute allograft rejection was demonstrated
in a randomised concentration controlled trial (RCCT) of MPA (table 1) [8,32]. A total of 150 renal
transplant recipients, who received MMF in combination with ciclosporin were randomised to three
AUC target groups: low (16.1 mg*h/L), intermediate (30.3 mg*h/L) and high AUC target group (60.6
mg*h/L). AUC was measured on nine occasions during the first 6 months after transplantation, and the
MMF dose was adjusted accordingly. In the low AUC target group, the primary end point of biopsy-
proven acute rejection was observed in 27.5% of patients, and in the intermediate and high AUC
target groups, corresponding values were 14.9% and 11.5% respectively. Patients experiencing biopsy-
proven acute rejection had a significantly lower MPA exposure than patients free from rejection. AUC
correlated better than predose level with the incidence of biopsy-proven acute rejection (p < 0.001 for
AUC versus p=0.01 for predose level). A concentration-effect relationship was also found in paediatric
renal transplant recipients [33]. A MPA AUC,,, < 33.8 mg*h/L, as well as a MPA predose level < 1.2
mg/L, were associated with a significantly increased risk for acute rejection in the first 3 weeks after
renal transplantation (p = 0.005 and p < 0.001, respectively). Interestingly, a study in 94 adult renal
transplant recipients demonstrated that adequate MPA exposure as early as day 3 is associated with
a significantly lower incidence of acute rejection during the first 3 months after renal transplantation
[34]. A cutoff value for MPA AUC, , on day 3 of 22 mg*h/L had the best predictive performance for the
development of acute rejection.

Although the concentration-effect relationship is well established for ciclosporin cotreated patients,
this correlation has not yet been extensively investigated in renal transplant recipients who used
tacrolimus as concomitant immunosuppressant drug and a statistically significant relationship has not
been found in this patient population (table 1). One study [35] including 100 renal transplant recipients
cotreated with tacrolimus, found a trend towards an increased incidence of acute rejection when both
tacrolimus AUC_ ,, was < 150 ng*h/mL and MPA AUC, ,, was < 45 mg*h/L (p = 0.07).

The relationship between MPA exposure and MMF related adverse events is not as well established
as the correlation with the risk for acute rejection. The largest studies including ciclosporin cotreated
patients were not able to identify a correlation between MPA exposure and toxicity (table 2) [32-34,36].
The reason may be that it is difficult to distinguish MMF-related toxicity from adverse events resulting
from coadministered immunosuppresants, or from other morbidity following transplant surgery.

0-12
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Table 1 Mycophenolic acid concentration-effect relationship in renal transplant recipients
for the risk for acute rejection

Author n Subjects Co-treatment PK parameter Result Ref
Takahashi 32 Adults CsA AUC,,, Higher risk for AR with AUC < 40 mg*h/L 31
Van Gelder 150  Adults CsA AUC,.,/ AUC, Higher risk for AR with lower AUC 32
C, Higher risk for AR with lower CO
Pillans 27 Adults CsA AUC, Higher risk for AR with AUC < 30 mg*h/L 108
C, No significant concentration-effect relationship
Mourad 31 Adults  CsA, ATG AUC, ., Higher risk for AR with lower AUC Al
C, Higher risk for AR with lower CO
Kiberd 94 Adults CsA, IL2Ab AUC,,, AUC on day 3 post-transplant predictive for AR 34
\Weber 54 Children  CsA AUC,,, Higher risk for AR with AUC < 34 mg*h/L 33
" Higher risk for AR with CO < 1.2 mg/L
Free AUC,, No significant concentration-effect relationship
Atcheson 42 Adults CsA (n=32) AUC, No significant concentration-effect relationship 36
Tac (n=10)
IL2Ab
Free AUC, No significant concentration-effect relationship
Mourad 51 Adults Tac AUC,,, No significant concentration-effect relationship 37
C, No significant concentration-effect relationship
Kuypers 33 Adults  Tac, IL2Ab AUC,, No significant concentration-effect relationship 51
Free AiJCw No significant concentration-effect relationship

Kuypers 100 Adults  Tac, IL2Ab AUC No significant concentration-effect relationship 35

0-12

In every study, patients also received corticosteroids. AR = Acute rejection; ATG = Anti-thymocyte globuline; C = Predose
concentration; C,, = Concentration 12 hours after administration; CsA = Ciclosporin; IL2Ab = IL-2 antagonists (basiliximab or
daclizumab); MPA = Mycophenolic acid; PK = Pharmacokinetic; Tac = Tacrolimus.

Nevertheless, in tacrolimus cotreated patients, some studies have reported on a significantly higher
MPA exposure in patients who experienced adverse effects (leukopaenia, thrombocytopaenia, anaemia
or gastrointestinal toxicity) (table 2) [35,37].

Although free MPA is the pharmacologically active moiety [17], no studies have shown a correlation
between free MPA levels and the risk for acute rejection (table 1). However, exposure to free MPA
was found to correlate with MMF-related toxicity, especially haematological and infectious adverse
effects (table 2). This has been shown in both an adult and a paediatric renal transplant population
[33,36]. A free MPA AUC,,,-value in the initial phase after transplantation > 0.4 mg*h/L was found
to be associated with a significantly higher risk for the presence of leukopaenia and/or infections in
the paediatric study [33]. In addition, two case reports found high MPA free fractions and a high free
MPA AUC-values in a renal transplant recipient and a pancreas-kidney transplant patient with severe
leukopaenia [38,39] (table 2).

In 2001, a consensus meeting provided recommendations with regard to the rational use of MMF in
solid organ transplantation [40]. A therapeutic window was proposed of a total MPA AUC range for
the early post-transplant phase of 30 to 60 mg*h/L based on the established relationship between



exposure to MPA and the risk for acute rejection in ciclosporin cotreated renal transplant patients [40].
The corresponding window for predose levels were values between 1.0 and 3.5 mg/L. The lower limit
of the therapeutic window was established based on the convincing evidence from the afore-described
studies. The evidence for the upper limit is less well defined, but the risk for leukopaenia may increase
with MPA exposure > 60 mg*h/L.

Table 2 Mycophenolic acid concentration-effect relationship in renal transplant recipients for the risk for adverse events

Author n Subjects  Co-treatment PK parameter  Result Ref
Van Gelder 150  Adults CsA AUC,,,/ AUC,, C, No significant concentration-effect relationship 32
Pillans 27 Adults CsA AUC, Higher risk for Gl-events with lower AUC 108
C, No significant concentration-effect relationship
Mourad 31 Adults CsA, ATG AUC, ,, Higher risk for AE with higher AUC 7
C, Higher risk for AE with higher C,
Kiberd 94 Adults CsA, IL2Ab AUC,,, No significant concentration-effect relationship 34
Weber 54 Children CsA AUC, ,, No significant concentration-effect relationship 33
C, No significant concentration-effect relationship
Free AUC,,, Higher risk for AE with free AUC > 0.4 mg*h/L
Free C Higher risk for AE with higher C__
Atcheson 42 Adults CsA (n=32) AUC,, No significant concentration-effect relationship 36
Tac (n=10)
IL2Ab
Free AUC, Higher risk for AE with higher free AUC
Mourad 51 Adults Tac AUC, ,, Higher risk for AE with higher AUC 37
C, Higher risk for AE with higher C,
C, Higher risk for AE with higher C,
Kuypers 33 Adults Tac, IL2Ab AUC,,, No significant concentration-effect relationship 51
Free AUC,, No significant concentration-effect relationship
Kuypers 100 Adults Tac, IL2Ab AUC,,, Higher risk for AE with higher AUC 35
C, Higher risk for AE with higher C,
Mudge 1 Adult CsA, IL2Ab Free AUC, Severe nausea and pancytopaenia with free AUC 39
Free fraction of 13 mg*h/L and free fraction of 18%
Kaplan 1 Adult CsA Free AUC,, Leukopaenia with free AUC of 37 mg*h/L and free 38
Free fraction fraction of 14%

In every study, patients also received corticosteroids. AE = Adverse event; ATG = Anti-thymocyte globuline; C, = Predose
concentration; C, = Concentration 1 hour after administration; CsA = Ciclosporin; Gl = Gastrointestinal; IL2Ab =IL-2
antagonists (basiliximab or daclizumab); MPA = Mycophenolic acid; PK = Pharmacokinetic; Tac = Tacrolimus.
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4.2 Between-patient variability in mycophenolic acid
pharmacokinetics and pharmacodynamics

Besides the concentration-effect relationship, an important reason for questioning the one-dose-
fits-all strategy for MMF is the large between-patient variability in MPA exposure. Exposure to
MPA varies 10-fold or more between adult patients receiving a kidney, liver or heart transplant after
administration of 1000 mg MMF twice daily [1]. For renal transplant recipients, MPA-AUC, ,, values were
~10- 100 mg*h/L[13,41]. The between-patient variability in ciclosporin and tacrolimus cotreated renal
transplant patients at various moments after transplantation is summarised in table 3. Large variability
in MPA pharmacokinetics was confirmed in four population pharmacokinetic analyses [42-45]. In these
analyses, reported estimates for between-patient variability in MPA clearance, which determines drug

exposure together with dose, ranged from a 2.2-fold to a 5.7-fold variability.

The consequence of the between-patient variability is that standard dose MMF results in MPA AUC, .,
values outside the defined target ranges in large proportions of patients [40].

High between-patient variability has also been reported for the pharmacodynamics of MMF, both in
IMPDH activity pretransplant [9,22,46] and in MPA-induced IMPDH inhibition post-transplant [20,21,47].
A study in 60 healthy volunteers found IMPDH activity in peripheral blood mononuclear cells (PBMCs) to
vary ~ 5.0 and 33 nmol/h/mg protein [46].

Table 3 Between-patient variability in exposure to mycophenolic acid in renal transplant recipients

Author n  Subjects Co-treatment Time after PK parameter Range for MMF Ref
transplantation 1000 mg twice daily
Kiberd 94 Adults CsA, IL2Ab Week 1 AUC,,, 11.0 - 55.0 mg*h/L 34
Atcheson 32 Adults CsA, IL2Ab Day 5 AUC, 3.7 -44.0 mg*h/L 36
Pescovitz 86  Adults CsA >6 months AUC,,, 27.0-100 mg*h/L 103
C, 0.2-5.6 mg/L
Weber 17 Children CsA Week 1 AUC, ., 19.0 - 56.0 mg*h/L 49
C, 0.5-52mg/L
Month 3 AUC, ., 33.0-114.0 mg*h/L
) 1.0-2.4mg/L
Kuypers 33 Adults Tac, IL2Ab Day 7 AUC,,, 17.0—-71.0 mg*h/L 51
C, 0.1-5.0 mg/L
Month 3 AUC, ., 24.0-111.0 mg*h/L
C, 0.5-57 mg/L

C, = Predose concentration; CsA = Ciclosporin; IL2Ab = IL-2 antagonists (basiliximab or daclizumab); MMF = Mycophenolate
mofetil; MPA = Mycophenolic acid; PK = Pharmacokinetic; Tac = Tacrolimus.

17
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4.3 Changes in mycophenolic acid pharmacokinetics
and pharmacodynamics over time after transplantation

Exposure to MPA increases with time after transplantation by at least 30 - 50%, despite the use
of a fixed MMF dose [1,48-51] or even despite small MMF dose reductions [8]. Mean MPA AUC,,
normalised to MMF 1000 mg, increased from 43 mg*h/L at week 2 to 56 mg*h/L at 3 months after
renal transplantation in patients also receiving ciclosporin (n=17) [50]. In tacrolimus cotreated patients
(n = 33), mean MPA AUC, ,, increased from 44 mg*h/L at week 1 to 60 mg*h/L at month 3 after renal
transplantation [51]. A study analysing the course of MPA AUC,,, over time in patients concomitantly
treated with sirolimus (n = 13) did not show an increase over time [50]. An increase in median MPA
AUC, ,, was also found in 17 children from 41 mg*h/L at week 1 to 65 mg*h/L at month 3 after renal
transplantation [49]. Interestingly, one study in ciclosporin-cotreated renal transplant recipients showed
that the increase of MPA AUC,,, over time was due to a decrease in MPA clearance, and only occurred
in patients with impaired renal function [13]. Patients with impaired renal function (defined as the
need for dialysis in the first week post-transplant or a serum creatinine >4 mg/dL, n = 13) had a mean
MPA-AUC, ,, of 21 mg*h/L at day 4, which increased to 36 mg*h/L by day 28 post-transplant. However,
patients without initial renal impairment (n = 20) had a mean AUC,,, of 40 mg*h/L both on day 4
and on day 28. This suggests that recovering renal function accounts for the time-dependent changes
of MPA pharmacokinetics. The proposed mechanism is that when renal function improves over time
post-transplant, MPA protein binding increases as a result of less displacement by MPAG [13,17].
The resulting decrease in MPA free fraction in patients with improving renal function (5.9% at day 4
and 3.0% at day 28 after transplantation) causes a decrease in clearance, as MPA is supposed to be
restrictively cleared [13]. Renal function was quite stable in the study combining MMF with sirolimus,
and this may explain the absence of an increase of MPA exposure [50]. Other factors, such as plasma
albumin levels or dose changes of concomitant immunosuppressive drugs, which change over time

following transplantation, may contribute to the increase of MPA exposure as well [50,52].

One study has reported time-dependent changes in the pharmacodynamics of MMF [53]. Renal
transplant recipients using MMF for > 2 years (n = 8) had significantly less inhibition of IMPDH than
patients who used the drug for < 1 year (n=9), suggesting induction of IMPDH after long-term treatment
with MMEF. An important caveat in this study was the fact that IMPDH activity was measured in whole
blood. The pharmacological effect of MMF solely arises from IMPDH inhibition in PBMCs, but IMPDH
is also present in erythrocytes. It has been shown that IMPDH is induced during the first 3 months after
transplantation, but only in erythrocytes and not in PBMCs [54,55]. Therefore, PBMCs are considered
the relevant matrix for studies into IMPDH inhibition after MMF administration.

4.4 The influence of co-medication on
mycophenolic acid pharmacokinetics

Several studies showed that different combinations of drugs in immunosuppressive regimens result in
differences in MPA exposure [56-60]. A study in stable renal transplant recipients found that patients
on MMF and tacrolimus therapy (n = 18) had significantly higher mean MPA AUC,, values compared
with patients on MMF and ciclosporin therapy (n = 7) (50 versus 32 mg*h/L, respectively; p < 0.02)
[56]. MPAG AUC, ,-values were significantly lower in the tacrolimus group. This difference in MPA
exposure between patients cotreated with ciclosporin or tacrolimus was confirmed by several other
groups [36,44,58]. At first, inhibition of the glucuronidation of MPA to MPAG by tacrolimus was thought
to increase MPA exposure, which was supported by /n vitro data [56]. However, these findings are also
consistent with the hypothesis that concomitant use of ciclosporin decreases MPA exposure. Evidence
for this was provided by a study in 19 renal transplant recipients, demonstrating significantly increasing
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median MPA predose levels when ciclosporin was withdrawn 6 months after renal transplantation
while MMF dose was fixed [59]. An animal study revealed that ciclosporin, but not tacrolimus, had
a significant impact on MPA AUC,,,. probably as a result of ciclosporin induced interruption of the
enterohepatic recirculation of MPA [61]. Supportive clinical evidence for the inhibitory effect of
ciclosporin on the enterohepatic recirculation of MPA was provided by a population pharmacokinetic
study, which showed that total MPAG clearance was lower in ciclosporin cotreated patients than in
tacrolimus cotreated patients, despite a similar renal function in both groups [62]. The drug-interaction
between ciclosporin and MPA is now well documented [63], and it is likely that this mechanism also
contributed to the initial observations [56]. The effect of ciclosporin on MPA exposure probably also
explains the observed higher MPA AUC, ., in patients cotreated with sirolimus compared to patient
cotreated with ciclosporin [50,64].

Although a study in seven healthy volunteers suggested that MPA absorption was significantly
decreased when MMF was concomitantly administered with iron preparations [65], two studies in renal
transplant patients, one in the initial phase [66] and one in the maintenance phase after transplantation
[67], could not confirm an interaction between these two drugs. Antacids do interact with MMF,
forming non-absorbable complexes, resulting in a decreased bioavailability [12]. Cholestyramine is
known to interfere with the enterohepatic recirculation of MPA once MPAG has been excreted in the
gut [12]. Recently, a case-report presented a drug-interaction between MMF and rifampin in a heart-
lung transplant patient, in which rifampin caused a 2-fold lower MPA AUC_,, probably as a result of
induction of UGT or MRP2 [68].

Finally, significantly lower mean MPA AUC ,, was demonstrated in 26 patients at 6 months after renal
transplantation, with MMF 1000 mg in the presence of glucocorticosteroids (51 mg*h/L), compared
with steroid tapering at 9 months (55 mg*h/L) or compared with steroid withdrawal at 21 months (67
mg*h/L) [52]. An explanation for these results may be enhanced UGT activity caused by exposure to
steroids as has been shown for other drugs [69].

5 HOW TO PERFORM MYCOPHENOLATE
MOFETIL DOSE INDIVIDUALISATION®?

With the need for individualisation of MMF therapy, the question arises how to individualise the
MMEF dose. Two, not necessarily mutually exclusive, approaches for dose individualisation may be
taken into consideration. The first is based on monitoring therapy, either on a pharmacokinetic or on a
pharmacodynamic basis, and the second is based on demographic factors explaining between-patient
variability in MPA exposure.

5.1 Monitoring mycophenolate mofetil therapy:
a pharmacokinetic approach

By increasing the MMF dose in individuals with low MPA exposure and decreasing the dose in those
with high MPA levels between-patient variability in exposure can be reduced, thus optimising exposure
to MPA compared to a fixed dose MMF dosing regimen. This can potentially increase overall efficacy
and reduce drug-related toxicity. At present, three studies are ongoing that investigate whether a
concentration-controlled MMF dosing regimen results in less acute rejection and reduced toxicity
compared to a fixed dose MMF dosing regimen: the fixed dose versus concentration controlled
(FDCC) study, the OptiCept study in the US and the Apomygres study in France. Interim results from

18



20

the Apomygres study after 6 months follow-up showed that there was a trend in the concentration-
controlled group (n = 70) towards less biopsy-proven acute rejections compared with the fixed dose
group (n = 67) (5 versus 13 episodes, respectively, p = 0.054) [70]. No significant differences were
observed between the two groups in MMF-related toxicity. These preliminary results are promising and
the results of the larger FDCC and OptiCept studies are eagerly awaited.

Besides effective, therapeutic drug monitoring (TDM) also needs to be feasible. Large within-patient
variability causes the need for frequent concentration measurements to keep exposure on target,
which makes TDM inefficient and possibly unfeasible. Several studies reported large variability within
patients over time for MPA exposure, with CV-values of 40% - 50% for the initial period after renal
transplantation and < 30% for the period thereafter [8,51]. The variability for the initial period may
have been overestimated as it is unclear from these studies whether the CV-values for (random) within-
patient variability were corrected for the structural increase of MPA AUC, ., over time.

Another aspect regarding the feasibility of TDM of MPA is which parameter is the most suitable to
obtain a reliable estimate of MPA exposure. MPA exposure is best reflected by a full MPA AUC, ..,
and AUC, ,, also has the best correlation with the risk for acute rejection [8,32]. However, before a full
AUC, ,, can be calculated, at least eight MPA concentration-time samples need to be drawn covering
the total 12-h dosing interval. This is costly, time-consuming, inconvenient for the patient and not
feasible in an out-patient clinic setting. MPA predose levels have a weaker correlation with the risk for
acute rejection, but have the advantage of being convenient [32,71]. Higher within-patient variability of
predose levels, compared with full AUC, ., in the first weeks after transplantation may pose a drawback
[13]. Moreover, the frequently observed weak correlation between predose levels and AUC ., suggests
that predose levels do not always reflect exposure adequately [72-74]. A suitable alternative may be
estimation of full MPA AUC ,, by a limited sampling strategy. Several limited sampling strategies have
been proposed for MPA based on multiple regression analyses, and mostly consisted of 3 or 4 samples
drawn during the first 2 - 6 h of a dosing interval, with correlation coefficients < 0.95 [72-76]. The
advantage is a reliable estimation of MPA exposure, from no more than 2- to 6-h stay. A disadvantage
is that MPA plasma samples need to be drawn at exact time-points after MMF dosing. This is not
always possible in clinical practice and may lead to biased AUC,,, estimates. A sophisticated solution
to this problem is the use of a maximum a posteriori Bayesian estimation of the MPA AUC, , [201].
This method also uses a limited sampling strategy, but estimates AUC by combining the concentration
measurements with information from a population pharmacokinetic model for MPA. An important
advantage is more flexibility regarding the timing of sample drawing [77]. A disadvantage may be that
the development of a Bayesian algorithm for exposure estimation is labour-intensive and statistically
complex. Two of such Bayesian algorithms for estimation of MPA exposure in ciclosporin cotreated
patients have been published [43,77].

[t is important to note that despite the bioequivalence regarding MPA exposure after EC-MPS compared
with MMF, concentration-time curves of MPA after oral administration of EC-MPS often exhibit
complex and highly variable absorption profiles, with delayed peak concentrations occuring after more
> 3 h [23]. This may have implications for TDM of MPA with the use of EC-MPS. Limited sampling
strategies may not reflect full MPA AUC ,, adequately, and may, therefore, be unsuitable. The same
might be true for predose levels [11]. Consequently, the above described principles for TDM of MPA
can not be uncritically extrapolated to EC-MPS. Specific studies are necessary for EC-MPS to assess
the usefulness and feasibility of TDM of MPA, and to determine which surrogate parameter adequately
reflects MPA exposure.
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5.2 Monitoring mycophenolate mofetil therapy:
a pharmacodynamic approach

A new and promising approach for MMF dose individualisation is pharmacodynamic monitoring.
Measurement of a biomarker is the next best thing over measuring clinical end points directly, as
biomarkers are supposed to correlate more closely with efficay than drug concentrations, and are
thought to better reflect the variability in both pharmacokinetics and pharmacodynamics [78]. Inhibition
of IMPDH activity may, in theory, prove to be a suitable biomarker for pharmacodynamic monitoring
of MMF therapy. A relationship between pretransplant IMPDH activity and clinical outcome has been
found [9]. Lower pretransplant IMPDH activity was associated with an increased incidence of MMF
dose reductions, which is a surrogate end point for adverse events. Furthermore, high pretransplant
IMPDH activity (above the cutoff value of 8.5 nmol/mg protein/h) was associated with a higher risk of
acute rejection. These findings suggest that measurement of IMPDH activity may be suitable to monitor
clinical efficay and toxicity of MMF therapy. However, before dose adjustments can be recommended
based on IMPDH activity, more information is necessary about the relationship between MMF dose
and IMPDH activity, about the magnitude of intraindividual variability in IMPDH activity and about the
relationship between clinical outcomes and post-transplant IMPDH activity [79]. A disadvantage of
pharmacodymanic monitoring is the technically complex and time-consuming measurement of IMPDH
activity, generally consisting of isolation of PBMCs and a high-performance liquid chromatography
(HPLC) method [22,46,80].

5.3 Demographic factors as basis for
mycophenolate mofetil dose individualisation

Another possibility for mycophenolate mofetil dose individualisation is to rely on patient
characteristics that explain an important part of the between-patient variability in MPA exposure. The
following characteristics may be considered: comedication, factors affecting MPA protein binding,
(pharmaco)genetics, race and time after transplantation. It needs to be emphasised that, in theory,
MMF dosing based on these factors can optimise MPA exposure, but this needs to be confirmed in
prospective trials.

5.3.1 The impact of comedication on dose individualisation

As discussed in section 4.4, MPA exposure is significantly lower when used in combination with
ciclosporin, compared with tacrolimus or sirolimus [36,44,50,52,59,60,62]. In ~ 50% of the patients,
exposure was below the lower limit of the therapeutic window (30 mg*h/L) in the first weeks after renal
transplantation when MMF 1000 mg twice daily was combined with ciclosporin [36,44,50]. As a result,
these patients are at increased risk for developing acute rejection in the first weeks after transplantation
[34]. Therefore, outcome in patients cotreated with ciclosporin may be improved with higher MMF doses
than the currently recommended MMF 1000 mg twice daily in the immediate post-transplant phase. By
subsequently measuring MPA concentrations, dose could then be adjusted further.

5.3.2 The impact of renal function and plasma albumin levels on dose individualisation

As already mentioned under 3 and 4.3, MPA protein binding is an important determinant of total MPA
exposure, and appears to be influenced by renal function. A study found an effect of impaired renal
function on total MPA exposure, but could not show a change in MPA free fraction, because free
MPA levels were not measured [74]. Other studies did measure free MPA and showed elevated free
MPA concentrations in situations of impaired renal function [13,17,51,81,82]. However, a subsequent
decrease of total MPA exposure could not always be found in these studies [51,81,82]. Besides renal
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function, MPA protein binding also seems to be influenced by plasma albumin levels. As expected on
basis of the restrictive clearance concept, low albumin levels were associated with low total MPA
exposure [44]. Again, the presence or absence of an effect on free MPA could not be shown because
free MPA levels were not measured [44]. Other studies did find increased free MPA concentrations in
patients with low albumin levels [82,83], but found total MPA to be unaltered [82].

Although renal function and plasma albumin levels can partly explain differences between patients
in exposure to both free and total MPA, the conflicting results obtained from different studies clearly
illustrate that the influence of these factors may be overshadowed by other effects. Therefore, it is
currently unknown to what extent MMF dose adjustments are indicated in the presence of poor renal
function or hypoalbuminaemia.

5.3.3 The impact of pharmacogenetics on dose individualisation

[tisestimated that20- 100% of interindividual variability in drug disposition and effects can be attributed
to genetic differences between individuals [84-87]. The possibility that, in addition to variables such
as renal function, plasma albumin level and comedication, an individual's response to MPA treatment
is also genetically determined has, therefore, been considered [88]. Pharmacogenetic research with
regard to MPA has focused on the following enzymes: UGT, MRP2 and the IMPDH type | and II.

In adults, there exist marked interindividual differences in UGT expression and glucuronidation
activity [89]. For example, a > 9.5-fold difference in MPA glucuronidation activity was found in hepatic
microsomes, which correlated with UGT1A9 protein levels [90]. Evidence for a genetic basis of the
variable UGT expression was provided recently with the identification of several single-nucleotide
polymorphisms (SNPs) in the UGT1AT1, UGT1A7 and UGTZB7 genes. Some of these SNPs result in the
complete or partial loss of glucuronidation activity [89,91,92]. Preliminary results from a study among
33 kidney transplant recipients have indicated that the -840G > A SNP in UGTZB7 may be associated
with an increased production of the pharmacologically active, and possibly toxic, ACMPAG metabolite
[19,93]. In addition, SNPs have been discovered in the coding and promoter region of the UGT7A9gene,
which is considered to be the UGT isozyme most important for MPA glucuronidation [90,91,94]. Of
all UGT1A9 promoter SNPs investigated, the -2152C > T and -275T > A SNPs were found to have the
strongest association with hepatic UGT1A9 protein content [90]. Carriers of these closely-linked SNPs
had roughly 2-fold higher UGT1A9 protein levels compared with carriers of the wild-type promoter
and with noncarriers of the -2152C > T/-275T > A SNPs. Importantly, in vitro MPA glucuronidation
activity was 2.1-fold higher in -2152C > T/-275T > A carriers [90]. Recently, it was demonstrated that
the -2152C > T and -275T > A SNPs in UGT1A9 are associated with significantly lower MPA exposure
in the early phase after renal transplantation [95]. The less frequently occurring UGTTA9*3 SNP was
associated with a higher MPA exposure, which is in agreement with the previously described reduction
of in vitro enzymatic activity [90,91,95]. These observations demonstrated for the first time that in
vivo interindividual variability in the pharmacokinetics of MPA can be partially explained by genetic
variation. Given the high allelic frequency of the UGT1A9-2152C > T and -275T > A SNPs (~ 15%
in Caucasians), and the two-fold reduction in MPA exposure in comparison with non-carriers, these
findings are also likely to be clinically relevant and offer both a rationale and a means for MMF dose
individualisation.

Several mutations and SNPs have been identified in the gene encoding for MRP2 [96-99]. Some of
these genetic alterations lead to the complete loss of MRP2 transport activity and cause the human
Dubin-Johnson syndrome [96]. This syndrome is a rare, autosomal recessive disorder characterised by a
deficiency in the transport of the MRP2 substrates monoglucuronosyl and bisglucuronasyl bilirubin into
bile, which leads to a chronic conjugated hyperbilirubinemia and pigment deposition in the liver [100].
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Only preliminary results regarding the effects of MRPZ SNPs on the pharmacokinetics of MPA have
been published [93]. Among 14 renal transplant recipients treated with MMF plus sirolimus, the MPAG
to MPA AUC, , was smaller in carriers of the MAPZ -24C > T promoter SNP compared with wild-type
patients [93]. This finding suggests that the -24C > T SNP leads to an increased secretion of MPAG into
bile. This effect was not apparent as a likely result of the inhibitory effect of ciclosporin on MRP2 in 19
patients who received ciclosporin instead of sirolimus [93].

Several SNPs have been identified in exon 10 of the IMPDH type | gene [101], but their effects on IMPDH
expression and activity, or their relationship with the response to MMF therapy, are unknown. However,
it is possible that SNPs in the /MPDH genes form an explanation for the marked interindividual variation
in IMPDH activity, and may even predict transplantation outcome in patients treated with MMF [9].

Future research will have to show whether SNPs in UGT, MRPZ and IMPDH genes form a suitable tool
for MMF dose individualisation.

5.3.4 The impact of race on dose individualisation

From a post-hoc analysis of the three pivotal trials of MMF [28-30], African-American patients were
found to benefit from MMF 1500 mg twice daily, instead of the standard dose of MMF 1000 mg twice
daily [102]. From this analysis it was concluded that African-American patients need, at least in the first
6 months after transplantation, MMF 1500 mg twice daily to obtain the same acute rejection incidence
as non-black patients. Two studies, one during the maintenance period and one during the initial period
after renal transplantation, investigated whether the higher dose requirement was caused by altered
MPA pharmacokinetics in African-Americans compared to Caucasians. No significant differences in
pharmacokinetics (clearance and AUC, ) were found between the two ethnic populations [13,103].
The higher MMF dose, and thus exposure, requirement is likely to have an immunologic origin. A large
analysis of the US Renal Data Registry, including 57926 patients, found that African-American renal
transplant recipients had a 33% lower risk for death with a functioning graft with MMF, compared
with azathioprine. This risk reduction was comparable with the risk reduction in Caucasian patients
of 41% [104]. Unfortunately, this study did not document whether this result has been reached with
comparable MMF doses in both racial groups.

5.3.5 The impact of the increase of MPA exposure over time post-transplant on dose
individualisation

As discussed in section 4.3, the increase in MPA exposure over time is likely to be caused by improving
renal function, changes in the exposure to concomitantly administered immunosuppressive agents,
especially ciclosporin and corticostroids, and other factors changing over time after transplantation. As
a result of the gradual increase in MPA exposure, a subset of patients will exceed the target window if
on standard dose of MMF 1000 mg twice daily 6 - 12 months after transplantation. This is most likely
in patients who are not cotreated with ciclosporin and who have good renal function [13,50]. It is too
early to recommend MMF dose reductions in these patients after > 6 months post-transplant. The
recommended target window [40] is based on a combination of MMF with a calcineurin inhibitor during
the first 6 months after renal transplantation, and other target values may apply for other combinations
and for the period after the first 6 months. Besides, the increased MPA exposure may be very welcome
in non-calcineurin inhibitor-containing regimens, or may allow dose reductions of calcineurin inhibitor
therapy. Therefore, in patients who tolerate such levels well, dose reductions may not be necessary.
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68 EXPERT OPRPINION

MMF has been a very succesful immunosuppressive agent in renal transplantation over the past 10
years. Acute rejection rates are lower, the incidence of late acute rejection episodes has been decreased
and a beneficial effect on the long-term outcomes has been demonstrated compared with azathioprine
[105-107]. This all has been achieved with a fixed dose MMF regimen. However, this one-size-fits-all
dosing regimen leads to suboptimal MPA levels in subgroups of renal transplant patients, possibly
leading to unfavourable outcomes. Optimisation of MPA exposure through dose individualisation may
further improve the use of MMF in these patients. For instance, patients who also receive ciclosporin
may benefit from higher MMF doses than currently recommended immediately after transplantation to
reach target exposure as early as possible. Also renal transplant recipients with impaired renal function
or low plasma albumin may have suboptimal MPA exposure with standard dose therapy. However,
before mycophenolate mofetil dose adjustments can be recommeneded when renal function is impaired
or plasma albumin level is low, more information is necessary about the free MPA exposure, which may
be unaltered or elevated in these situations. Furthermore, therapeutic drug monitoring may be suitable
to select those patient with altered total MPA exposure, but definitive proof has to be awaited. This
proof is likely to come from the three studies investigating the efficacy of therapeutic drug monitoring
of MPA: OptiCept, FDCC, and Apomygres.

With regard to the succes of the fixed dose MMF regimen, it would also be interesting to perform a
pharmacoeconomic evaluation to compare the costs and the benefits of a pharmacokinetically-based
MMF dosing regimen with the current practice.

IMPDH monitoring is a new and promising approach for MMF dose individualisation, as this biomarker
may be more closely related to clinical outcome than MPA concentrations. The difficult measurement
of IMPDH activity compared with the determination MPA plasma concentrations poses a drawback for
application in daily routine practice. A study comparing MMF dosing based on IMPDH monitoring with
pharmacokinetically guided dosing, could elucidate if, and under which circumstances, IMPDH activity
measurement has additional value over measuring MPA exposure. The identification of patients with
extremely high or low pretransplant IMPDH activity may provide a valuable tool in the future for dose
individualisation, or to select patients who are not the most suitable candidates for MMF therapy [9].

Importantly, MMF is increasingly being used for other indications than the prevention of acute rejection
in solid organ transplantation, for instance the prevention of graft-versus-host disease after stem
cell transplantation, and the treatment of autoimmune diseases. The principles of large variability,
influence of co-medication and the existence of a concentration-effect relationship may also apply
to these indications. Therefore, for optimal treatment, studies are not only necessary to investigate
the efficacy of MMF, but also to elucidate the need and ways of dose individualisation in indications
outside the field of solid organ transplantation.

Individualisation of MMF dose based on free MPA concentrations may be of value in situations where
total MPA exposure does not adequately reflect free MPA exposure, for instance when albumin levels
are low, or when renal function is impaired. However, data on the relationship between free MPA
concentrations and the risk for acute rejection are lacking and the difficult measurement of free MPA
may be a limitation.
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In science, knowledge based on experience is used to develop an idea or theory. Predictions about
future events that are based on that idea or theory are tested in a scientific experiment to obtain new
experiences. The newly generated experiences, or observations, are compared with the predictions.
If the new experiences match with the predictions, the idea or theory is confirmed. If not, the idea or
theory is falsified [1-3].

The experience with mycophenolate mofetil encompasses several observations that illustrate the need
for individualisation of mycophenolate mofetil therapy: 1) the risk for acute rejection is lower when
mycophenolic acid (MPA) exposure is higher, 2) MPA exposure is subject to a 10-fold between-patient
variability, 3) MPA exposure changes over time after transplantation despite a fixed mycophenolate
mofetil dose, and 4) MPA exposure is influenced by the use of co-medication. This experience can also
be used to develop ideas about when and how to individualise the mycophenolate mofetil dose. The
specific predictions, or hypotheses, reflecting these ideas, and that will be tested in this thesis, are:

1. Demographic factors that contribute to the variability in the pharmacokinetics of MPA may serve
as a rationale for mycophenolate mofetil dose individualisation. On the basis of the literature
described in chapter 1.1, demographic factors which are likely to be suitable are:

a  Co-medication, especially cyclosporine as concurrently used immunosuppressive drug
b Factors affecting MPA protein binding

¢ Time after transplantation

Based on general principles, further demographic factors may be:

d  Co-morbidity

e The type of transplant.

For demographic factors that have a significant contribution to the variability in MPA
pharmacokinetics, the underlying mechanism will be investigated.

2. Therapeutic drug monitoring of MPA provides a suitable tool for mycophenolate mofetil dose
individualisation with regard to:

a Reducing variability between patients in exposure to MPA, resulting in increasing the
proportion of patients reaching target concentrations

b When, how often, and which MPA exposure parameter to measure, to obtain optimal MPA
exposure.
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ABSTRACT

Background: Mycophenolate mofetil is the prodrug of mycophenolic acid (MPA) and is used as an
immunosuppressant following renal, heart, lung and liver transplantation. Although MPA plasma
concentrations have been showntocorrelate withclinical outcome, there is considerable pharmacokinetic
variability. Consequently, it is important to study demographic and pathophysiological factors that may
explain pharmacokinetic variability within and between patients.

Objective: The aim of the study was to develop a population pharmacokinetic model for MPA following
oral administration of mycophenolate mofetil, and evaluate relationships between patient factors and
pharmacokinetic parameters.

Patients and methods: Pharmacokinetic data were obtained from a randomised concentration controlled
trial involving 140 renal transplant patients. Pharmacokinetic profiles were assessed on nine occasions
during a 24-week period. Plasma samples for description of full 12-hour concentration-time profiles on
the first three sampling days were taken predose, 0.33, 0.66, 1.25, 2, 6, 8 and 12 hours after oral intake
of mycophenolate mofetil. For the remaining six occasions, serial plasma samples were taken according
to a limited sampling strategy pre-dose and at 0.33, 0.66, 1.25, and 2 hours after mycophenolate mofetil
administration. The resulting 6523 plasma concentration-time data were analysed using non-linear
mixed effects modelling (NONMEM).

Results: The pharmacokinetics of MPA were best described by a two-compartment model with time-
lagged first-order absorption. The following population parameters were estimated: absorption rate
constant (k ) 4.1 h, central volume of distribution (V1) 91 L, peripheral volume of distribution (V2)
237 L, clearance (CL) 33 L/h, intercompartment clearance (Q) 35 L/h and absorption lag time 0.21 h.
The between-patient variability for k , V1, V2 and CL was 111%, 91%, 102% and 31%, respectively;
estimates for within-patient variability for k , V1 and CL: 116%, 53% and 20% respectively. For MPA
clearance statistically significant correlations were found with creatinine clearance, plasma albumin
concentration, gender and daily cyclosporin dose (p<0.001). For V1, significant correlations were
identified with creatinine clearance and plasma albumin concentration (p<0.001).

Conclusions: The developed population pharmacokinetic model adequately describes the
pharmacokinetics of MPA in renal transplant recipients. The identified correlations appear to explain
part of the observed between- and within-patient pharmacokinetic variability. The clinical consequences
of the observed correlations remain to be investigated.

INTRODUCTION

Mycophenolic acid (MPA) is the active component of the prodrug mycophenolate mofetil (CellCept®,
Roche Laboratories, Nutley, NJ, USA) and is used to prevent acute rejection in lung, heart, liver and renal
transplantation [1]. MPA decreases de novo purine biosynthesis by inhibiting inosine monophosphate
dehydrogenase reversibly and noncompetitively. As a result the proliferation of T and B lymphocytes is
suppressed [2]. The pharmacokinetics of MPA after oral administration of a mycophenolate mofetil dose
are described by presystemic de-esterfication to MPA during a rapid and almost complete absorption
phase [3]. MPA reached maximum plasma concentrations (C__ ) within 1 hour in most renal transplant
recipients [4,5], and is extensively bound to albumin with an average protein binding of 97.5% [6,7].
MPA is mainly metabolised in the liver by uridine diphosphate- glucuronosyltransferase to the inactive
7-0 mycophenolic acid glucuronide (MPAG) [4].
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MPAexhibits considerable pharmacokinetic variability betweenand within patients. Its pharmacokinetics
are complex since pharmacokinetic parameters change over time following transplantation and appear
to be influenced by renal function, albumin levels and drug interactions [8]. Interestingly, a randomised
concentration controlled trial (RCCT) [9,10] led to the suggestion that the incidence of acute rejection
and adverse effects is minimised when MPA exposure (area under the plasma concentration-time curve
[AUC]) lies between values of 30 and 60 mg*h/L [11]. Consequently, therapeutic drug monitoring (TDM)
may be useful in reducing and minimising inter-individual variability in MPA exposure [9,11,12]. At
present, TDM is not applied on a routine basis, but studies assessing the beneficial effects of TDM in
mycophenolate mofetil therapy are currently ongoing.

In this study, a clinically applicable population pharmacokinetic model was developed for MPA to
elucidate its complex pharmacokinetics. Between- and within-patient pharmacokinetic variability
was quantified and relationships between pharmacokinetic parameters and patient factors were
investigated. Clearly, knowledge derived from the population pharmacokinetics of MPA could improve
effective administration of mycophenolate mofetil and may be used to more efficiently apply TDM.

PATIENTS AND METHODS

Patients

Concentration-time data from 140 renal transplant patients who participated in the RCCT were
analysed retrospectively. A detailed description of the methods of the RCCT was published previously
[9,10]. Briefly, its goal was to investigate the relationship between exposure to MPA (AUC, minimum
concentration [C 1, C_)and outcome (incidence of acute rejection, adverse effects). Patients aged
18 year or older were randomly assigned to three MPA AUC target groups: low (AUC 16.1 mg*h/L),
intermediate (AUC 32.2 mg*h/L) or high (AUC 60.6 mg*h/L). Starting mycophenolate mofetil doses
were 450 mg twice daily for the low AUC target group, 950 twice daily for the intermediate AUC target
group and 1700 mg twice daily for the high AUC target group. All patients received cyclosporin and
corticosteroids as concomitant immunosuppressive therapy according to routine practice.

Sampling Procedure

Concentration-time samples were collected on nine occasions, on days 3, 7, 11, 21, 28, 56, 84, 112 and
140 after transplantation. Plasma samples for description of full 12-hour concentration-time profiles
on the first three sampling days were taken pre-dose, 0.33, 0.66, 1.25, 2, 6, 8 and 12 hours after
oral intake of mycophenolate mofetil. For the remaining six occasions, serial plasma samples were
taken according to a limited sampling strategy pre-dose and at 0.33, 0.66, 1.25, and 2 hours after
mycophenolate mofetil administration [10]. Mycophenolate mofetil dosages were adjusted according
to the MPA AUC assessments, targeting at the afore-mentioned AUC values for the three groups.
Patients were required to fast overnight prior to dose administration and for the first 2 hours of the
profile after taking the medication. MPA was measured using a validated high-performance liquid
chromatography method described elsewhere [13]. The lower limit of quantification was 0.1 mg/L. On
each sampling day, routine laboratory tests were performed. Graft function was closely monitored;
delayed graft function (DGF) was defined as the need for dialysis in the first week after transplantation.
Patient characteristics and biochemical parameters are summarised in table 1.
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Table 1 Patient demographics and biochemical parameters

Characteristics Median (range)
Day 3 Day 28 Day 140

AUC target group

Low (16.1 mg*h/L) n= 47 45 41

Intermediate (32.2 mg*h/L) n= 45 41 33

High (60.6 mg*h/L) n= 48 39 25
Gender
Male n= 88 79 64
Female n= 52 46 35
Race
Caucasian n= 131 117 93
Black n= 3 2 1
Other n= 6 6 5
Diabetes Mellitus n= 7 6 5
DGF n= 23
Age (years) 50(19-70) 51(19-70) 50 (19-69)
Body weight (kg) 69 (37-104) 66 (38-103) 70 (44-98)
Creatinine (pmol/L) 211 (62-1232) 132 (62-906) 123 (79-255)
Creatinine clearance (mL/min) 31(4-142) 50 (7-110) 60 (25-123)
Albumin (g/L) 34.(22-45) 37 (23-50) 40 (32-53)
SGPT (U/L) 15 (2-653) 13(3-89) 11(3-54)
SGOT (U/L) 18(3-289) 12 (3-38) 12 (2-10)
Hemoglobin (g/dL) 9.7(6.7-13.2) 10.3(6.8-14.8) 11.8(8.9-18.8)
Cyclosporine daily dose (mg) 600 (0-1400) 450 (200-1400) 300 (150-700)
Patients not using cyclosporine n= 3 0 0
MMEF dose (mg bid)

Low AUC target group (16.1 mg*h/L) 450 (450-450) 550 (350-850) 450 (250-950)

Intermediate AUC target group (32.2 mg*h/L)
High AUC target group (60.6 mg*h/L)

950 (950-950)
1700 (1700-1700)

1300 (500-1750)
2200 (1100-2200)

1050 (400-1950)
2100 (1200-2200)

MMF = mycophenolate mofetil, DGF = delayed graft function, AUC = area-under-the-curve. Normal values for creatinine:
65-115 pmol/L for males and 55-90 pmol/L for females, for albumin: 35-50 g/L, for SGOT: < 37 U/L for males and < 31 U/L
for females, for SGPT: < 41 U/L for males and < 31 U/L for females, for hemoglobin: 13.8-16.9 mmol Fe/L for males and 12.1-

15.3 mmol Fe/L for females
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Pharmacokinetics

All data were analysed simultaneously using the nonlinear mixed-effects modelling software program
(NONMEM Version V, level 1.1) [GloboMax LLC, Hanover, MD, USA]. Because NONMEM estimated
pharmacokinetic parameters for MPA, mycophenolate mofetil doses were converted to the equivalent
MPA content by multiplying the mycophenolate mofetil dose by 0.739. A logarithmic transformation
(natural logarithm) of the concentration-time data was performed because random effects were not
sufficiently distributed around zero without the transformation. The first order estimation method was
used throughout the entire model building process, due to the computational intensity of the model
using the first order conditional estimation method.

Several structural models were tested. Models with one, two or three compartments were evaluated,
as well as models with and without lag time. Furthermore, it was evaluated whether absorption was
best described as a first- or zero-order process. Pharmacokinetic parameters were estimated in terms
of clearance (CL), central and peripheral volume of distribution (V1, V2, V3) and intercompartment
clearances (02, Q3) (NONMEM code TRANS4). Since bioavailability (F) could not be quantified, CL, Q
and V values of MPA correspond to the ratios CL/F, Q/F and V/F, respectively. Between-patient variability
for all pharmacokinetic parameters was modelled using an exponential error model. For example, MPA
clearance for the /" individual (CL) was estimated using equation 1.

CL = epop* expm) (Eg. 1)

where epop represents the population value for MPA clearance, and m represents the between-
patient random effect with mean 0 and variance w?. Within-patient variability of the pharmacokinetic
parameters was also estimated. When estimating both within- and between-patient variability for
clearance, equation 1 becomes equation 2:

CLU.: 0, exp(n + K/.) (Eq. 2)
where CLU. is the clearance of MPA for i individual on the /" occasion, and k is the within-patient random
effect with mean 0 and variance 7. The difference between the k" observed MPA concentration of
the " individual (C ) and its corresponding model-predicted MPA concentration (C__,,). was estimated
with an additional error model (equation 3):

InC,,.,=InC .. +€, (Eq. 3)

predik ik

where ¢ is the residual random error with mean 0 and variance 2.

The adequacy of the developed NONMEM models was evaluated using the precision of the parameter
estimates and goodness-of-fit plots. Standard errors for the estimated population parameters (both for
pharmacokinetic parameters and for random effects) were generated in NONMEM via the covariance
option. Goodness-of-fit can be demonstrated in plots of observed concentrations versus model-
predicted or Bayesian-predicted concentrations or plots of weighed residuals (WRES) versus time [15].
Bayesian predicted concentrations were obtained with the posthoc option in NONMEM. Goodness-of-
fit plots were generated in Xpose version 3.010, an S-PLUS based (Version 6.1, professional edition,
first release; Insightful Corp, Seattle, WA, USA) modelling aid [16].
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Covariate Analysis

To explain pharmacokinetic variability between and within-patients, relationships were investigated
between pharmacokinetic parameters and patient characteristics. Covariates tested were patient age,
gender, race, weight, diabetic status [17], creatinine clearance (CrCl), plasma albumin concentration,
liver enzymes AST and ALT, bilirubin, haemoglobin, mycophenolate mofetil dose and daily cyclosporin
dose. Creatinine clearance was calculated using the Cockroft and Gault formula [18]. For categorical
variables all data were available. For continuous variables on average 9% (range: 0—16.8%) of data
were missing. For the covariates plasma albumin concentration, AST, ALT and bilirubin, more than 10%
of data were missing. A missing value for an individual was replaced by the nearest available value
in time for that individual. If there was not an available value within 1 month, the missing value was
replaced by the corresponding median of the total population.

Individual Bayesian estimates of the pharmacokinetic parameters were generated and relationships
between individual parameters and the covariates were visually inspected and investigated in
NONMEM. A two-stage approach was used:

1. In the first step, all different covariates were introduced in the structural model separately and tested
for their significance. Covariates were introduced in a multiplicative way. Categorical variables, such as
gender, were modelled as shown in equation 4:

CL//: epup " g (Eq- 4)

where 69" is the fractional change in clearance in males (in females gender = 0 and in males gender
= 1). Continuous variables, such as weight (WT), were modelled around the median value in the
population (equation 5):

CL,= 6, * (WT/88 (Eq. 5)

where median weight of the total population is 68 kg and 6, is an exponential.

Whether inclusion of a covariate significantly improved the fit was determined by two criteria. Firstly,
the likelihood ratio test. For two hierarchical models, the difference between the minimum value of
objective function (OFV), produced by NONMEM for both models, is approximately y? distributed with
degrees of freedom equal to the difference in the number of estimated parameters in the two models.
The model with the lower OFV has a better goodness-of-fit. A p-value of 0.001 was considered to
be statistically significant, which corresponds with a decrease in OFV of 10.8 units with one degree
of freedom [19]. Secondly, a reduction in unexplained between- and within-patient variability was
evaluated as a criterion for covariate inclusion.

2. In the second step, all covariates selected during the first step were included in an intermediate
model. Covariates were excluded separately from the intermediate model (backward elimination). If
the elimination of a covariate caused an increase of the OFV of at least 10.8 units (p<0.001, 1 degree
of freedom), the covariate remained in the model. The result of the backward elimination procedure is
the final model.
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Model Validation

The stability and the performance of the final model were checked with an internal validation of the
final model, using the bootstrap resample technique [20]. During a bootstrap procedure, approximately
65% of the original data are resampled with replacement, which produces different combinations of
datasets. The final model is fitted to each artificial sample to obtain estimates for all parameters (fixed
and random effects). The validation of the final model was performed using the bootstrap option in the
software package Wings for NONMEM (Dr N. Holford, version 405, november 2003, Auckland, New
Zealand).

Statistical Analysis

All statistical analysis, other than the evaluation of the model, were performed with the software
package SPSS 10.1 for Windows (SPSS Inc. Chicago, IL, USA). For the comparisons between groups,
the Mann-Whitney U test was used. For paired data analysis, the Wilcoxon signed rank test was
applied. A p-value <0.01 was considered to be significant given the large sample size.

RESULTS
Structural Model

A total of 6523 plasma concentration-time data obtained from 140 renal transplant recipients were
analysed. Figure 1 shows characteristic pharmacokinetic profiles of MPA after oral mycophenolate
mofetil administration, with a rapid increase in MPA concentration during the absorption phase, often
preceded by a lag time, followed by a distribution and an elimination phase. The data were fitted to
several structural models. The data fitted a two compartment model adequately. In a plot of WRES
versus time, the residuals were randomly distributed around the axis WRES=0 and no trends were
observed. Adding an extra peripheral compartment yielded a significantly lower OFV, but estimates for
peripheral volumes of distribution became unrealistic with values of >10 000 L. Consequently, the three
compartment model was rejected. The absorption phase was best described by a first-order absorption
rate constant as this gave significantly better fit compared with a zero-order absorption rate constant.
Although the likelihood ratio test cannot be applied in this situation, the OFV was 115.9 units lower
with first-order absorption. Introduction of an absorption lag time in the model further improved the fit
significantly; the OFV decreased with 410.0 units.

Between-patient variability could be estimated for the first-order absorption rate constant (k ), central
volume of distribution (V1), peripheral volume of distribution (V2) and clearance; corresponding values
were 136%, 126%, 114% and 35%, respectively. The OFV of this model was 1613.9 units. Introduction
of between-patient variability on lag time did not improve the model and produced imprecise values for
this random effect, therefore it was not included in the model.

Introduction of within-patient variability for CL, k and V1 greatly improved the fit of the model.
Corresponding values were 30%, 117% and 69%, respectively, and the OFV decreased from 1613.9
to 378.1 units. The estimated population pharmacokinetic parameters of the structural model are
summarised in table 2 and goodness-of-fit plots are given in figure 2. The goodness-of-fit plots in
figure 2a and 2b show a symmetrical and random pattern around the line of identity. However, plots of
observed concentrations versus model predicted concentrations on the sampling time points 0.67 h and
1,25 h per AUC target group (not shown) provide evidence of a small underestimation of C__ .
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Because this minor amount of model misspecification is within acceptable limits (99.4% of WRES fall
between —3 and 3 and no structural deviations from the line WRES = 0 occur, figure 2c), the model is
believed to describe the data adequately.

Table 2 Estimates for the structural and final model with their coefficients of variation (CV)

Structural model
OFV =378.1 units

Final model

OFV =-338.8 units

1000 bhootstrap replicates

Parameter Estimate (CV%) Estimate (CV%) Mean estimate (CV%)
PK parameters

Ka (h-1) 3.8 (6.2) 4.1 (6.8) 41 (7.9
V(L) 98 (9.2) 91 (7.2) 92 (7.2)
CL(L/h) 31 (5.1) 33 (5.4) 33 (5.5)
V2 (L) 302 (8.4) 237 (10) 239 (11)
Q(L/h) 44 (7.9) 35 (5.3) 35 (6.7)
Tg (h) 0.21 (1.5) 0.21 (1.3) 0.21 (8.7)
Between-patient variability

nKa (%) 136 (14) M (15) 115 (18)
nv1 (%) 126 (15) 91 (13) 91 (8.9)
NCL (%) 35 (15) 31 (15) 31 (7.8)
nv2 (%) 114 (26) 102 (25) 103 (13)
Within-patient variability

kKa (%) 117 (13) 116 (11) 117 (5.7)
kV1 (%) 69 (14) 53 (17) 53 (11)
KCL (%) 30 (8.8) 20 (11) 20 (5.5)
Residual variability

Additive error (o) 0.45 (2.4) 0.45 (2.3) 0.44 (2.4)
Covariates

V10 CrCl -0.62 (186) -0.62 (186)
V16 Albm -1.13 (23) -1.15 (23)
CL 6 Gender 1.1 (4.3) 1.10 (4.4)
CL o CrCl -0.12 (30) -0.12 (31)
CL 6 Albm -1.07 (11) -1.06 (11)
CL 6 CsA dose 0.31 (11) 0.32 (11)

Ka = first order absorption constant, V1 = central distribution volume, CL = clearance, V2 = peripheral distribution volume,
Q = intercompartment clearance, T‘ag =lag time, = between-patient variability, k = within patient variability, © = estimate
of covariate, CrCl = creatinine clearance, Albm = plasma albumin concentration, CsA = cyclosporine.



Figure 1 Characteristic concentration-time profiles of
mycophenolic acid (MPA) for the: (a) low area under the
plasma concentration-time curve (AUC) [16.1 mg*h/L]
target group; (b) intermediate AUC (32.2 mg*h/L) target
group; and (c) high AUC (60.6 mg*h/L) target group.
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Figure 2 Goodness-of-fit plots for the structural
model: (a) model predicted mycophenolic acid (MPA)
concentration vs observed MPA concentration; (b)
individual Bayesian-predicted MPA concentration vs
observed MPA concentration; and (c) sample time vs
weighed residuals. The solid lines ina and b represent
the line of identity and in ¢ the line y = 0.
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Covariate Analysis

The analysis of the relationship between patient factors and pharmacokinetic parameters produced
an intermediate model with the following correlations: CrCl and mycophenolate mofetil dose for k ;
diabetes mellitus, CrCl, plasma albumin concentration and mycophenolate mofetil dose for V1; diabetes
mellitus, gender, CrCl, plasma albumin concentration, dialy ciclosporin dose, weight and ALT for CL; and
plasma albumin concentration for V2. During the backward elimination procedure it appeared that
CrCl and mycophenolate mofetil dose for k , diabetes for V1, diabetes and weight for CL and plasma
albumin concentration for V2 did not result in a significant increase of OFV when excluded from the
intermediate model. These relationships were therefore not incorporated in the final model. All other
variables caused a significant rise of OFV when eliminated from the model. Plots of mycophenolate
mofetil dose versus V1 and ALT versus CL both showed positive correlations. Both were excluded
from the model because no pharmacologically sound explanation could be given for the relationship
between ALT and CL, and because the relationship between mycophenolate mofetil dose and V1 was
very weak, albeit statistically significant, and without clinical significance. Population V1 and CL (table
2) were described by the following equations in the final model (equation 6 and 7):

V1=91*(CrCl/48)°% * (Albm/30)" " (Eq. 6)

CL=32.5*(CrCl/48)°'2 * (Albm/30) %" * (CsA/450)03" * 1.7 7gender (Eq. 7)

From these equations it appears that V1 typically increases from 80 to 242 L when CrCl falls from
60 to 10 mL/min, assuming the plasma albumin concentration is 30 g/L. When the plasma albumin
concentration increases from 30 to 50 g/L, V1 decreases from 92 to 53 L. Based on equation 7, it
appears that males have an 11% higher MPA clearance than females. Furthermore, a reduction in CrCl
from 60 to 10 mL/min, with a daily ciclosporin (CsA) dose of 450 mg and plasma albumin concentration
of 30 g/L, causes an increase in MPA clearance from 32 L/h to 39 L/h (figure 3a). When the plasma
albumin concentration rises from 30 to 50 g/L, MPA clearance decreases from 33 to 18 L/h (figure 3b).
A ciclosporin dose change from 1000 mg/day to 700 mg/day produces a decrease of MPA clearance
from 41 to 33 L/h (figure 3c).

The inclusion of these covariates in the final model explained both between- and within-patient
variability for V1 and CL when compared with the structural model (table 2). The estimate for between-
patient variability for V1 decreased from 126% to 91% and for CL from 35% to 31%. The estimated
within-patient variability was reduced from 69% to 53% for V1 and from 30% to 20% for CL.

All parameters were estimated with an acceptable coefficient of variation of <30%. The goodness-of-
fit plots of the final model are presented in figure 4.

Model validation

The results of 1000 bootstrap replicates are summarised in table 2. The mean estimates resulting
from the bootstrap procedure are very similar to the population estimates of the final model. This
means that the estimates for the fixed and random effects in the final model are accurate and that
the model is stable.
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Figure 3 Correlations for mycophenolic acid (MPA)

clearance with (a) renal function (creatinine clearance
[CrCl]); (b) plasma albumin concentration; and (c) daily
cyclosporin dose, as identified in the final model. The
solid lines represent the correlation estimated by the

population pharmacokinetic model.
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Figure 4 Goodness-of-fit plots for the final model:

(a) predicted mycophenolic acid (MPA) concentration
vs observed MPA concentration; (b) individual
Bayesian-predicted MPA concentration vs observed
MPA concentration; and (c) sample time vs weighed
residuals. The solid lines in a and b represent the line of
identity and in c the line y = 0.
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Analysis of the Influence of Renal Function
on the Decrease of Mycophenolic acid Clearance

The covariate analysis revealed that renal function significantly correlates with MPA clearance. To
investigate whether this effect plays a role in the described decrease in clearance for MPA during the
first weeks after transplantation [8], the study population was divided into two groups: those with CrCl
<25 mL/min lower (n=56) and those with CrCl >25 mL/min (n=84) on day 3 after transplantation. The
cut-off point of CrCl 25 mL/min was based on visual inspection of the plotted relationship between CrCl
and MPA clearance in figure 3a. The group with CrCl <25 mL/min contained 21 of the 23 patients who
experienced delayed graft function. The course of the Bayesian estimate of clearance over time was
studied for both groups.

The results are shown in figure 5. Renal transplant patients with CrCl <25 mL/min showed a significantly
higher mean MPA clearance on days 3 (34% higher; p < 0.0001), 7 (22% higher; p=0.005), and 21 (22%
higher; p = 0.006) after transplantation compared with patients with CrCl >25 mL/min. Also on days 11
and 28 after transplantation, MPA clearance was higher in patients with CrCl <25 mL/min (21% higher
onday 11; p=0.014, and 15% higher on day 28, p = 0.026), although not with a significance level of p
< 0.01. Both groups experienced a significant decrease in MPA clearance during the first 28 days after
transplantation (p < 0.0001 for both groups). Patients with a CrCl <25 mL/min on day 3 had a significant
larger fall in clearance during the first 28 days compared with patients with a CrCl >25 mL/min (10 + 9.6
L/h respectively 5.2 + 8.1 L/h, p=0.003).

Figure 5 Mean time-course of mycophenolic acid (MPA) clearance for patients with creatinine clearance (CrCl) < 25 mL/
min (n=58, closed circles) and CrCl > 25 mL/min (n=84, open circles) on day 3 after transplantation. Error bars represent
95% confidence interval limits.
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DISCUSSION

The pharmacokinetics of MPA following oral administration of the prodrug mycophenolate mofetil
exhibit considerable between- and within-patient variability. This study focused on developing a
clinically applicable population pharmacokinetic model for MPA to quantify between- and within-patient
variability and analyse relationships between pharmacokinetic parameters and patient demographics
and biochemical factors with the aim of explaining the observed variability.

The pharmacokinetics of MPA in 140 patients was described with a two compartment model with
a time-lagged first-order absorption rate. Plots of observed concentrations versus model-predicted
or Bayesian-predicted concentrations demonstrated an adequate goodness-of-fit. Fixed and random
parameters were estimated with acceptable precision and residual variability was small (figures 2 and
4). Nevertheless, model diagnostics showed a slight underestimation of maximum MPA concentrations
(C,,)- The likely reason for this underestimation is that with orally administrated drugs, conventional
compartmental models with a lag time and a first- or zero-order absorption rate constant are often
not able to accurately predict a rapid initial increase in plasma concentration [21]. More complex
and mechanistic models may be necessary to accurately describe the absorption phase [21]. Since
the underestimation of C__ was small and within acceptable limits, the model was believed to be
sufficiently accurate to describe MPA pharmacokinetics and its variability. The validity of the derived
model was confirmed by the results of the bootstrap procedure yielding similar values for all parameters
and their corresponding precision.

The pharmacokinetic model did not include enterohepatic recirculation (EHC) of MPA, although it has
been established that up to 60% of a mycophenolate mofetil dose undergoes recirculation in healthy
individuals [4]. EHC is responsible for the secondary rise in MPA concentration typically occurring
approximately 6-12 hours after oral administration of mycophenolate mofetil [4]. However, in the plot
of WRES versus time, no trends were observed in this time period and WRES values were randomly
distributed around the WRES = 0 axis (figures 2c and 4c). As a result, it appears that EHC does not
influence the pharmacokinetics of MPA to a large extent in the renal transplant population studied.

The developed population pharmacokinetic model demonstrated considerable between-patient
variability among the pharmacokinetic parameters. Only a moderate amount of between-patient
variability of CL and V1 could be explained by inclusion of the covariates renal function, plasma
albumin concentration and daily ciclosporin dose: 11% en 28% respectively. Unexplained between-
patient variability of CL was 31%. Between-patient variability has also been analysed in other studies.
One study reported the MPA AUC to range from 7.5 to 94.7 mg*h/L during the first weeks after renal
transplantation [5]. In that same period, a paediatric study found that between-patient MPA AUC could
vary 28% and 37%, while in another study of adult renal transplant recipients, 32-58% between-patient
variability was observed [22,23].

In addition to between-patient variability in exposure, considerable within patient-variability in exposure
during the first weeks after transplantation has also been reported in other studies [8,23,24]. In the present
analysis, 33% of the within-patient variability in clearance was explained by the included covariates. The
unexplained within-patient variability for CL was small, with a value of 20% in the final model.

When estimates of between- and within-patient variability of pharmacokinetic parameters are
available, one might speculate on the usefulness of TDM of mycophenolate mofetil therapy. With
support of TDM, between-patient variability in exposure to the drug is greatly reduced and patients can
be targeted to a particular therapeutic window. Howver, large within-patient variability reduces the
efficacy of TDM since these variations in time cannot be controlled. The present study demonstrated
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a large between-patient variability and relatively small within patient variability of clearance, taking
the identified covariates into account. This suggests that TDM may substantially reduce the observed
differences in MPA exposure between individuals and may be useful in obtaining AUC values in the
range of 30-60 mg*h/L, which is currently proposed [11].

The covariate analysis identified relationships between V1 and renal function and plasma albumin
concentration, and between clearance and renal function, plasma albumin concentration, daily
ciclosporin dose and gender. The observation that clearance increases with impaired renal function may
be explained by reduced protein binding of MPA caused by uraemia, as well as MPAG accumulation [5].
Both processes may produce an increased free fraction of MPA, which in turn may lead to increased
metabolism to MPAG since MPA is believed to have a low to intermediate extraction ratio [4]. The
dependence of MPA CL on protein binding has been suggested by several studies [24,25], and is
confirmed in the present analysis. However, the correlation between renal function and clearance only
appears to be of clinical significance when CrCl is very low (<25 mL/min [figure 3a]). A decrease in CrCl
from 90 to 50 mL/min induces only a modest increase in MPA clearance from 30 L/h to 33 L/h, whereas
a fall from 50 to 10 mL/min increases MPA clearance from 33 L/h to 39 L/h. The controversy about
the influence of renal function on MPA clearance in the literature, where some studies have found a
relationship while others have not [12,24-27], may be due to the observation that MPA clearance is
only influenced with severely impaired renal function. The majority of patients with CrCl <25 mL/min
suffered from delayed graft function in the first week(s) after transplantation. At this time, patients
then may have low plasma albumin concentrations, metabolic acidosis and uraemia, resulting in an
increase in MPA free fraction and thus in higher MPA clearance. Subsequently, as the condition of
patients improve, normal nutritional status and normal albumin levels are attained. The result may
be that free MPA concentrations are not influenced, to a large extent, even when renal function is
moderately impaired.

The negative correlation between plasma albumin concentrations and MPA clearance is in accordance
with the reported intermediate extraction ratio for MPA, which suggests that its pharmacokinetics
depend on free fraction [4,28]. This observed relationship is confirmed by results from other studies.
An in vitro study showed that increasing albumin concentrations lead to a decreased free MPA fraction
[7]. This relationship has been confirmed in a paediatric renal transplant population [26]. Furthermore, a
study using rat livers demonstrated that MPA clearance increased with decreasing albumin levels [29].

Inclusion of the relationships between clearance and both creatinine clearance and plasma albumin
concentration improved the model. Although creatinine clearance and albumin concentrations are
related (albumin levels increase with recovering renal function), the correlation was weak in this study
(”=0.124) and exclusion of one of these relationships significantly worsened the model, which indicates
that both factors independently influence MPA clearance. The dependence of MPA clearance on renal
function and albumin levels is further strengthened by the observed relationships between V1 and
renal function and plasma albumin concentrations. These relationships revealed that impaired renal
function or decreased plasma albumin concentrations lead to a rise in V1, potentially as a consequence
of transfer of the increased free MPA quantity into peripheral tissues. This produces relatively lower
total plasma concentration and a higher estimate of V1. Unfortunately, from our study it is uncertain
how renal function and plasma albumin concentrations affect free MPA concentrations, since free MPA
levels were not measured.

Concomitant immunosuppressive medication, such as ciclosporin, has been reported to interact with
MPA clearance. Ciclosporin is believed to decrease MPA AUC [30,31]. In the present study, an effect of
CsA was confirmed by demonstrating a positive correlation between ciclosporin daily dose and MPA
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clearance. A logical explanation for this correlation may be the inhibitory effect of ciclosporin on EHC
of MPA [32]. Since all patients took ciclosporin as concomitant immunosuppressive therapy, this may, at
least in part, explain the adequate goodness-of-fit of the model without including EHC. As EHC seems
to be present more profoundly when mycophenolate mofetil is combined with tacrolimus [32], a similar
population pharmacokinetic analysis is warranted in a tacrolimus-mycophenolate mofetil treated renal
transplant population.

As a clinical consequence of the covariate analysis, mycophenolate mofetil dosing may be optimised as
exposure to MPA may be predicted more accurately when plasma albumin concentrations, ciclosporin
daily dose, and renal function are taken into account. Besides, a change in these factors provides
an indication to efficiently apply TDM of MPA. Both mycophenolate mofetil dose optimisation and
efficient application of TDM may contribute to a lower risk for acute graft rejection. It is important
to note that free MPA concentrations, which were not measured in this study, may be constant with
hypoalbuminemia or severely impaired renal function, through an increased free MPA fraction and
an increased MPA clearance. Since free MPA is believed to be the pharmacologically active moiety,
mycophenolate mofetil dose increases based on measurement of total MPA would not be warranted in
such cases. The influence of the identified covariates on free MPA fraction and free MPA concentrations
needs to be further investigated in order to be able to make sound recommendations about TDM of MPA
and mycophenolate mofetil dose adjustments in patients with severe renal impairment or decreased
plasma albumin concentrations.

Recently, Shum et al. [33] have performed a population pharmacokinetic analysis of MPA on the basis
of data from 22 patients during the first month after renal transplantation. With a similar structural
pharmacokinetic model as in the present study, between-patient variability for both k., and V1 was
estimated to be lower, whereas within-patient variability for k. and V1 was estimated to be higher. For
clearance, both estimates for variability were lower with corresponding values of 20% and 13% and
no relationships were assessed between patient factors and clearance. The observed differences with
the present study may be explained by the lower number of patients and the shorter follow-up time in
the study by Shum et al. [33] Another population pharmacokinetic analysis of MPA by Le Guellec et al.
[34] was performed in stable renal transplant recipients at least 6 months after surgery. MPA clearance
was estimated to be 15.7 L/h for a typical patient weighing 64 kg with a between-patient variability
of 28%. The value for MPA clearances matches well with the result found in this study for the median
MPA clearance at day 140 after transplantation, i.e. 18.1 L/h.

With regard to the change of MPA clearance over time, the findings of Shaw et al. [24] contrast with
the suggestion from several studies [6,10] that MPA clearance decreases to the same extent in all
renal transplant patients. Shaw et al. showed that patients who do not have a well functioning graft
immediately after transplantation experience the most pronounced decrease in MPA clearance [24].
The negative correlation between MPA clearance and renal function observed in this study confirms
that patients with impaired renal function shortly after transplantation will experience a significant
change in clearance when renal function improves in the first post-operative weeks. Interestingly, Shaw
et al. [24] did not find a significant change in MPA clearance in patients with immediate graft function
following transplantation, whereas our results show a significant change in the group with CrCl >25
mL/min, albeit less pronounced than in the patient with CrCl <25 mL/min (figure 5). Other studies
[22,27] also found a decrease in MPA clearance regardless of renal function during the first period after
renal transplantation. This change may be due to changes in the plasma albumin concentration, as well
as tapering of ciclosporin daily dose in the first period after transplantation.
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CONCLUSION

Through the development of a population pharmacokinetic model, more insight was obtained in the
pharmacokinetics of MPA after oral intake of mycophenolate mofetil. Between- and within-patient
variability were quantified and in part explained by correlations between MPA clearance and renal
function, plasma albumin concentration and ciclosporin daily dose and between V1 and renal
function and plasma albumin concentration. The identified correlations offer a possible explanation
for the decreasing MPA clearance observed in renal transplant recipients in the first weeks after
transplantation. The clinical relevance of changing MPA clearance and V1 in a situation of altered
renal function or plasma albumin concentration remains to be investigated. Nevertheless, the identified
relationships may help to apply TDM of MPA more efficiently and to predict MPA concentrations
resulting from a certain mycophenolate mofetil dose more accurately, thereby reducing the variability
in MPA concentration within and between individuals.
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ABSTRACT

Large between-and within-patientvariabilityhasbeen observed in the pharmacokinetics of mycophenolic
acid (MPA). However, conflicting results exist about the influence of patient characteristics that explain
the variability in MPA exposure. This population pharmacokinetic meta-analysis of MPA in renal
transplant recipients was performed to explore whether race, renal function, albumin level, delayed
graft function (DGF), diabetes mellitus and co-medication are determinants of total MPA exposure.
13,346 MPA concentration-time data points from 468 renal transplant patients who participated in six
clinical studies were combined and analysed retrospectively. Sampling occasions ranged from day 1
after transplantation to 10 years after transplantation. Concentration-time data were analysed with
nonlinear mixed effect modeling (NONMEM). Exposure to total MPA, as determined by MPA clearance,
significantly increased with increasing renal function, albumin level and haemoglobin as well as
decreasing cyclosporine pre-dose levels (p<0.001). These variables could explain 18% of the between-
and 38% of the within-patient variability in MPA exposure. Differences in MPA exposure between
patients with or without DGF or between patients of different races, are likely to be caused by the
effect of renal function on MPA exposure. Diabetes mellitus did not have an effect on MPA exposure.

The clinical implication is that a change in renal function or albumin level provides an indication for
therapeutic drug monitoring as MPA exposure may be altered. Patients in whom cyclosporine and MMF
are combined may need higher MMF doses especially during the early phase post-transplant than
currently recommended for optimal MPA exposure.

INTRODUCTION

Mycophenolate mofetil (MMF) is an immunosuppressive drug successfully used in solid organ
transplantation to prevent acute allograft rejection[1,2]. MMF is a prodrug of mycophenolic acid (MPA),
which exhibits rapid and almost complete absorption from the gut. MPA has extensive plasma albumin
binding (98%)and is metabolised by uridine glucuronosyl transferase enzymes into the pharmacologically
inactive glucuronide metabolite (MPAG) [3-5]. The pharmacokinetics of MPA are further characterised
by an enterohepatic recirculation, in which MPAG is excreted into bile and deglucuronidated in the gut
back to MPA [3].

Low rates of acute rejection and long term patient survival have been achieved with MMF when used in
a standard dose recommendation of 1 gram twice daily for adults. A number of pharmacokinetic studies
have shown an increased risk for acute rejection in patients with lower MPA exposure, suggesting that
efficacy may improve by adjusting the dose based on plasma concentrations. Based on these studies
a target window has been adopted for MPA exposure (area-under-the-curve (AUC) values between 30
and 60 mg*h/L) [6-8]. Accumulating evidence suggests that this target is not reached in every patient
with the standard MMF dose, with some studies reporting a 10-fold between-patient variability of
MPA exposure, changes of exposure over time with a fixed MMF dose and influence of co-medication
[4,9-11]. Consequently, individualisation of MMF dose may be necessary to achieve adequate MPA
exposure in every patient.

By explaining between-patient variability in MPA pharmacokinetics and identifying the patient
characteristics that significantly influence MPA exposure, rational decisions on optimal dosing can
be achieved [12]. Earlier pharmacokinetic studies have already attempted to correlate MPA exposure
to several explanatory factors. For example, some studies found that impaired renal function and low
albumin levels result in high total MPA clearance and thus low total MPA exposure [5,9,11,13,14],
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although this could not be confirmed in all studies [15-20]. Also with regard to the effect of the use of
co-medication [3,10,18,21,22], diabetes mellitus [23,24], body weight [11,13,17,20] age [5,11,18-20],
gender [11,20,23] and race [9,23,25] contrasting results have been obtained. Most of these studies were
underpowered, based on MPA pre-dose levels only, and some studies did not adequately control for
confounding factors. Consequently, for most variables it is not clear if and to what extent they influence
MPA exposure and whether individualisation of the MMF dose should depend on these variables.

Population pharmacokinetic meta-analysis are known to be very powerful and can reliably estimate
the determinants of pharmacokinetic variability, thereby explaining between-patient differences in
drug exposure [26,27]. An important advantage of a population pharmacokinetic approach is that it
allows pharmacokinetic data sets originating from several studies with different sampling time points
to be combined. In this study, a population pharmacokinetic meta-analysis of MPA in renal transplant
recipients was performed to explore whether race, age, gender, weight, renal function, albumin
level, delayed graft function (DGF), diabetes mellitus and the use of antimicrobial agents, gastric
pH modulators, cyclosporine and corticosteroids can explain variability in MPA exposure between
(subgroups of) patients.

PATIENTS AND METHODS

Studies

Total MPA concentration-time data from 468 renal transplant patients who participated in six different
studies were combined and analysed retrospectively. All data were provided by Roche Laboratories
Inc. Details of these studies have been previously published elsewhere [6,7,23,28-30]. Per study, the
number of patients from whom samples were drawn for pharmacokinetic analysis, the MMF starting
doses, the occasions of pharmacokinetic assessment after transplantation, the time of sampling after
MMEF administration and the concomitant used immunosuppressive agents are summarised in table 1.

Data and definitions

Data on total MPA concentrations, timing of MPA sample drawing and MMF dosing history from the
six studies were pooled in one dataset. Data were also collected on patient characteristics, routine
laboratory measurements, co-medication, co-morbidity like diabetes mellitus and DGF for every sampling
occasion in all patients. Pre-transplant diabetes mellitus was defined as the use of antidiabetic drugs
within 60 days prior to transplantation, or a medical history of diabetes mellitus. DGF was defined
as the need for dialysis in the first two weeks after transplantation. Three categories for race were
defined: Caucasian, Black and other. The use of co-administered drugs was scored as 1 when the drug
was used on the day of pharmacokinetic assessment, otherwise co-medication was scored as 0. The
use of antiviral agents consisted of acyclovir or ganciclovir. Patient characteristics and biochemical
parameters are summarised in table 2.
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Table 1 Description of studies used for the population pharmacokinetic meta-analysis
with regard to pharmacokinetic properties.

Study (Reference) Number of MMEF starting Time of PK Time of sampling after  Concomitant
subjects dose (mg twice assessment after oral MMF administration immunosuppression
daily) transplantation  (hours)
Unpublished study 18 1000, 1500 or 1750 Days 1 and 20 Pre-dose, 0.5,1,2,4,8 Prednisone
and 12 Cyclosporine$

Sollinger [28] 62 1000 or 1500 Days 1 and 5, Pre-dose, 0.5, 1,2, 4,8 Prednisone
hospital discharge and 12 Cyclosporinet

US MMF Study (range: day 6-21)

Group [29]

Van Gelder et al. [6] 141 450,950 or 1700*  Days 3,7,11and Days 3,7 and 11: Pre-dose, Prednisone
21, Months 1, 2,3, 0.33,0.67,1.25,2,6,8 Cyclosporine

Hale et al. [7] 4and5 and 12

Thereafter: Pre-dose, 0.33,
0.67,1.25and 2

Ekbergetal. [30] 44 1000 Days 4 and 7 Pre-dose, 0.33, 0.67, 1.25,  Prednisone
Months 1,3 and6 2,3, 4,6,8and 12. Cyclosporine (n=14)
or sirolimus (n=30)
Day 4 only pre-dose

Daclizumab
Submitted for 118 750, 1000 Day 7 Pre-dose, 0.33, 0.67, 1.25,  Prednisone
publication Months 3,7and 12 2,3, 4,6, 8 and 12 Cyclosporine#
Daclizumab#
Pescovitz et al. [23] 85 1000, 1250 or 1500 >6 months Pre-dose, 0.33, 0.67, 1.25,  Prednisone
(range: month6  2,3,4,6,8,12 Cyclosporine

- year 10)

§ In the unpublished study, cyclosporine was initiated when creatinine levels dropped below 3 mg/dL. 1 In the study by
Sollinger [28] and by the US MMF Study Group [29], cyclosporine was initiated after the first week. # The study submitted
for publication was a three arm study: one arm with standard doses of cyclosporine (pre-dose levels for the first 4 months
of 150-300 ng/mL, thereafter 100-200 ng/mL), one arm with low dose cyclosporine (pre-dose levels of 50-100 ng/mL)

and standard dose dacluzimab and one arm in which cyclosporine was given in a low dose for the first three months,

then cyclosporine was withdrawn over a three month period and standard dose daclizumab. 1 In the remaining studies
[6,7,23,30], cyclosporine was used according to routine practice. *In the study by Van Gelder et al. [6] and by Hale et al. [7]
mycophenolate mofetil dose was based on area-under-the-curve (AUC) measurements to obtain target exposure in three
predefined groups (low AUC target group [target AUC: 16.1 mg*h/L]; intermediate AUC target group [target AUC: 32.2
mg*h/L]; high AUC target group [target level: 60.6 mg*h/L]). Mycophenolate mofetil was dispensed as tablets of 250 mg,
but to reach target exposure as closely as possible, the dose could be fine-tuned with capsules of 50 mg mycophenolate
mofetil.

PK = pharmacokinetic
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Table 2 Patient demographics and biochemical parameters

Characteristics Day 0-4" Month 1 Month 6 Year 1
Gender

Male n= 157 119 87 104

Female n= 89 69 47 67
Race

Caucasian n= 217 168 121 131

Black n= 17 7 4 37

Other n= 12 13 9 3
Diabetes mellitus n= 49 17 15 16
DGF n= 34 - -
Use of antacids n= 56 24 0 1
Use of proton pump inhibitors n= 7 13 0 0
Use of H,-antagonists n= 66 82 3 5
Use of antiviral agents n= 68 8 1 0
Use of sirolimus n= 21 27 17 2
Age (years) 50(18-72) 50 (19-70) 49 (28-70) 52 (22-73)
Body weight (kg) 71(37-151) 68 (38-151) 80 (42-151) 75 (49-122)
Serum creatinine (umol/L) 424 (66-1379) 128 (53-913) 124 (62-195) 125 (52-221)
Creatinine clearance (mL/min) 19 (4-132) 55 (7-203) 71 (44-132) 64 (34-113)
Plasma albumin (g/L) 35(23-51) 35(26-50) 36 (29-45) 42 (31-48)
Serum ALT (U/L) 17 (2-653) 17 (4-144) 25(10-128) 20(11-1759)
Serum total bilirubin (mg/dL) 0.5(0.2-3.0) 0.6(0.1-1.9) 0.5(0.1-1.6) 0.7(0.2-3.3)
Serum alkaline phosphatase (U/L) 64 (17-870) 86 (25-221) 99 (46-218) 171 (41-347)
Red blood cell count (x10'%/L) 3.2(1.5-4.8) 3.4(2.1-4.9) 4.3(3.5-5.9) 4.4(3.7-9.5)
Haemoglobin (g/dL) 9.7 (4.9-17) 11(6.7-15) 12(9.6-18) 13(7.8-18)
Prednisone daily dose (mg) 30 (20-1365) 19(7.5-35) 10(0-10) 9.4 (0-10)
Cyclosporine dose

Daily dose in mg 530 (0-1000) 350 (0-1400) 50 (0-200) 138 (0-300)

Daily dose in mg/kg 6.0(0-18) 6.4(0-22) 0.5(0-3.6) 1.8(0-6.6)
Cyclosporine pre-dose level (ng/mL) 171 (0-806) 237(0-571) 93 (0-316) 155 (0-1337)
Patients not using cyclosporine n= 102 27 17 34
MMF dose

MMF dose in mg twice daily 1150 (400-2200) 1000 (250-2200) 1000 (1000-1000) 1000 (250-1250)

MMEF dose in mg/kg twice daily 15 (4.8-36) 15(3.9-45) 11(2.2-18) 14 (3.8-21)

Data are presented as median (range) for four sampling occasions after renal transplantation: day 0-4, month 1, month 6
and year 1. In total, data were collected from 468 renal transplant recipients participating in 6 clinical studies.

1 For demographic description of the study population during day 0-4 one value per variable per patient was used, namely
the one measured on the day of pharmacokinetic assessment.

Because of different moments of pharmacokinetic assessment after transplantation in the studies, the number of
individuals from whom data were available differs for the four presented occasions.

n =number of renal transplant recipients, MMF = mycophenolate mofetil, DGF = delayed graft function, ALT = alanine
transferase, Normal values for creatinine: 65-115 pmol/L for males and 55-90 pmol/L for females, for plasma albumin:
35-50 g/L, for serum ALT: <41 U/L for males and <31 U/L for females, for serum total bilirubin: <1 mg/dL, for serum alkaline
phosphatase: <120 U/L, for red blood cell count: 4.4-5.6x10"?/L for males and 3.9-4.9x10'?/L for females, for haemoglobin:
13.8-16.9 g/dL for males and 12.1-15.3 mg/dL for females.
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Pharmacokinetic analysis

All data were analysed simultaneously using the nonlinear mixed effects modeling software program
(NONMEM) (Version V, level 1.1, GloboMax LLC, Hanover, USA). NONMEM is a parametric nonlinear
multiple measurements regression program designed for population pharmacokinetic analyses. This
kind of analysis quantifies two types of population pharmacokinetic parameters based on linking
dosage, time and observable patient features to drug concentrations [26,27,31,32]. The first type
are fixed effect parameters, which quantify mean population pharmacokinetic parameters, or typical
relationships between patient features like gender or race, and individual pharmacokinetic parameters.
The second type are random effect parameters, which measure between-, and within-patient variability
of pharmacokinetic parameters [32,33]. Using the first order method in NONMEM, the population
pharmacokinetic parameters are calculated by simultaneously fitting all data to a pharmacokinetic
model [32]. This means that NONMEM appropriately pools data across individuals, which makes the
population parameter estimates less dependent on the number of samples per individual, while at the
same time it allows easy combination of concentration-time data collected in different studies with
different sampling schemes and on different moments after transplantation [27].

A more detailed description of the technical aspects of the methods used for pharmacokinetic modeling
will be reported elsewhere [34]. Briefly, during the first step of the analysis a compartmental population
pharmacokinetic model was developed describing the pharmacokinetics of MPA and quantifying
between-and within-patientvariability in MPA pharmacokinetics. Data were logarithmically transformed
and residual variability was modeled additively [27]. Individual estimates of the pharmacokinetic
parameters were obtained by Bayesian analysis.

The second step was the investigation of relationships between patient factors and individual estimates
of the pharmacokinetic parameters. Patient factors tested were patient race, age, gender, weight,
albumin level, alanine transferase (ALT), bilirubin, alkaline phosphatase, haemoglobin, red blood cell
count, DGF, diabetes mellitus, cyclosporine dose, cyclosporine pre-dose concentration, MMF dose,
corticosteroid dose and the use of antiviral agents, proton pump inhibitors, antacids, H,-antagonists,
sirolimus, and renal function. With regard to the latter, two estimates for renal function were tested:
estimation of creatinine clearance according to the Cockcroft and Gault formula (C&G)[35] and estimation
of the glomerular filtration rate with the abbreviated Modification of Diet and Renal Disease (aMDRD)
method [36]. First, all different variables were tested in the model developed during the first step, in a
univariate way. Whether a variable had a significant effect was determined with the likelihood ratio
test. A p-value <0.001 was considered to be statistically significant. Second, a multivariate analysis
(backward elimination procedure) was done to obtain the final model. The final model was refined by
estimating between-patient variability in the relationships between patient factors and pharmacokinetic
parameters. This variability parameter takes into account that a change in the value of a variable may
not have the same effect on a pharmacokinetic parameter in all individuals [37].

MPA AUC values, normalised to 1000 mg MMF, were calculated based on the individual estimates for
MPA clearance from the final model (equation 1):

MPA AUC (mg*h/L) = 1000 mg / MPA clearance (L/h) (Eg. 1)
Statistics

Statistical analyses were performed with the software package SPSS 11.5 for Windows (SPSS Inc.
Chicago, IL, USA). For comparisons of continuous parameters between groups and within a group over
time, repeated measures ANOVA was used. A p-value less than 0.05 was considered significant.
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RESULTS
Data

In total, 13,346 MPA samples originating from 1894 concentration-time curves obtained from 468 renal
transplant recipients were analysed. Sampling occasions varied from day 1 to day 3795 (>10 years)
after renal transplantation and MMF doses ranged from 250 mg twice daily to 2200 mg twice daily.
884 MPA concentration-time curves originated from the first month after transplantation, while 280
pharmacokinetic profiles were taken after the first half-year.

Pharmacokinetic analysis

The model after the first step was a two compartment model with a lag-time preceding the absorption
phase (figure 1).

Figure 1 Schematic presentation of the population pharmacokinetic model that best fitted the data, which was a two
compartment model with time lagged first order absorption. MMF = mycophenolate mofetil.

MM F Daose
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The results of the uni- and multivariate analyses of relationships between pharmacokinetic parameters
and patient factors are summarised in table 3. The correlations between pharmacokinetic parameters
and C&G were statistically stronger as determined with the likelihood ratio test than correlations
between pharmacokinetic parameters and aMDRD. For this reason C&G was used as measure for renal
function and aMDRD was rejected.

After the multivariate analysis, significant relationships were found between C&G, albumin level,
haemoglobin and cyclosporine pre-dose level and MPA clearance (table 3, all p<0.001). These correlations
are reported as relationships with MPA AUC, ,, (normalised to 1000 mg MMF, equation 1), as clearance
and dose are the only determinants of AUC,,. MPA AUC,, was higher when renal function was better:
AUC, ,, was 36 mg*h/L with a C&G of 20 mL/min and 45 mg*h/L when C&G was 65 mL/min (figure 2a).
A higher albumin level correlated with a higher MPA AUC,,: 42 mg*h/L when albumin level was 35
g/L and 48 mg*h/L with an albumin level of 42 g/L (figure 2b). Furthermore, AUC,,, was higher with a
haemoglobin of 12.5 mg/dL (AUC, ,, was 45 mg*h/L) compared to a haemoglobin of 10 mg/dL (AUC,,,
was 42 mg*h/L) (figure 2c). Finally, a lower cyclosporine pre-dose level correlated with a higher AUC
45 mg*h/L with a cyclosporine pre-dose level of 150 ng/mL and 43 mg*h/L with a pre-dose level of 225
ng/mL (figure 2d). While the separate patient factors had a small to modest effect on MPA AUC,,,, an
almost doubling of AUC, ,, from 31 to 56 mg*h/L was found when the described effects of renal function,

albumin levels, haemoglobin and cyclosporine pre-dose levels were combined.
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Table 3 Relationships between pharmacokinetic parameters and patient factors

Pharmacokinetic parameter Significantly correlated variables after Significantly correlated variables
univariate analysis* after multivariate analysis*
Absorption half-life: C&G Cyclosporine dose
aMDRD

Cyclosporine dose
Use of H,-antagonists

Central volume of distribution: C&G C&G
aMDRD Albumin level
Albumin level Use of antacids
Haemoglobin
ALT

Cyclosporine dose
Use of antacids
Use of antiviral agents

Clearance: C&G C&G
aMDRD Albumin level
Delayed graft function Haemoglobin
Albumin level Cyclosporine pre-dose level
Haemoglobin
Red blood cell count
ALT

Alkaline phosphatase
Caucasian race
Cyclosporine dose
Cyclosporine pre-dose level
Corticosteroid dose

Use of sirolimus

Use of antacids

Use of antiviral agents

Use of H,-antagonists

Relationships between pharmacokinetic parameters and patient factors were tested using the model shown in figure 1.
Relationships were first tested in a univariate way, whereafter the significantly correlating variables were included in a
multivariate analysis (backward elimination procedure) to obtain the final model.

*All relationships between pharmacokinetic parameters and patient factors were significant at the level of p<0.001.
ALT = alanine transferase C&G = estimation of the creatinine clearance according to Cockcroft and Gault, aMDRD =
estimation of the glomerular filtration rate according to the abbreviated Modification of Diet and Renal Disease method.

Table 4 Parameter estimates for the final model with their standard errors

Parameter Population estimate, Between-patient variability, = Within-patient variability,
mean (SE) %CV (SE) %CV (SE)

Absorption half-life 0.17h (0.012) 101 % (14) 116 % (12)

Central volume of distribution 69L (4.0 930 % (14) 71 % (8.3)

Clearance 23 L/h (0.54) 36% (3.4) 21% (2.1)

Peripheral volume of distribution 298 L (23) - -

Intercompartmental clearance 341/h (2.5) 60% (13) 41 % (16)

Absorption lag time 0.24h (0.0028) - -

%CV = coefficient of variation for variability, SE = standard error of parameter estimate. PK = pharmacokinetic.
Parameters were estimated taking into account the effect of cyclosporine dose on absorption half-life, the effect of

renal function (creatinine clearance calculated according to Cockeroft and Gault), plasma albumin concentration and the
use of antacids on central volume of distribution and the effect of renal function, albumin level, cyclosporine pre-dose
level and haemoglobin on clearance. Estimates for between- and within-patient variability represent the unexplained
random variability. No estimate for between- or within-patient variability does not mean that there is no variability in the
concerning parameter, but that the data do not contain sufficient information to allow reliable estimation of the variability.
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Figure 2 Correlations between MPA clearance
(CL) and renal function (creatinine clearance
calculated according to Cockcroft and Gault) (a),
plasma albumin level (b), haemoglobin (c) and
cyclosporine pre-dose level (d). The solid lines
represent the correlation estimated by the final
population pharmacokinetic model.
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Furthermore, absorption half-life was found to be significantly longer with a lower cyclosporine dose:
0.15 h with a cyclosporine dose of 500 mg and 0.26 h without the use of cyclosporine (p<0.001),
indicating that cyclosporine increased the rate of MPA absorption from the gut. Patients using antacids
had a 37% higher central volume of distribution than patients who did not use these agents.

The parameter estimates of the final model are summarised in table 4. The identified relationships
between patient factors and pharmacokinetic parameters after the multivariate analysis (table 3)
explained both between- and within-patient variability in the pharmacokinetics of MPA. 18% of the
between-patient variability in clearance and 38% of the within-patient variability in clearance was
explained. For absorption half-life, 35% between- and 15% within-patient variability could be explained.
For central volume of distribution, 39% between- and 20% within-patient variability was explained.
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Finally, 42% between- and 47% within-patient variability was explained for intercompartmental
clearance. The magnitude of the effect of renal function on MPA clearance and of albumin level on MPA
clearance could be very different per individual as illustrated by coefficients of variation for the between-
patient variability in these relationships of 66% and 112% respectively (p<0.001). This indicates that
a change of renal function or albumin level may have a significant impact on MPA exposure in one
patient, while in another patient the effect may be considerably less.

Effects of cyclosporine exposure, DGF,
race and diabetes mellitus

To further illustrate the influence of the use of cyclosporine on MPA exposure, the course of dose-
normalised MPA AUC, ., over time after transplantation was compared between patients who had
cyclosporine as concomitant immunosuppressive therapy (n=144 on day 0-4 posttransplant) and patients
who used an immunosuppressive regimen without cyclosporine (n=102 on day 0-4 posttransplant)
(figure 3). Part of this latter group was concurrently treated with sirolimus (n=30). Patients who were
exposed to cyclosporine exhibited lower median dose normalised MPA AUC, , -values than patients not
exposed to cyclosporine during the whole study period with the exception of the first week. At months
1, 3, and 6 and at year 1 after transplantation, patients who used cyclosporine had a median dose
normalised MPA AUC,, of respectively 36, 45, 52 and 56 mg*h/L and patients without cyclosporine
exposure had a median MPA AUC,, of 65, 58, 77 and 72 mg*h/L. Of note, these values also show that
MPA exposure increased with time posttransplant.

In the univariate analysis, patients with DGF had a significantly lower median MPA AUC, ,, compared
to those with immediate graft function during the first four days after transplantation (23 versus 33
mg*h/L respectively, p<0.001, figure 4). However, in the multivariate analysis DGF was no longer a
significantly correlated with clearance (table 3), because renal function, as the more broadly defined
variable, could explain the lower MPA exposure in patients with DGF: median C&G was 10 mL/min
in patients with DGF versus 23 mL/min in patients with immediate graft function during the first four
days after transplantation (p<0.001). Thereafter, with recovering renal function in patients with DGF (21
mL/min in week 2) the difference in MPA AUC ,, between patients with or without DGF decreased: 27
versus 33 mg*h/L during day 5 to 8, and 31 versus 33 mg*h/L during week 2.

Black renal transplant patients exhibited lower median dose normalised MPA AUC, , -values during
the first month after transplantation compared to Caucasian patients. AUC_,,-values on day 0-4, day
5-8, week 2 and month 1 were 30, 25, 25 and 30 mg*h/L for Blacks and 32, 32, 33 and 38 mg*h/L for
Caucasians. Race however was not a significantly correlated with clearance in the multivariate analysis
(table 3). The difference may therefore be the result of a lower median renal function in Blacks during
the same occasions (10, 16, 25 and 52 mL/min) compared to Caucasians (21, 29, 38 and 55 mL/min). The
level of renal function over time between both races, however, was not statistically significant (p=0.18).
This may be due to the small number of Blacks per occasion (n=17, 8, 6, and 7 respectively), resulting
in insufficient power to find a statistically significant difference.

In this study, diabetic patients had a small but significantly increased T__(calculated according to
reference [38]) compared to non-diabetic patients during the first half year after transplantation. For
example, median T__ in diabetic renal transplant patients at one month posttransplant was 1.1 h and
0.8 hin non-diabetic patients (p=0.045).
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Figure 3 Course of dose-normalised MPA area-under-the-curve (AUC, ) over time after transplantation for patients who
had cyclosporine (CsA) as concomitant immunosuppressive therapy (n=144 on day 0-4 posttransplant) (open Box-Whisker
plots) and for patients who used an immunosuppressive regimen without CsA (n=102 on day 0-4 posttransplant) (closed
Box-Whisker plots). The box indicates the upper and lower quartiles and the central line represents the median. The
whiskers represent the 2.5% and the 97.5% values. The dotted lines represent the adopted therapeutic window for MPA
AUC, ,, values of 30 to 60 mg*h/L [9]. Exposure was significantly different between groups with p<0.05 on month 1 and 6
and year 1. Exposure was significantly different between groups with p<0.01 on month 3.
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DISCUSSION

During standard dose MMF therapy, the MPA exposure has been reported to vary 10-fold between
patients, resulting in a wider range of MPA AUC values than the adopted AUC range of the therapeutic
window [4]. This suggests that dose individualisation may improve outcome. Several studies investigated
the determinants of the variability in MPA concentrations, but conflicting results have been obtained
[3,5,9-11,13-25]. To explore which factors can explain variability in the pharmacokinetics of MPA, a
powerful population pharmacokinetic meta-analysis was performed using data from 468 renal transplant
recipients. Eight variables were identified which significantly influenced the pharmacokinetics of MPA
(table 3). With these eight variables, 18% to 42% of the between-patient variability and 15% to 47% of
the within-patient variability can be explained in the different pharmacokinetic parameters.

Renal function was an important determinant of MPA clearance. MPA clearance decreased with
improving renal function. This correlation could explain 35% of within-patient variability, meaning that
recovering renal function can explain an important part of the well-known increase of MPA exposure
within a patient over time [7]. The relationship between renal function and MPA clearance also
explained why patients with DGF had a higher CL and consequently a lower MPA AUC, ,, in the first
days after transplantation compared to patients with immediate graft function (figure 4) [9,39]. Patients
with DGF had lower MPA exposure as a result of a significantly lower renal function during that period

compared to patients without DGF.

A similar effect may apply to race. Black patients showed a trend towards lower dose normalised MPA
AUC, ,, compared to Caucasian patients in the first month after transplantation. Like DGF, this difference
may be explained by a lower renal function in Blacks, without an additive effect attributable to race.
Although speculative, a possible difference in renal function between races and the resulting effect on
MPA exposure might have contributed to the observation in a previous study that Black patients only
benefited from MMF over azathioprine with doses of 1.5 g twice daily, instead of the standard dose of
1 g twice daily [9,25].

The influence of renal function on MPA clearance was not found in every study investigating the
pharmacokinetics of MPA [15,16,18,19]. This is explained by the fact that renal function only appears
to have a clinically relevant effect on MPA clearance if renal function is below 25 mL/min (figure 2a).
Changes in renal function above the 25 mL/min threshold have a small impact on MPA clearance: an
improvement of renal function from 65 to 110 mL/min induces a modest decrease of MPA clearance
from 22 to 19 L/h (figure 2a). Studies with low proportions of patients with delayed or impaired graft
function postoperatively may have been underpowered to demonstrate the influence of renal function
on MPA clearance.

Acidosis, uremia and accumulation of MPAG, all associated with impaired renal function, will decrease
MPA binding to albumin [9]. As MPA is supposed to be a restrictively cleared drug, an increased free
fraction leads to an increase of the amount of MPA available for glucuronidation and hence to a higher
MPA clearance [9].

The relationship with plasma albumin level and MPA clearance is also explained through MPA free
fraction. When albumin levels increase, MPA free fraction may become smaller and consequently MPA
clearance may decrease. The effect that increasing haemoglobin caused a decrease in MPA clearance,
which has not been found earlier, might also be explained with the same hypothesis. This suggests that
MPA does not only bind to albumin, but also to haemoglobin or red blood cells. Unfortunately, free MPA
concentrations were not available in this study to test this hypothesis.
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Despite having identified the significant influence of renal function and plasma albumin level on MPA
clearance, adjustments of MMF dose cannot be recommended purely based on these factors. The
reason is that large between-patient variahility was estimated in the effect that renal function and
albumin level had on MPA clearance (66 and 112% respectively). This means that the same change
in renal function or albumin level in one patient may result in a clinically relevant change of MPA
clearance, while in another patient hardly any effect will be present. Consequently, a change in renal
function or albumin level is not in itself an indication for dose adjustment, but is merely an indication
for therapeutic drug monitoring to check whether the MMF dose needs to be adjusted in order to get
or keep MPA exposure on target. Another reason may be that despite lower total MPA exposure, free
MPA concentrations may be unaltered or even elevated in situations of impaired renal function or low
albumin levels [9,40]. Because free MPA is regarded as the pharmacologically active moiety [41], MMF
dose adjustments would not be indicated then. This issue warrants further research before MMF dose
can be based on renal function and albumin level.

The observation that MPA clearance is influenced by cyclosporine pre-dose level can be explained by
cyclosporine mediated inhibition of the multidrug resistance protein 2 through which the enterohepatic
recirculation of MPA can be disrupted [10]. The result is that patients concurrently treated with
cyclosporine had lower MPA exposure than patients not receiving cyclosporine during the first year
after renal transplantation (figure 3). This observation is in accordance with observations from other
studies in which patients concurrently treated with sirolimus [42] or tacrolimus [21] had higher MPA
exposure than cyclosporine-treated patients. Furthermore, figure 3 shows that half of the patients who
were concurrently treated with cyclosporine had MPA exposure below the recommended target window
in the first week after transplantation. Because optimal MPA exposure early after transplantation
is associated with a lower incidence of acute rejection [43], outcome in patients in whom MMF is
combined with cyclosporine may be improved with 1500 mg MMF twice daily instead of the currently
recommended 1000 mg twice daily in the immediate posttransplant phase.

The result from a previous study that the tapering of corticosteroids leads to an increase of MPA
concentrations could not be confirmed [22]. A positive correlation between the corticosteroid dose
and MPA clearance could be identified during the univariate analysis, but this relationship lost its
significance in the multivariate analysis. This indicates that the corticosteroid dose is a confounding
factor for the relationships between the patient factors and MPA clearance in the final model.

A previous study did not show an effect of diabetes mellitus on MPA AUC,,, [23]. Another study found
an increased T__, but only seven diabetic patients were included [24]. This study confirms a slightly
increased T __ in diabetic renal transplant recipients. The increased T may be related to gastroparesis,
which is present in many diabetic patients [44], but does not have a clinically relevant impact on MPA
exposure.

Figure 3 shows that dose normalised MPA AUC,, increases over time after renal transplantation as
a result of decreasing clearance. Given the identified relationships between MPA clearance and renal
function, haemoglobin, albumin level and cyclosporine pre-dose level, this is in part caused by dynamic
changes in these variables. The increase in exposure in the group without cyclosporine exposure mainly
occurs in the first month after transplantation and may thus be caused by improving renal function,
increasing albumin level and climbing haemoglobin (figure 3). Increasing MPA exposure later after
transplantation may be, in part, the result of a decrease in cyclosporine pre-dose levels (table 2). This
is illustrated in the cyclosporine group in figure 3 where median renal function and albumin level were
quite stable between month 1 and year 1 (median renal function increased from 52 to 64 mL/min and
median albumin level increased from 37 to 39 g/L), while median cyclosporine pre-dose level decreased
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from 237 to 155 ng/mL during that period. As a result of the gradual increase in MPA exposure, a subset
of patients will be above the target window with standard MMF doses of 1000 mg twice daily after
6 to 12 months after transplantation. This is most likely in patients who are no longer treated with
cyclosporine and who have good renal function, albumin level and haemoglobin [42]. The increased MPA
exposure may be very welcome in regimens in which cyclosporine is tapered or stopped, and in patients
who tolerate such levels without toxicity dose reductions may not be necessary. It is also important that
the recommended target window [8] is based on a combination of MIMF with a calcineurin inhibitor, and
other target values may apply for other combinations [45].

CONCLUSION

In summary, with a population pharmacokinetic model relationships have been identified between
patient factors and pharmacokinetic parameters, thus explaining variability in MPA pharmacokinetics.
Exposure to MPA is significantly influenced by renal function, albumin level, haemoglobin and
cyclosporine pre-dose level. These variables may prove to be useful for more effective therapeutic
drug monitoring and MMF dosing, but this warrants further prospective research. Differences in MPA
exposure between patients with or without DGF or between patients of different races, are likely to
be caused by the effect of renal function on MPA exposure. Diabetes mellitus, the use of gastric pH
modulators other than antacids, corticosteroids, antibiotics and antiviral agents do not have an effect
on MPA exposure.
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ABSTRACT

Limited sampling strategies offer support to optimise therapeutic drug monitoring of mycophenolic acid
(MPA). Their use however may be limited by several patient factors, including co-morbidity. In this study
the pharmacokinetics of MPA in diabetic and non-diabetic renal transplant recipients were compared
and it was evaluated whether a developed limited sampling strategy validated for non-diabetic patients
can also be used in diabetic patients.

The pharmacokinetics of MPA were analysed in 136 renal transplant patients, among whom seven
diabetics, on day 7 and 11 after transplantation. All patients received cyclosporine and corticosteroids
as maintenance immunosuppressive therapy. A limited sampling strategy (AUC [mg*h/L] = 7.182 +
4.607xC, + 0.998xC,, + 2.149xC,) was developed and validated for non-diabetic patients and was
subsequently tested for its usefulness in diabetic patients.

Diabetic renal transplant patients did not have significantly different dose normalised MPA area under
concentration time curve (AUC), MPA clearance or MPA maximum concentration (Cmax). However in diabetic
patients T__ (time of C__, 1.59 h) was higher than for non-diabetic patients (0.67 h) on day 11 (p=0.04).

The developed and validated limited sampling strategy performed acceptable, estimating MPA AUC in non-
diabetic patients with a mean bias of 0.2 mg*h/L (95% confidence interval from—1.3 to 1.6 mg*h/L). Applying
the limited sampling strategy in diabetic patients revealed a mean bias of —1.5(-5.7, 2.7 mg*h/L).

In conclusion, although diabetic renal transplant patients exhibit increased T _, this does not affect the
accuracy of the limited sampling strategy.

INTRODUCTION

Mycophenolic acid (MPA), the active component of the pro-drug mycophenolate mofetil (MMF), is an
immunosuppressant effectively used for the prevention of acute rejection after renal transplantation
[1]. Recent studies have demonstrated a relationship between the area under the plasma concentration
versus time curve (AUC) of MPA and the risk for acute graft rejection and side effects [2,3]. Nevertheless,
there is still debate on the value of therapeutic drug monitoring (TDM) of MPA[4,5]. Part of the discussion
focuses on which pharmacokinetic parameter should be employed for optimisation of MPA therapy. The
AUC, ,, of MPA correlates fairly well with clinical outcome, but its determination is inconvenient and
time-consuming as a tool for TDM due to the fact that serial blood samples have to be collected at
pre-defined time points. Trough concentrations (C_ ) are less inconvenient, but do not correlate as good
with the risk of acute rejection and side effects as the AUC,,, of MPA [2]. According to several studies,
limited sampling strategies may offer a solution, since MPA AUC can be estimated on the basis of
a limited number of blood samples, usually collected within two to six hours after oral intake of the
drug [6-10]. Food intake, co-medication and co-morbidity however may complicate the use of limited
sampling strategies in TDM of MPA [5,6,11]. For example, a change in MPA absorption rate is thought
to hinder an accurate estimation of full AUC from limited sampling strategies [12].

Particular disease-states may alter pharmacokinetics such that a standard limited sampling strategy
is not appropriate. Altered pharmacokinetics, including changes in absorption, distribution and
elimination, has been described for several drugs in diabetic patients [13]. If this is also the case for
MPA, the estimated MPA AUC derived from a limited sampling strategy may be biased in diabetic renal
transplant recipients.
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In this study we assessed the influence of diabetes on the pharmacokinetics of MPA and determined
whether or not limited sampling strategies validated for non-diabetic patients can also be used in
diabetic patients.

PATIENTS AND METHODS
Patients

Concentration-time samples from one hundred thirty-six renal transplant patients who participated
in a Randomised Concentration Controlled Trial (RCCT) were analysed retrospectively. For a detailed
description of the methods of the RCCT, the reader is referred to the literature [2,10]. Briefly, the goal
of the RCCT was to investigate the relationship between exposure to MPA (AUC, C__, C_. ) and clinical
outcome (risk for acute rejection, side effects). Patients were randomly assigned to three AUC target
groups: low (16.1 mg*h/L), intermediate (32.2 mg*h/L) or high (60.6 mg*h/L) AUC. Starting MMF doses
were 450 mg bid for the low, 950 mg bid for the intermediate and 1700 mg bid for the high target AUC
group. Pharmacokinetic assessment based on eight sampling time points started at day three after
transplantation and from that point on MMF doses were adjusted according to MPA AUC assessment
on eight further occasions in 20 weeks. All patients received cyclosporine and corticosteroids as
maintenance immunosuppressive therapy.

Pharmacokinetic analysis

Plasma samples for description of 12-h concentration-time profiles for the presentanalysis were collected
on day seven and day eleven after transplantation. Samples were collected before oral administration
of MMF, at 0.33, 0.67, 1.25, 2, 6, 8 and 12 hours after administration. Patients were required to fast
overnight prior to dosing and for the first two hours of the profile. Samples were analysed using a
validated HPLC method [14]. The concentration-time data were analysed using WinNonlin version 3.1
(Pharsight Corporation, Mountain View, CA, USA). A noncompartmental model with extravascular input
for plasma data was used to obtain estimates for MPA maximum concentration (C__ ), time of maximum
concentration (T__) and AUC over the period 0 to 12 hour. The AUC,,, was calculated by using the
logarithmic trapezoidal rule. Apparent oral clearance of MPA (Cl) was calculated by dividing the MMF
dose by the AUC. Diabetic and non-diabetic patients were compared using MPA AUC normalised to 1
gram of MMF, because of the large dose ranges in the three target AUC groups. The dose normalised
AUC, ,, was calculated using formula 1:

Dose normalised AUC = measured AUC x (1000 mg MMF / actual MMF dose in mg) (Eg. 1)
Limited sampling strategy

A limited sampling strategy was developed based on data from the RCCT collected on days 7 and 11
after transplantation from the three target AUC groups. Data were split into two data sets. The first
was an index data set, which was used to develop the limited sampling strategy. It contained 60 non-
diabetic renal transplant recipients, randomly selected from the three target AUC groups (20 per group).
MPA concentrations at each sampling time point were correlated with the measured MPA AUC,,, using
linear regression analysis. Those MPA concentrations at sampling time points that showed the best
correlation were combined to improve the correlation in a multiple stepwise linear regression analysis,
with MPA AUC ,, as independent variable and the MPA concentrations at the different sample time
points as explanatory variables. For practical reasons a limited sampling strategy could consist of a
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maximum of three sampling time points with the latest sample being collected maximally 2 hours after
administration of MMF. The second data set was a validation data set, which included the remaining
non-diabetic and 7 diabetic renal transplant recipients, used to correlate the AUC ,, estimated with the
developed limited sampling strategy with the measured MPA AUC . thus verifying the performance of
the developed strategy. This data set was also used to compare the usefulness of the limited sampling
strategy between diabetic and non-diabetic renal transplant patients.

To assess the agreement between the measured and the estimated MPA AUC, the correlation
coefficient, /%, was calculated. Also, the mean prediction error (MPE) or bias and the root mean squared
prediction error (RMSE) or precision of the comparison of the estimated AUC with the measured AUC
were obtained using formula 2 and 3 respectively [15].

?NZ (pe)
MPE = =~ (Eq. 2)
N

N
2 (pe))
RMSE = \/ (i:1
N

N represents the number of pairs of estimated and measured AUC and pe, is the difference between
the estimated and the measured AUC. Bias and precision were visualised by plotting the average AUC
resulting from the abbreviated and the full profile as described by Bland and Altman [16].

(Ea.3)

Statistics

Statistical tests were performed with the software package SPSS 10.1 for Windows (SPSS Inc.
Chicago, IL, USA). Patient characteristics are presented as mean with standard deviation and range.
Pharmacokinetic data are expressed as median and range, since data were not normally distributed.
To facilitate comparison with pharmacokinetic data from literature also mean and standard deviation
are provided. Bias and precision of the comparison between measured and estimated MPA AUC are
expressed as mean and their 95% confidence intervals (95% Cl). The Mann-Whitney U test was used
to test for statistical differences. A p-value of 0.05 was considered statistically significant. Since only
seven of the one hundred thirty-six renal transplant patients suffered from diabetes mellitus a power
analysis was done to calculate the power with which differences between diabetic and non-diabetic
patients can be detected. This was done according to the method with unequal sample sizes described
by Altman [17].
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Results

In total, data from 136 renal transplant patients, 129 non-diabetics and 7 diabetics, were studied during
the pharmacokinetic analysis. On day 7 after transplantation data were available from 128 non-diabetic
and from 7 diabetic patients, as on day 11, data from 125 non-diabetic and 6 diabetic patients were
available. MMF doses ranged from 400 mg bid to 2200 mg bid in non-diabetic renal transplant recipients
and from 450 mg bid to 2000 mg bid for diabetic patients. The results from the pharmacokinetic analysis
are summarised in table 1. The median ClI for non-diabetic renal transplant patients on day 7 was 42
L/h and 43 L/h on day 11. Median Cl for diabetic patients was 38 L/h on day 7 and 36 L/h on day 11.
The Mann-Whitney U test showed that CI between the two subgroups on both days was not different
(p=0.19 on day 7 and p=0.43 on day 11). There was also no significant difference in the median dose
normalised AUC, ,, between patients with and without diabetes: 26 mg*h/L versus 24 mg*h/L, p=0.19
on day 7 and 28 mg*h/L versus 23 mg*h/L, p=0.43 on day 11. The observed median C__ from diabetic
patients was 6.7 mg/L on day 7 and 9.3 mg/L on day 11 and not significantly different from the median
C,,, observed in patients without diabetes (3.0 mg/L on day 7 with p=0.99 and 10.1 mg/L on day 11,
p=0.77). A non-significant trend was observed in increased median T__ for diabetics compared to non-
diabetics on day 7 (1.25 h respectively 0.67 h, p=0.13). This trend became statistically significant on day
11 (1.59 h versus 0.67 h for non-diabetic patients, p=0.04 (figure 1)). The power analysis revealed that
the power with which this significant difference was identified was approximately 80%.

Table 1 Pharmacokinetic parameters of MPA for diabetic patients versus non-diabetic patients on day 7 and day 11 after
renal transplantation.

Day 7 Day 11
Diabetic Non-diabetic p Diabetic Non-diabetic p
patients patients patients patients
n=7 n=128 n=6 n=125

T 1.25(0.53-1.25) 0.67(0.32-12.00) 0.13 1.59(0.58-2.03) 0.67(0.27-6.17)  0.04
1.05+0.33 0.94+1.15 1.48+0.60 0.94+0.67

C,, (mg/L) 6.7(4.1-21.00  9.0(0.5-58.4) 0.99 9.3(3.6-21.4)  10.1(1.3-86.9) 0.77
10.5+6.4 11.749.9 10.6+6.1 13.0£11.0

AUC,,, (mg*h/L) 29 (14-51) 25 (5-106) 0.57 28(13-39) 28 (8-69) 0.78
3115 28+17 2712 30+16

*Dose normalised AUC 26 (20-72) 24(6-89) 0.19 28 (18-45) 23(6-71) 0.43

(mg*h/L) 34+18 26+14 28+10 25+12

Cl{L/h) 38(14-51) 42 (11-180) 0.19 36 (22-57) 43(14-181) 0.43
35+12 5027 3913 49+27

Values expressed as median (range) as well as mean+standard deviation. AUC = mycophenolic acid area under the
concentration time curve, C_ = maximum concentration, T = time of maximum concentration, MPA CL = mycophenolic
acid apparent oral clearance.

*Dose normalised AUC's are normalised to 1 gram of mycophenolate mofetil.
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Limited sampling strategy

The limited sampling strategy analysis studied 133 renal transplant patients, since three non-diabetic
patients were excluded for reasons of insufficient concentration-time data for AUC estimation through
a limited sampling profile. The demographics for the remaining population are summarised in table 2.
The index data set contained 60 non-diabetic patients from whom 118 concentration-time profiles were
available. The validation data set consisted of the 7 diabetic and 66 non-diabetic patients from whom
13 and 126 concentration-time profiles were available respectively. Patients with diabetes were not
significantly different from patients without diabetes with regard to age, weight, MMF dose, albumin
concentration and serum creatinine. MPA concentrations at each sample time point in the index data
set, until two hours after oral intake of MMF, were correlated with the measured MPAAUC, ,, in a linear
regression analysis. Correlation coefficients (/) for the separate sampling time points were: 0.45, 0.35,
0.58, 0.59 and 0.42 at predose, 0.33, 0.67, 1.25 and 2 hours after administration respectively. The p-
value for all correlations was smaller than 0.0001. The multiple stepwise regression analysis revealed
that the best estimate of the measured MPA AUC,, was derived by the combination of the sampling
time points at predose, 0.67 hours and 2 hours after oral intake of MMF. The correlation coefficient was
0.73 and mean bias was 0.0 mg*h/L (table 3). The accompanying algorithm is described by formula 4.

AUC [mg*h/L] = 7.182 + 4.607xC, + 0.998xC, + 2.149xC, (Eq. 4)

To test the agreement between the measured MPA AUC,, and the estimated AUC, the developed
limited sampling strategy was applied to the validation data set without the diabetic renal transplant
recipients. The validation of the strategy yielded a / of 0.67 and a non-significant mean bias of 0.2
mg*h/L (95% Cl: —1.3, 1.6), table 3. Precision was 8.1 mg*h/L. The performance of the limited sampling
strategy was further characterised by a percentage of 62% of estimated AUC's that fell within 75-125%
of the measured MPA AUC. When the developed limited sampling strategy was applied to the diabetic
subgroup in the validation data set, bias was —1.5 mg*h/L, which was not significantly different from
0 mg*h/L (95% Cl: -5.7, 2.7 mg*h/L). Precision in diabetic patients was 6.9 mg*h/L and the correlation
coefficient was 0.75. 62% of the estimated AUC’s in the diabetic subgroup fell within 75-125% range
of the measured MPA AUC. The predictive performance of the limited sampling strategy for diabetics
and non-diabetics in the validation data set is illustrated in figures 2 and 3 (Bland-Altman plots) and
is summarised in table 3. The power with which a small difference of 5 mg*h/L between diabetic and
non-diabetic patients in MPA AUC estimated from the limited sampling strategy can be detected within
the present study was 50%. Larger differences, such as 6.5 or 10 mg*h/L could be detected with a
power of 80% and 98% respectively.
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Table 2 Patient demographics

Index data set Validation data set

Non-diabetic Diabetic patients *p
patients
Number of subjects 60 66 7
Target AUC group Low (16.1 mg*h/L) 20 20 3
Intermediate (32.2 mg*h/L) 20 23 2
High (60.6 mg*h/L) 20 23 2
Number of profiles 118 126 13
Gender
Male 35 44 4
Female 25 22 3
MMF dose range (mg bid) 11524606 12814645 10924642 0.31
(550-2200) (300-2200) (450-2200)
Age (years) 48+12 48+12 5246 0.23
(19-69) (20-70) (43-61)
Weight (kg) 73+14 68+12 66+12 0.64
(36-104) (42-99) (52-83)
Albumin (g/L)
Sample day 1 35+4 34+4 33+4 0.92
(26-44) (24-44) (26-38)
Sample day 2 3545 35+4 3445 0.97
(26-46) (27-44) (26-39)
Serum creatinine (umol/L)
Sample day 1 291+266 271+224 158+73 0.23
(70-1153) (70-1091) (79-299)
Sample day 2 2514226 227+196 132448 0.14
(79-1038) (53-1118) (79-194)

Values are expressed as mean with standard deviation (range).
* p-value for the comparison between diabetic patients and non-diabetic patients in the validation data set.

Table 3 Predictive performance of the limited sampling strategy.

Index data set Validation data set
Diabetic patients Non-diabetic patients
118 profiles 13 profiles 126 profiles
Bias (mg*h/L) 0.0(-1.71.7) -1.5(-5.7,2.7) 0.2(-1.3,1.6)
Precision (mg*h/L) 9.3(6.7,11.3) 6.9(2.99.2) 8.1(6.5,9.4)
r2 0.73(0.67,0.82) 0.75(0.44,0.92) 0.67 (0.61,0.77)

Bias, precision and coefficient of determination and their 95% confidence intervals for the comparison between the limited
sampling strategy (AUC [mg*h/L] = 7.182 + 4.607xC, + 0.998xC  , + 2.149xC,) and full MPA AUC.
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Figure 2 Bland-Altman plot for the agreement between measured (full) MPA AUC ,, and estimated (est) MPA AUC ., for
diabetic patients in the validation data set, both sampling days added. The line represents the mean bias, dotted lines are

plus and minus two times the standard deviation of the mean.

[ I ]
L I
]

.

st AUCo1z (mg*hiL)

e
| ' '
L
Lo T R -
L L L

difference hetween full AUCo1z and

N
=}

o]
]
Lo
I=
[
[ex]
=
fois]
o]
e
=
L]

mean of full AUC,..; and est AUC,..: (mg“hiL)

Figure 3 Bland-Altman plot for the agreement between measured (full) MPA AUC ,, and estimated (est) MPA AUC _, for
non-diabetic patients in the validation data set, both sampling days added. The line represents the mean bias, dotted lines

are plus and minus two times the standard deviation of the mean.
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DISCUSSION

This study shows no significant differences between diabetic and non-diabetic renal transplant
recipients in dose normalised AUC, ., Cl and C__ . However, absorption appears to be delayed with a
trend towards increased T__ for diabetic patients on day 7 post-transplant, which is significant on day
11. The prevalence of diabetes in a population of renal transplant patients is estimated to be two- to
threefold higher as compared to the general population [18]. In diabetic patients gastroparesis is a
well-described feature, with an estimated prevalence of 27-58% in type | diabetes and about 30%
in type Il diabetes [19]. Gastroparesis may cause slower absorption of MPA, which may lead to an
increased T _ in the concentration time profile [12]. This might explain the increased T _ observed in
the present study.

The developed and validated limited sampling strategy was based on MPA concentrations at predose,
and 0.67 and 2 hours after oral intake of MMF. It is known that when the evaluation of the performance
of a strategy is based on the same data as it was derived from, biased results could be produced [20].
Consequently, the validation of the present strategy was done on a separate data set. The validation
of the limited sampling strategy was mainly based on calculation of mean bias and mean precision,
rather than the correlation coefficient. This was done because Bland and Altman as well as Sheiner and
Beal showed that evaluating a limited sampling strategy only by means of a 7 provides biased results
[15,16]. The mean bias was 0.2 mg*h/L and mean precision was 8.1 mg*h/L, which indicates that the
developed limited sampling strategy has acceptable predictive performance.

Further validation of the developed strategy showed a correlation coefficient of 0.67. This resulting / for
the non-diabetic subgroup in the validation data set seems low compared to limited sampling strategies
described in literature [6-8,21,22]. However, most limited sampling strategies for MPA reported in
literature tested their algorithm on the same data as it was developed upon, instead of validating the
strategy on a separate data set [8,21,22]. This does not only mean that the correlation coefficient for the
limited sampling strategy developed in this study is not directly comparable with most of the reported
values from literature, but also that values for 7 reported in literature might be biased [20].

Limited sampling strategies that do not contain samples after 2 hours postdose are thought to predict
AUC less accurately when T__is increased [6,12]. An increased T _ may cause an underestimation
of AUC from limited sampling strategies, especially in cases where the actual T__ falls outside the
sampling time period. In the present study T__ is increased in diabetic renal transplant recipients, but
it still falls within the 2-hour sampling period of the limited sampling strategy. As a consequence, the
comparison between the measured AUC ,, and the AUC calculated from the limited sampling strategy
showed a non-significant mean bias of -1.5 mg*h/L with 95% Cl from —5.7 to 2.7 mg*h/L. Although
the mean bias shows that the measured AUC, ,, is slightly underestimated, its magnitude is small and
comparable with the mean bias observed in non-diabetic patients (figures 2 and 3).

Due to the small number of concentration-time profiles from diabetic renal transplant patients (n=13),
a power analysis revealed that this study lacks power concerning the detection of small differences
(6.5 mg*h/L and smaller) in the estimated MPA AUC between diabetic and non-diabetic patients.
However, larger differences (6.5 mg*h/L and larger), which are more likely to affect clinical decision
making given the wide recommended therapeutic MPA AUC range of 30-60 mg*h/L [4], are detected
with reasonable power. Since no apparent difference was observed, this leads to the conclusion that
the limited sampling strategy developed and validated for non-diabetic patients, does not produce
clinically relevant biased estimates of the MPA AUC, ,, in diabetic patients. Still, the results must be
interpreted with caution and further studies with larger subgroups of diabetic renal transplant patients
are necessary to confirm the results of the present study.
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CONCLUSION

Renal transplant recipients with diabetes do not present statistically significantly different MPA
pharmacokinetics relative to renal transplant patients without diabetes with regard to dose normalised
MPA AUC,,,, MPA Cland C__ . However, a trend on day 7 towards increased T__ which is significant
onday 11, is present. This increased T__ in diabetic patients does not affect the clinical utility of the
developed and validated limited sampling strategy in this subgroup.

87



88

REFERENCES

1

21

22

European Mycophenolate Mofetil Cooperative Study Group. Placebo-controlled study of mycophenolate mofetil
combined with cyclosporin and corticosteroids for prevention of acute rejection. Lancet 1995;345:1321-5.

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

Mourad M, Malaise J, Chaib Eddour D, De Meyer M, Konig J, Schepers R, et al. Pharmacokinetic basis for the efficient
and safe use of low-dose mycophenolate mofetil in combination with tacrolimus in kidney transplantation. Clin Chem.
2001;47:1241-8.

Shaw LM, Holt DW, Qellerich M, Meiser B, Van Gelder T. Current issues in therapeutic drug monitoring of mycophenolic
acid: report of a roundtable discussion. Ther Drug Monit. 2001;23:305-15.

Shaw LM, Korecka M, Venkatamanan R, Goldberg L, Bloom R, Brayman KL: Mycophenolic acid pharmacodynamics and
pharmacokinetics provide a basis for rational monitoring strategies. Am J Transplant. 2003;3:534-42.

Willis C, Taylor PJ, Salm P, Tett SE, Pillans PI. 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.

Pawinski T, Hale M, Korecka M, Fitzsimmons WE, Shaw LM. 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;48:1497-1504.

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

Johnson AG, Rigby RJ, Taylor PJ, Jones CE, Allen J, Franzen K, et al. The kinetics of mycophenolic acid and its glucuronide
metabolite in adult kidney transplant recipients. Clin Pharmacol Ther. 1999;66:492-500

Hale MD, Nicholls AJ, Bullingham RE, Hene R, Hoitsma A, Squifflet JP, et al. The pharmacokinetic-pharmacodynamic
relationship for mycophenolate mofetil in renal transplantation. Clin Pharmacol Ther. 1998;64:672-83.

Shaw LM, Korecka M, Aradhye S, Grossman R, Bayer L, Innes C, et al. Mycophenolic acid area under the curve values in
african american and caucasian renal transplant patients are comparable. J Clin Pharmacol. 2000;40:624-33.

Taylor PJ, Willis C, Salm P, Tett SE, Pillans PI. Accurate estimation of mycophenolic acid AUC (letter). Ther Drug Monit
2001;23:301-2.

Gwilt PR, Nahhas RR, Tracewell WG. The effects of diabetes mellitus on pharmacokinetics and pharmacodynamics in
humans. Clin Pharmacokinet. 1991;20:477-90.

Tsina I, Chu F, Hama K, Kaloostian M, Tam YL, Tarnowski T, et al. Manual and automated (robotic) high-performance
liquid chromatography methods for the determination of mycophenolic acid and its glucuronide conjugate in human
plasma. J Chrom B Biomed Appl. 1996,675:119-29.

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

Bland M, Altman DG. Statistical methods for assessing agreement between methods of clinical measurement. Lancet
1986;1:307-10.

Altman DG. Practical statistics for medical research. London: Chapman & Hall; 1999;455-61.
Viberti G. Diabetes mellitus: a major challenge in transplantation. Transplantaion Proc. 2001;33;suppl 5A:3S-78S.
Talley NJ. Diabetic gastropathy and prokinetics. Am J Gastroentero./ 2003;98:264-71.

David 0J, Johnston A. Limited sampling strategies for estimating cyclosporin area under the concentration-time curve:
review of current algorithms. Ther Drug Monit. 2001;23:100-14.

Schiitz A, Armstrong VW, Shipkova M, Weber L, Niedmann PD, Lammersdorf T, et al. Limited sampling strategy for
the determination of mycophenolic acid area under the curve in pediatric kidney recipients. Transplantation Proc.
1998;30:1182-4.

Yeung S, Tong KL, Tsang WK, Tanh HL, Fung KS, Chan HW, et al. Determination of mycophenolate area under the curve
by limited sampling strategy. Transplantation Proc. 2001;33:1052-3.



Chapter 2.3 MPA pharmacokinetics in diabetic renal transplant recipients 89






Chapter 2.4

Time-dependent Clearance
of Mycophenolic Acid in Renal
Transplant Recipients

Reinier M van Hest', Teun van Gelder'Z, René Bouw?, Timothy Goggin®,
Robert Gordon?, Richard D. Mamelok*, Ron A. Mathot'

'Department of Hospital Pharmacy, Erasmus MC, Rotterdam, The Netherlands
“Department of Internal Medicine, Erasmus MC, Rotterdam, The Netherlands
Roche Laboratories, Inc., USA

*Mamelok Consulting, Palo Alto, USA

Br J Clin Pharmacol; in press



o2

ABSTRACT

Aim: Pharmacokinetic studies of the immunosuppressive compound mycophenolic acid (MPA) have
shown a structural decrease in clearance (CL) over time after renal transplantation. The aim of this
study was to characterise the time-dependent CL of MPA by means of a population pharmacokinetic
meta-analysis, and to test whether the time-dependency of CL can be described by covariate effects.

Methods: 1894 MPA concentration-time profiles from 468 renal transplant patients (range: 1-9 profiles
per patient) were analysed retrospectively with nonlinear mixed effect modeling. Sampling occasions
ranged from day 1 to 10 years after transplantation.

Results: Pharmacokinetics of MPA were described by a two-compartment model with time-lagged
first order absorption, and a first-order term for time-dependent CL. The model predicted mean CL to
decrease from 35 L/h (CV=44%) in the first week after transplantation to 17 L/h (CV=38%) at month 6.
In a covariate model without a term for time-dependent CL, a simultaneous change representative for
the first 6 months after transplantation in creatinine clearance from 19 to 71 mL/min, in albumin level
from 35 to 40 g/L, in haemoglobin from 9.7 to 12 g/dL and in cyclosporine pre-dose concentration from
22510 100 ng/mL corresponded with a decrease of CL from 32 to 19 L/h. Creatinine clearance, albumin
level, haemoglobin and cyclosporine pre-dose concentration explained respectively 19%, 12%, 4% and
3% within-patient variability in MPA CL.

Conclusion: By monitoring creatinine clearance, albumin level, haemoglobin and cyclosporine pre-dose
concentration, structural changes in MPA exposure over time can be predicted. This knowledge can be
used to optimise mycophenolate mofetil dosing.

INTRODUCTION

The pharmacokinetics of mycophenolic acid (MPA), the active immunosuppressive compound of the
prodrug mycophenolate mofetil (MMF), have been extensively investigated in renal transplant recipients
[1,2]. One of the important results from these studies was the elucidation of a relationship between
MPA area-under-the-curve (AUC,,,) and the risk of acute rejection [3-6]. Most studies also found a
large between-patient variability in the pharmacokinetics of MPA [2,3,7]. This had led some clinicians
to employ therapeutic drug monitoring for MMF therapy using a MPA AUC, ., value above 30 mg*h/L,
on which MMF dosing should be based to minimise acute rejection episodes [8]. The pharmacokinetics
of MPA are further complicated by a gradual rise in MPA exposure of at least 30 to 50% from the first
weeks relative to the stable period at 1 to 6 months after renal transplantation despite the use of fixed
[2,7,9-12] or even reduced doses of MMF [3]. The changes are the result of decreasing MPA clearance
(CL) over time [10], but the causes for this time-dependency are not completely understood. A decreasing
effect of improving renal function on MPA CL has been shown [10], but also other time-varying factors
may play a role. Examples are increasing albumin levels in the first months after transplantation and
the gradual tapering of cyclosporine (CsA) dose and CsA target levels in that same period [7]. In order
to maintain or achieve MPA target exposure despite the structural changes over time knowledge about
the characteristics of the time-dependent CL is necessary. The aim of this study was to characterise
the time-dependent CL of MPA and to test whether improving renal function, changes in concomitant
immunosuppressive therapy and time-varying patient factors can describe the time dependency. For
this purpose a population pharmacokinetic meta-analysis was conducted combining concentration-
time data from the first day until after the first year posttransplant.
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PATIENT AND METHODS

Patients and sampling procedures

MPA concentration-time data from six clinical studies were combined. Details about these studies
have been published previously [3,4,13-16]. For all included studies approval was obtained from the
respective ethics committees at the time the study was conducted. Briefly, patients in study 1 used 1,
1.50r 1.75 g MMF twice daily in combination with CsA, which was initiated after transplantation when
creatinine levels dropped below 3 mg/dL. MPA plasma samples were drawn from 18 renal transplant
patients on day 1 and 20 after transplantation. Sampling times were pre-dose and at 0.5, 1, 2, 4, 8 and
12 h after MMF administration. In study 2, MPA concentration-time samples were taken pre-dose and
at05,1,2,4,8and 12 h after 1 or 1.5 ¢ MMF twice daily from 62 renal transplant recipients on days
1 and 5 after transplantation and at hospital discharge (range: day 6—day 21)[13,14]. In these patients,
CsA was initiated after the first week. Study 3 was a concentration-controlled trial in which 141 CsA
treated renal transplant recipients were randomised to three AUC, ., target groups: low, intermediate
or high [3,4]. Starting MMF doses were 0.45, 0.95 and 1.7 g MMF twice daily, where after MMF doses
were adjusted aiming at AUC_ ,, targets of respectively 16.1, 30.3 or 60.6 mg*h/L. Full concentration-
time profiles were taken on day 3, 7 and 11 after transplantation. Sampling times were pre-dose and
at 0.33, 0.67, 1.25, 2, 6, 8 and 12 h after oral MMF intake. On day 21 and at months 1, 2, 3, 4, and 5
after transplantation, abbreviated 2-hour profiles were drawn consisting of the first five sampling time
points. In study 4, pharmacokinetic information was collected from 44 renal transplant patients after 1 g
of MMF. On day 4, only a pre-dose sample was drawn followed by full concentration-time profiles taken

12 h after oral MMF intake. In 14 patients, MMF was combined with CsA. In the remaining 30 patients
sirolimus was used instead of CsA. In study 5, concentration-time samples were drawn at pre-dose and
at 0.33,0.67, 1.25, 2, 3,4, 6, 8 and 12 h after 0.75 or 1 g MMF twice daily from 118 renal transplant
recipients on day 7 and at month 3, 7 and 12 [15]. CsA was used as concomitant immunosuppressive
therapy according to three different regimens: standard dose, low dose or low dose with withdrawal
after three months. Study 6 included 85 stable renal transplant recipients treated with 1, 1.25 or 1.5
g MMF twice daily who were at least 6 months after transplantation [16]. One full concentration-time
curve was taken from every patient. Sampling times were pre-dose and at 0.33, 0.67, 1.25, 2, 3, 4,
6, 8 and 12 h after MMF intake. All patients also received CsA. In every study prednisone was used
according to routine practice. In study 4 and in a subset of patients in study 5, induction therapy with
standard doses of daclizumab was administered. High performance liquid chromatography (HPLC) was
used to measure total MPA concentrations in all drawn samples. In the six different studies, different
HPLC methods were used. All six HPLC methods complied with the FDA Guidance for bioanalytical
method validation [17], and had a limit of quantification for total MPA of 0.1 mg/L. The method used for
quantification of total MPA in study 3 [3,4] is described in reference [18]. The intra-assay precision of
this method, expressed as coefficients of variation, at the limit of quantification, 1 mg/L and 20 mg/L
was 10.2%, 2.06% and 0.89%, respectively [18]. The inter-assay precision of this method at the limit of
quantification, T mg/L and 20 mg/L was 2.85%, 1.40% and 1.85%, respectively [18].

Pharmacokinetic analysis

After appropriate pooling, all data were analysed simultaneously using the nonlinear mixed effects
modelling software program NONMEM (double precision, Version V, level 1.1, GloboMax LLC,
Hanover, USA). Because NONMEM estimated pharmacokinetic parameters for MPA, MMF doses were
converted to the equivalent MPA content by multiplying MMF dose by 0.739. Data were logarithmically
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transformed (natural logarithm) and the first order (FO) estimation method was used throughout the
entire model building process, because of the high computational intensity of the first order conditional
estimate method (FOCE).

Basic model

The first step of the analysis was the development of a compartmental model, in which also
pharmacokinetic variability and time dependent CL of MPA were quantified. Pharmacokinetic parameters
were estimated in terms of CL, central and peripheral volumes of distribution (V1 and V2, V3) and
intercompartmental clearances (02, Q3). Since bioavailability (F) could not be quantified, apparent oral
values of CL, Q and V were estimated, these values are the ratios CL/F, Q/F and V/F respectively.
Between-patient variability in these parameters was estimated using exponential models. Covariance
was estimated between the parameters for between-patient variability. Also within-patient variability
of the pharmacokinetic parameters was modelled [19]. The difference between observed and model
predicted MPA concentrations (residual variability) was modelled as additive to the log of the observed
MPA concentration [20].

The time-dependency of MPA CL was modelled as a first order process shown in equation 1:

CL{L/h)=0_+6, * exp(-0__* time (h)) (Eg. 1)

rate
In which ©_ is the population value of MPA CL when steady-state of CL has been reached, 0, is the
change of MPA CL from its steady-state valug and ©___is a first order rate constant determining the rate
with which CL changes over time.

Covariate model

The second step was an analysis of the influence of covariates on the pharmacokinetic parameters.
Relationships were investigated in the basic model without time-dependent CL and according to a two-
stage approach: in the first stage covariates were introduced separately and tested for their significance
in an univariate analysis. Continuous covariates, which could take the value 0, for example CsA dose,
were modelled in a propartional manner with the covariate value centered around its population median
value as shown in equation 2:

CLU (L/h) = 0., *1+0 * (CsA dose — 325)) (Eq. 2)

CsA dose
where . is the MPA CL in individuals with the median CsA daily dose of the population (325 mg) and
0 is the fractional change of CL per mg CsA.

CsA dose

Continuous covariates that could not take the value 0, for instant weight, were modelled in an
exponential manner, which allows for estimation of nonlinear relationships (equation 3):

CL, (L/h) =8, * (Weight/71)Pwei (Eq. 3)

inwhich ® is the MPA CL in individuals with the median weight of the population (71 kg) and S
an exponent determining the shape of the relationship. Categorical variables, like for example gender,

were modelled as shown in equation 4:

CL,(L/h) =0, * 6w (Eq. 4)
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where ©__is the population value for MPA CL in females (gender = 0) and 6% is the fractional change
of CL in males (gender = 1). Covariates with less than 4% of missing data were imputed with population
median values of the following time frames after transplantation: day 0 to 4, day 5 to 8, week 2,
week 3, week 4, month 2, month 3, month 4, month 5, month 6, the second half of the first year and
beyond the first year. The population median used for imputation corresponded with the moment after
transplantation on which covariate data were missing. The value of 4% of missing data was arbitrarily
chosen. When more than 4% of data were missing, an adjustment was made in the model according to
equation b, which is derived from equation 3:

CI‘/;(L/h) = Gpop * ((Weight/71)owein * FLAG)) * g1-FLAG; (Eqg. 5)

where the indicator variable FLAG/jhas the value of 1 when covariate data are present for the /" individual
on the /" occasion and 0 when data are missing. The result is that observed MPA concentration-time
data from patients with missing covariate data on a certain occasion are ignored for estimation of
the effect of the covariate (6, ), and are used in the estimation of 0% §46i has no further
pharmacokinetic meaning.

Weight

Whether a covariate had a significant effect was determined by the difference between the minimum
value of objective function (OFV) generated by NONMEM for two hierarchical models [21]. When
inclusion of a covariate caused a decrease of the OFV of >10.8 units (p<0.001, 1 degree of freedom), the
covariate was considered to be statistically significant. In addition to this, a reduction in the estimate
for between- and within-patient variability was a criterion for covariate selection.

In the second stage, all covariates selected during the first stage were included in an intermediate
model. Covariates were excluded separately from the intermediate model in a backward elimination
procedure. If the elimination of a covariate significantly worsened the fit of the model (increase of
OFV>10.8), the covariate remained in the model. The result of the backward elimination procedure was
the final model.

The final model was refined by testing models for covariates structurally changing over time as
described by Wahlby et al [22] when visual inspection of a correlation between time and covariates
indicated such a trend. Models for time-varying covariates may provide more valuable information
than time-constant covariate models (equation 2 and 3), because the effect of a covariate on between-
patient variability in a pharmacokinetic parameter can be estimated separately from the effect of that
covariate on within-patient variability [22]. They also allow the magnitude of an effect of a covariate on
a pharmacokinetic parameter to vary between individuals, thus estimating between-patient variability
as shown in equation 6, which is derived from equation 3 [22]:

CL, (L/h) =@, * (Weight/71)° wesn =g (Eq. 6)

where M., is @ random variable with mean 0 and variance ? allowing the effect of weight on CL
(6, . ) tovary between individuals.

Finally, the time-dependent CL term (equation 1) was included in the final model again to test the
hypothesis that the selected covariates could describe all time-dependency in CL.

Weight

The adequacy of the developed NONMEM models was evaluated using the precision of the parameter
estimates and goodness-of-fit plots [23]. Goodness-of-fit plots were generated in Xpose (version 3.010),
an S-PLUS based (Version 6.2, professional edition, Seattle, USA) modelling aid [24].
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Model validation

The stability and the performance of the final model were checked with an internal validation of the
final model, using the bootstrap resample technique [25]. During a bootstrap procedure approximately
65% of the original data are resampled with replacement, which produces different combinations
of data sets. The final model is fitted to each artificial sample and estimates for all parameters are
produced. For this purpose the bootstrap option in the software package Wings for NONMEM (Nick
Holford, version 405, November 2003, Auckland, New Zealand) was used.

RESULTS

Basic model

In total, 1894 concentration-time profiles were available from 468 renal transplant recipients, ranging
from 1 to 9 profiles per patient. Patient demographics are summarised in table 1. Sampling occasions
varied from day 1 to day 3795 (>10 years) after transplantation and MMF doses ranged from 250 mg
to 2200 mg twice daily. Data were simultaneously fitted to several compartmental models. A two-
compartment model with a time lagged first order absorption resulted in the best goodness-of-fit.
Typical population estimates for the pharmacokinetic parameters for this basic model are summarised
in table 2. A coefficient of variation for between- and within-patient variability could be estimated
for the first order absorption rate constant (Ka), V1, CL and Q (table 2). Of note, estimates for within-
patient variability (k) in this model showed a skewed distribution with mean (+standard error) values
significantly >0 on early occasions after transplantation (e.g. 0.074+0.010 on the first occasion, p<0.001)
and mean values significantly <0 on later occasions (e.g. —0.037+0.010 for the last occasion, p<0.001).

When time-dependent CL (equation 1) was introduced in this basic model, the goodness-of-fit of the
model improved and estimates for between- and within-patient variability decreased (table 2). The
drop of OFV was 291 units, however formally this cannot be applied as a criterion for goodness-of-fit
in this situation. Within-patient variability for CL decreased from 34 to 24% and « estimates had mean
(+standard error) values much closer to 0 on all occasions relative to the basic model without the
time-dependent CL, e.g. -0.01+0.01 on the first occasion. The time-dependent CL was characterised as
follows (equation 7):

CL(L/h) =20 + 14 * exp(-8.8*10* * time (h)) (Eq.7)

The value for 6 __of 8.8*10*h" can be derived with: In2 / 8.8%10* = 788 h = 33 days, thus providing an
estimate for the half-life of MPA CL. According to equation 7, the model predicts a MPA CL of 34 L/h
(6,,,6,) immediately after renal transplantation, which decreases over a period of 165 days (5 times
the MPA CL half-life) to 20 L/h (table 2, figure 1a).
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Table 1 Patient demographics and biochemical parameters on four sampling occasions after renal transplantation (results

presented as median (range))

Characteristics Missing Day 0-4 Month 1 Month 6 Year 1
data

Gender (n)

Male 0% 157 119 87 104

Female 0% 89 69 47 67
Race (n)

Caucasian 0% 217 168 121 131

Black 0% 17 7 4 37

Other 0% 12 13 9 3
Diabetes mellitus (n) 0% 49 17 15 16
DGF (n) 3.8% 34
Use of antacids (n) 0% 56 24 0 1
Use of proton pump inhibitors (n) 0% 7 13 0 0
Use of H,-antagonists (n) 0% 66 82 3 5
Use of antiviral agents (n) 0% 68 8 1 0
Use of sirolimus (n) 20% 21 27 17 2
Age (years) 0% 50(18-72) 50 (19-70) 49 (28-70) 52 (22-73)
Body weight (kg) 0.1% 71(37-151) 68 (38-151) 80 (42-151) 75(49-122)
Serum creatinine (umol/L) 2.9% 424(66-1379) 128(53-913)  124(62-195)  125(52-221)
Creatinine clearance (mL/min) 2.9% 19(4-132) 55 (7-203) 71(44-132) 64 (34-113)
Plasma albumin (g/L) 14% 35(23-51) 35 (26-50) 36 (29-45) 42 (31-48)
Serum ALT (U/L) 12% 17 (2-653) 17 (4-144) 25(10-128) 20(11-1759)
Serum total bilirubin (mg/dL) 12% 05(0.2-3.0) 06(0.1-19) 05(0.1-1.6)  0.7(0.2-3.3)
Serum alkaline phosphatase (U/L) 12% 64 (17-870) 86 (25-221) 99 (46-218) 171 (41-347)
Red blood cell count (x10'2/L) 20% 32(15-48) 34(21-49) 43(3559) 4.4(3795)
Haemoglobin (g/dL) 3.5% 9.7(4.9-17) 11(6.7-15) 12(9.6-18) 13(7.8-18)
Prednisone daily dose (mg) 1% 30(20-1365)  19(7.5-35) 10(0-10) 9.4(0-10)
Cyclosporine daily dose (mg) 4.8% 530 (0-1000) 350 (0-1400) 100 (0-200) 138 (0-300)
Cyclosporine pre-dose concentration (ng/mL) ~ 5.3% 171 (0-806) 237 (0-571) 93(0-316) 155 (0-1337)
Patients not using cyclosporine (n) 4.8% 102 27 17 34
mycophenolate mofetil dose (mg twice daily) 0% 1150 1000 1000 1000

(400-2200) (250-2200) (1000-1000)  (250-1250)

Data were collected from 468 renal transplant recipients participating in 6 clinical studies. Because of different moments
of pharmacokinetic assessment after transplantation in the studies, the number of individuals from whom data were
available differs for the four presented occasions. n = number of renal transplant recipients, DGF = delayed graft function.
Normal values as used at Erasmus MC, Rotterdam, The Netherlands for creatinine: 65-115 umol/L for males and 55-90
umol/L for females, for plasma albumin: 35-50 g/L, for serum ALT: <41 U/L for males and <31 U/L for females, for serum
total bilirubin: <1 mg/dL, for serum alkaline phosphatase: <120 U/L, for red blood cell count: 4.4-5.6x10"?/L for males and
3.9-4.9x10%/L for females, for haemoglobin: 13.8-16.9 g/dL for males and 12.1-15.3 mg/dL for females.
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Table 2 Parameter estimates for the basic model with and without time-dependent CL, the final model and the bootstrap
procedure with their coefficients of variation (CV)

Parameter Basic model without Basic model with Final model 500 Bootstrap replicates
tdCL tdCL of the final model
Estimate (CV%) Mean estimate (CV%)

Minimum OFV 454.9 163.5 -505.5

PK parameters

Ka (") 4.4(6%) 3.6(5%) 4.0(7%) 4.0(8%)

V(L) 131(8%) 111 (10%) 69 (6%) 70 (4%)

CL (L/h) 27 (4%) - 23 (2%) 23 (3%)

V2 (L) 449 (10%) 388(9%) 298 (8%) 299 (8%)

Q(L/h) 64 (11%) 49 (10%) 34.(7%) 35(9%)

T‘ag(h) 0.21(2%) 0.24(1%) 0.24 (1%) 0.23 (5%)

Time-dependent parameters

CL, (L/h) 20 (3%)

CL,(L/h) 14 (6%)

0,, (") 8.8%10*(12%)

Between-patient variability

Ka (%) 156 (13%) 112 (15%) 101 (14%) 109 (12%)

V1 (%) 148 (13%) 113 (17%) 90 (16%) 94 (9%)

CL (%) 44(9%) 38 (9%) 36 (9%) 36 (5%)

Q(%) 104 (25%) 78(22%) 60 (21%) 61(12%)

Covariance (r) in estimates for

between-patient variability

[ 0.74 (15%) 0.45(28%) 0.49 (18%)

ho o 0.14(67%) -0.13(67%) -0.13 (66%)

[N 0.54(29%) - 0.21(72%) 0.23 (66%)

[ 0.40 (21%) 0.44(19%) 0.45(17%) 0.43(16%)

Iy 4 0.46 (27%) 0.55 (24%) 0.33(30%) 0.31(34%)

o 0.50 (19%) 0.56 (17%) 0.54 (18%) 0.51(19%)

Within-patient variability

Ka (%) 137 (12%) 124 (14%) 116 (10%) 117 (6%)

V1 (%) 89 (11%) 80 (13%) 71(12%) 71 (6%)

CL (%) 34.(7%) 24.(10%) 21(10%) 21 (5%)

Q(%) 77 (23%) 74(22%) 41(39%) 41(21%)

Residual variability

Additive error (mg/L)* 0.42 (2%) 0.44 (2%) 0.44(2%) 0.43(2%)

Covariate effects

CsA dose on Ka 9.8%10*(20%) 9.4%10(20%)
Factor for missing data 0.99(12%) 0.98 (14%)

Albm on V1 -1.2(17%) -1.2(17%)
Factor for missing data 1.0(6%) 1.1(6%)

CrClon V1 -0.49 (10%) -0.48 (10%)

Antacids on V1 - 1.4 (8%) 1.4 (8%)

CsA pre-dose concentration on CL - 4.8%10*(16%) 4.8%10*(16%)
Factor for missing data 0.96 (5%) 0.96 (5%)

Albm on CL 0.72 (13%) 0.71(13%)
Factor for missing data 1.1(3%) 1.1(3%)

CrCl on CL -0.22 (7%) -0.22 (8%)

Hb on CL -0.48 (16%) -0.48 (16%)

Between-patient variability

in covariate effects

Albm on CL (%) 66 (29%) 67 (15%)

CrCl on CL (%) 112 (44%) 115(23%)

*Residual variability is on a natural logarithmic-scale as data were logarithmically transformed. tdCL = time-dependent CL,
OFV = objective function, Ka = first order absorption rate constant, V1 = central distribution volume, CL = clearance,
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V2 = peripheral distribution volume, = intercompartment clearance, T, = lag time, CL, = steady-state value of CL, CL =
change of MPA CL from its steady-state value, 8, =first order rate constant determining the rate with which CL changes

over time, r=correlation coefficient, CrCl = creatinine clearance, Albm = plasma albumin concentration, Hb = haemoglobin,

CsA = cyclosporine. Typical Ka, V1 and CL values can be calculated as follows:

Ka= 4.0*(1+9.8%10** (CsA dose-325)* FLAG3Jj) * 0.99"A6)
V1= 69 * (CrCI1/50)049 * (Albm/38) 18" FLAGT * 1 (1-FLAGT] * | Jantacids
CL= 23 * (CrCl/50) 022" exetg ) * (Albm/38) 072" explnyy,) " FLABTS * 4 A1-FLAGTS * (1 4 4 8*10-4 *

(CsA pre-dose-200) * FLAG2jj) * 0.96'A6% * (Hb/11) 048

where FLAG1/j, FLAG2/jand FLAG3/jare 1 when Albm, CsA pre-dose concentration and respectively CsA dose data are
present and 0 when covariate data are missing.

Figure 1 a: Time after renal transplantation versus mycophenolic acid (MPA) clearance (CL) based on the basic model
with time-dependent CL. Open circles are individual Bayesian estimated CL-values and the solid line represents the model
estimated relationship between time and CL according to equation 7. b: Time after renal transplantation versus MPA CL
based on the final model. Open circles are Bayesian estimated CL-values and the solid line represents the median course
over time of MPA CL.
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Covariate model

Although equation 7 can describe the changes in MPA CL over time, a model in which covariates
describe the time-dependency in CL is more useful from a perspective of therapeutic drug monitoring. In
order to identify covariates which could describe the time-dependent CL, the following variables were
tested in the basic model without time-dependent CL: patient race (Caucasian, African-American, other),
age, gender, weight, plasma albumin level (Albm), ALT, bilirubin, alkaline phosphatase, haemoglobin
(Hb), red blood cell count, delayed graft function (DGF, defined as the need for dialysis during the first
two weeks after transplantation), diabetes mellitus, MMF dose, CsA dose, CsA pre-dose concentration,
corticosteroid dose, the use of antiviral agents, antacids, H,-antagonists and sirolimus. Renal function
was tested by 1) calculation of the creatinine clearance (CrCl) according to Cockcroft and Gault [26] and
2) calculation of the glomerular filtration rate through the abbreviated Modification of Diet and Renal
Disease method (aMDRD) [27]. Because univariate correlations between pharmacokinetic parameters
and CrCl explained more variability than correlations with aMDRD, CrCl was used as measure for renal
function and aMDRD was rejected.

After the backward elimination procedure, CsA dose was significantly correlated with Ka; CrCl, Albm
and the use of antacids were significantly correlated with V1; CrCl, Albm, CsA dose and Hb had a
significant effect on CL (table 2). Exclusion of each of these covariates during the backward elimination
procedure resulted in an increase of OFV of at least 20 units (p<0.001). Despite a weaker correlation of
CsA pre-dose concentration with CL compared to CsA dose in the backward elimination procedure, the
former was included in the covariate model as exposure to CsA, and thereby adequacy of CsA therapy
in an individual patient, is better reflected by the pre-dose concentration than by CsA dose. Equation 8
shows the results of the covariate analysis for MPA CL:

CL = 23*(CrCI/B0J02" e9iigg) * (Albm,/38)072" oolnupy) *FLAG1I * 1 {11141 %
(1+4.8%104 * (CsA pre-dose-200) * FLAG2i)) * 0.96"146%1 * (Hb/11)0% (Eq. 8)

where FLAG1/j is 1 when Albm covariate data are present and 0 when covariate data are missing.
The same applies for FLAG2/j with regard to CsA pre-dose concentration data. In equation 8, a change
of CrCl from 19 to 71 mL/min in a typical patient (Albm: 38 g/L, Hb: 11 mg/dL, CsA pre-dose: 200 ng/
mL) correlated with a decrease in MPA CL from 28 to 21 L/h (figure 2a). This relationship explained
no between-patient variability, but 19% within-patient variability, as determined by comparison of the
variability estimates in the final model with and without the relationship. An increase of Albm from 35 to
40 g/L was associated with a decrease of CL from 24 to 22 L/h (figure 2b). This correlation explained 5%
between and 12% within-patient variability. An increase of Hb from 9.7 to 12 mg/dL correlated with a
decrease in CL from 24 to 22 L/h. Another 5% between and 4% within-patient variability was explained
by this correlation. Finally, a decrease of CsA pre-dose concentration from 225 to 100 ng/mL was
associated with a decrease of MPA CL from 23 to 22 L/h. This relationship explained 3% between and
3% within-patient variability. Importantly, the mentioned changes in covariate values are representative
for the changes within a patient during the first six months after transplantation (table 1). When these
changes occur simultaneously, equation 8 estimated a decrease of MPA CL from 32 to 19 L/h, indicating
that the covariates can describe the time-dependent decrease of CL. This is also shown in figure 1b.

During model refinement, introduction of between-patient variability in the effect of CrCl and Albm on
MPA CL according to equation 6 resulted in a significant improvement of the fit: OFV decreased with 28
and 36 units respectively (p<0.001) and the estimate for within-patient variability in CL decreased from
23% to 20% [21]. Between-patient variability of the effect of CrCl and Albm on CL was 66% and 112%,
respectively (equation 8, table 2, figure 2a and b).
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Figure 2 a: correlation between creatinine clearance (CrCl) and mycophenolic acid (MPA) clearance (CL) as identified

in the final model. The solid line represents the model predicted relationship for a typical patient with an albumin level

of 38 g/L, a haemoglobin of 11 g/dL and a cyclosporine pre-dose concentration of 200 ng/mL according to equation 8.

b: correlation between albumin level and MPA CL as identified in the final model. The solid line represents the model
predicted relationship for a typical patient with a CrCl of 50 mL/min, a haemoglobin of 11 g/dL and a cyclosporine pre-dose
concentration of 200 ng/mL according to equation 8. The broken lines in both a and b represent the 5 and 95 percentiles of
the between-patient variability in both relationships, illustrating that the magnitude of the effect of CrCl and albumin level
on MPA CL varies between individuals. This means that the same change in CrCl or albumin level can have a large effect on
MPA CL in one patient (95 percentile, - —————— ), while hardly any effect can be present in another patient

(5 percentile, = —-—-—- — ). The between-patient variability in the effects of CrCl and albumin level on MPA CL was
modeled according equation 6. Because CrCl values above 120 mL/min are not physiologically plausible in renal transplant

patients, the solid and broken lines in a are cut at 120 mL/min. Data points with a CrCl above 150 mL/min are not shown
(n=4).
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Introduction of the time-dependent CL term (equation 1) into the final model produced an OFV which
was 160 units lower than the same model without the time-dependent term. Although this suggests an
improvement of the fit, this model did not converge successfully.

The covariate model without the time-dependent CL term did converge successfully, and was capable
of estimating the time-dependent CL through the covariate effects as shown in figure 1b and had x
estimates with mean (+standard error) values close to 0 on all occasions (e.g. -0.003+0.005 on the first
and -0.006+0.003 on the last occasion). For these reasons, this model was accepted as the definitive
final model.

Figure 3 Goodness-of-fit plots for the final model. a: population predicted mycophenolic acid (MPA) concentration versus
observed MPA concentration; b: individual Bayesian predicted MPA concentration versus observed MPA concentration;
c: protocol sample time versus weighed residuals; d: population predicted MPA concentration (PRED) versus weighed
residuals. The solid lines in a and b represent the line of identity. The dotted lines in ¢ and d represents the liney = 0. The
small solid horizontal lines in ¢ represent the median weighed residual for the protocol sampling times.
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The goodness-of-fit plots of the final model are presented in figures 3a to d and show a random
distribution of data points around the line of identity (figures 3a and b) and the line WRES=0 (figures
3c and d), indicating that the model is free from bias. However, figure 3¢ shows that maximum MPA
concentrations, occurring between 0.7 and 1.25 h after MMF administration, are slightly underestimated
by the model. Because this minor amount of model misspecification is within acceptable limits (95.2%
of all WRES fall between —2 and 2), the model is believed to describe the data adequately.

Model validation

500 bootstrap replicates were done and all converged successfully. The results showed very similar
parameter estimates compared to the population estimates of the final model (table 2). No bootstrapped
parameter estimate differed more than 9% from its corresponding estimate in the final model.

DISCUSSION

The pharmacokinetics of MPA are complicated as a result of large between-patient variability in
MPA exposure and a gradual rise of exposure over time after renal transplantation despite a fixed
MMF dose [2,3,8,10]. The time-dependent changes of MPA pharmacokinetics cause at least a 30%
to 50% increase of MPA AUC,,, during the first weeks after transplantation [2]. This study showed
that the time-dependent change of exposure to MPA is caused by decreasing MPA CL, which can be
described by a combination of improving CrCl, increasing Albm, increasing Hb and decreasing CsA
pre-dose concentrations during the first half year after transplantation. A number of observations
from the present analysis provide evidence for this statement. First, while the final model successfully
minimised without error messages, a model in which both the time-dependent CL term and the covariate
effects were included, did not converge successfully. The latter could not be resolved by changing the
significant digits or the initial estimates of the model. Unsuccessful convergence could be indicative for
over-parameterisation suggesting that the data do not contain sufficient information to support reliable
estimation of all the parameters in the model. Second, the estimated change of MPA CL as predicted
by the basic model with the time-dependent CL-term (equation 7) from 34 to 20 L/h over a period of the
first 165 days after transplantation, is very similar to the change in CL from 32 L/h to 19 L/h in the final
model described by typical changes in covariate values over that same period of time (table 1, figures
1a and b). Third, while estimates for within-patient variability (k) should have a normal distribution
around 0, estimates of « in the basic model without time-dependent CL showed a skewed distribution
with mean (+standard error) values >0 on early occasions after transplantation and mean values <0 on
later occasions. This suggests that the structural time-dependent effect is taken into account by the
estimates for within-patient variability. In contrast, k estimates in the basic model with time-dependent
CL as well as in the final model had mean values much closer to 0 on all occasions. This indicates that
equations 7 and 8 account for the time dependent effect now instead of k estimates.

The influence of CrCl on MPA CL may be explained through an effect on MPA protein binding. Acidosis
and uraemia are associated with impaired renal function and will decrease MPA hinding to albumin
[10]. Moreover, accumulation of the glucuronide metabolite of MPA (MPAG) during renal impairment
will displace MPA from its albumin binding sites [28]. As MPA is supposed to be a restrictively cleared
drug, the resulting increase of MPA free fraction leads to an increase of the amount of MPA available
for glucuronidation and hence to a higher MPA CL [10,29,30]. Also the increase in MPA CL following
low albumin levels is likely to be due to an increased free fraction. The same mechanism might explain
the identified effect of Hb on CL, but the fraction MPA found in red blood cells was very small in an in
vitro study (0.001%), making it uncertain how Hb affects MPA CL [28].
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The effect of CsA pre-dose concentration on MPA CL can be explained by the inhibitory effect of CsA
on the enterohepatic recirculation (EHC) of MPA [31-33].

The use of antacids was associated with a 40% higher V1 (table 2). Antacids containing aluminium or
magnesium ions are known to be capable of interacting with co-administered drugs through formation
of non-absorbable complexes. As V1 represents apparent oral V1 (V1/F), patients who used antacids
may have a 40% lower F as a consequence of binding of MPA by these drugs in the gut [1]. Although
this is a likely explanation, an effect of antacids on apparent oral CL, which would also be expected
then, could not be proven. This makes the mechanism of the effect of antacids on V1 uncertain.

The covariates correlated with MPA CL identified in the present analysis, CrCl, Albm, Hb and CsA
pre-dose concentration, are frequently measured in every renal transplant recipient to monitor the
clinical status of patients. The easy availability of these parameters offers opportunities for clinicians
to monitor and optimise MMF therapy. First, immediately after renal transplantation (first week) the
population CL is 32 L/h, resulting in an AUC_ , of 31 mg*h/L after a standard MMF dose of 1000 mg.
Consequently, a large part of the population will be below the AUC,,, target limit of 30 mg*h/L [8],
most likely those patients with poor renal function, low Albm, low Hb and those concurrently treated
with CsA. It is therefore advisable to measure MPA exposure in these patients to select the ones who
need a dose increase to reach target exposure. Second, by monitoring CrCl, Albm, Hb and CsA pre-
dose concentrations, the clinician can get a feeling about changes in MPA CL within a patient over
time, which will mostly be a gradual decrease during the first 5 to 6 months after transplantation.
Measurement of MPA exposure after the mentioned variables have stabilised in a patient, or after CsA
dose tapering can identify those with high AUC, ., levels (above 60 mg*h/L [8]) and who may benefit
from a MMF dose reduction. Importantly, as the recommended target AUC,,, levels for MPA are only
validated for the first half year after transplantation, clinical studies relating MPA exposure to long-
term outcomes would be of benefit [8].

Despite having identified significant correlations between MPA CL and CrCl, Albm, Hb and CsA pre-
dose concentration, therapeutic drug monitoring of MPA remains advisable to base MMF dose on for
the following reasons. 1) As shown in figure 2a and b, large between-patient variability was estimated
in the effect that CrCl and Albm had on MPA CL (66 and 112%, respectively). This means that the
same change in CrCl or Albm does not necessarily lead to the same change in CL in all patients [22].
Consequently, a change in these covariates is not an indication for dose adjustment, but merely provides
anindication to measure MPA concentration to check whether exposure has changed and whether MMF
dose adjustments are needed to maintain target exposure [8]. 2) The identified covariates explained
too little between- and within-patient variability in MPA CL (range: 0-5% explained between-patient
variahility and 3-19% explained within-patient variability) to serve as a basis for MMF dose selection.

The validity of the final model was confirmed by the results of the bootstrap procedure, and the
parameter estimates and covariate effects are, in general, in agreement with previous population
pharmacokinetic studies of MPA [33-39]. However, figures 3a to d show an underestimation of the
observed maximum MPA concentrations (C__ ). The likely reason is that with orally administered drugs
conventional compartmental models with a lag time and a first or zero order absorption rate constant
are often not able to accurately predict a rapid initial increase in plasma concentration [40]. Models
with time-dependent absorption or with a dual sequential first order absorption process may offer a
solution, but when they were tested on a subset of the data, the fit was not significantly improved.

Only two of the previous population pharmacokinetic studies of MPA included EHC in their final
model [33,37], which is a well-known feature of MPA pharmacokinetics [1]. The present final model
did not account for an EHC. Nevertheless, ignoring the EHC of MPA did not result in gross model
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misspecification, as shown in figure 3a to d. A reason may be that 438 out of the 468 patients were
treated with CsA during at least a part of the course of the study, and CsA is known to inhibit the EHC
of MPA [31,32]. However, a small overestimation of low MPA concentrations occurring at the end of a
dosing interval, visible in figure 3a to d, may indeed be the result of the inability to fit secondary peak
concentrations.

CONCLUSION

In conclusion, on the basis of a population pharmacokinetic meta-analysis, time-dependent CL of MPA
was characterised. The time-dependent CL could be described by changes in CrCl, Albm, Hb and CsA
pre-dose concentration. By monitoring these variables the clinician can get a feeling about the changes
of exposure to MPA aver time. This offers rational tools which help the clinician decide when to measure
MPA exposure in a certain patient, to reach and maintain the pre-defined MPA target concentrations
with a limited number of sampling occasions [41,42].
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ABSTRACT

In mycophenolate mofetil (MMF)-treated organ transplant recipients, lower mycophenolic acid (MPA)
plasma concentrations have been found in cyclosporine (CsA) compared with tacrolimus (Tac)-based
immunosuppressive regimens. We previously demonstrated that CsA decreases exposure to MPA and
increases exposure to its metabolite MPA-glucuronide (MPAG), possibly by interfering with the biliary
excretion of MPAG. To elucidate the role of the multidrug resistance-associated protein (Mrp)-2 in the
interaction between MMF and CsA, we treated three groups of ten Mrp2-deficient rats (TR- rat) for 6
days with either vehicle, CsA (8 mg/kg) or Tac (4 mg/kg) by oral gavage. Hereafter, co-administration
with MMF (20 mg/kg) was started in all groups and continued through day 14. The 24h MPA/MPAG
area-under the concentration-time curve (AUC) was determined after single (day 7) and multiple MMF
doses (day 14). On both study days, there were no significant differences in the mean MPA and MPAG
AUC between CsA and Tac-treated animals. We conclude that the pharmacokinetics of MMF are
comparable in Mrp2-deficient rats receiving either CsA or Tac as co-medication. This finding suggests
that CsA-mediated inhibition of the biliary excretion of MPAG by the Mrp2 transporter is the mechanism
responsible for the interaction between CsA and MMF.

INTRODUCTION

Mycophenolate mofetil (MMF) is a pro-drug that is rapidly and almost completely absorbed from the
gut where it is de-esterfied to form mycophenolic acid (MPA), the active immunosuppressant. MPA is
converted by the uridine diphosphate glucuronosyl transferase (UDPGT) enzyme family into 7-hydroxy-
glucuronide mycophenalic acid (MPAG) which is excreted into bile and is not pharmacologically active.
In the gut, bacterial deconjugation transforms MPAG back into MPA, which is absorbed from the
colon. Because of this enterohepatic circulation, the initial MPA plasma concentration peak at 1 hour
is followed by a second increase in the MPA plasma concentration, occurring 6 to 12 hours after oral
administration. In human subjects, interference with the enterohepatic circulation reduces the MPA
area-under the concentration vs. time-curve (AUC) by 35-40% [1,2]. Finally, the majority of the absorbed
MMF is eliminated by the kidneys as MPAG [1,2].

We and others previously demonstrated that co-administration of MMF with CsA to solid organ
transplant recipients leads to a reduction of MPA plasma concentrations and an increase in the plasma
levels of MPAG as compared with patients treated with MMF plus Tac or corticosteroids [3-6]. These
clinical findings were confirmed in an animal study that compared MPA and MPAG exposure between
Lewis rats that were treated with MMF plus CsA, MMF plus Tac or MMF plus placebo [7]. Rats in the
MMEF plus Tac and MMF plus placebo groups showed a second peak in the plasma MPA AUC, consistent
with enterohepatic recirculation. In contrast, animals treated with MMF plus CsA showed a marked
reduction of the second MPA peak, resulting in a significantly lower mean MPA AUC. Furthermore, co-
administration of CsA significantly increased the AUC of MPAG, suggesting a CsA-induced inhibition of
MPAG excretion into bile [7].

At present, the exact mechanism responsible for the pharmacokinetic interaction between MMF and
CsA is unknown. We hypothesised that CsA impairs biliary MPAG elimination through inhibition of the
multidrug resistance-associated protein (MRP) 2 (or ABCC2, previously known as canalicular multispecific
organic anion transporter). MRP2 is expressed at the apical (canalicular) surface of hepatocytes, where
it functions to excrete endogenous conjugates as well as conjugation products of drug metabolism into
bile [8,9]. Evidence for the implication of MRP2 in the MMF-CsA interaction comes from the observation
that CsA can cause a conjugated hyperbilirubinemia (a MRP2 substrate) in vivo and is an inhibitor of
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MRP2 function in vitro [10-12]. Furthermore, it was recently demonstrated that Eisai hyperbilirubinemic
rats (EHBRs), lacking Mrp2 due a genetic mutation, can only excrete MPAG to a limited degree in bile
after intravenous administration of MPA, resulting in high MPAG plasma concentrations [13].

In this study, we aimed to elucidate the role of MRPZ in the interaction between MMF and CsA by
repeating our previous pharmacokinetic study that was performed in wildtype rats [7], in transport-
deficient (TR-) Wistar rats. TR- rats have a mutation in the mrpZ gene which results in the absence of
functional MrpZ protein. Phenotypically, TR- rats are characterised by a defective hepatobiliary excretion
of bilirubin glucuronides and other amphiphilic anions [12,14,15]. We show that in the absence of Mrp2,
the previously described effects of CsA on MMF pharmacokinetics are no longer present, giving equal
MPA and MPAG plasma concentrations as compared with rats treated with MMF and Tac. For the first
time, these in vivo data provide evidence for the hypothesis that inhibition of MRP2 by CsA is the main
mechanism responsible for the interaction between CsA and MPA.

MATERIALS AND METHODS
Animals

Adult male TR- Wistar rats (HRD-AMC Abcc2) were purchased from Harlan (Horst, the Netherlands).
The animals were housed in microisolation cages (three per cage) and had free access to food and
water. Rats were acclimated under a 12-hour light/dark cycle for two weeks before the start of the
study. All rats were 12 weeks of age and weighed 250 grams at the start of the experiment.

Drug formulations

As placebo (hereafter called vehicle) we used Basis pro Suspension (Fagron Pharmaceuticals B.V.,
Nieuwerkerk a/d IJssel, the Netherlands) which consisted of 0.75 mg methylhydroxybenzoate, 0.20
mg propylhydroxybenzoate, 10.0 mg aluminiummagnesiumsilicilate, 10.0 mg carmellose sodium 500
mPas.s, 0.75 mg citric acid 1 ag, 263.0 mg sirupus simplex, and 783.30 mg purified water per mL.
MMF powder (Cellcept®, Roche Bioscience, Palo Alto, Calif., USA) was suspended in vehicle for oral
gavage every three days to produce a 2% solution which was stored at 4°C. CsA oral microemulsion
formulation (100 mg/mL; Neoral®, Novartis Pharma AG, Basel, Switzerland) was freshly diluted in
vehicle once daily to produce a 0.8% solution for oral gavage. Tac solution for intravenous injection (10
mg/mL; Prograf®, Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan) was diluted in vehicle once daily
to produce a 0.4% solution which was administered by oral gavage.

All drugs were kindly supplied by the manufacturers.
Study design

The study was a three-arm, two-period pharmacokinetic drug interaction study. Thirty adult, male TR- rats
were allocated to three study groups (n=10 each). The possible drug interactions between MPA and CsA and
between MPA and Tac were studied after CsA and Tac reached steady-state, and after single and multiple
MMF doses. The drug dosages used were chosen on the basis of previous experience demonstrating their
ability to prevent the occurrence of acute rejection after kidney transplantation in rats [7].
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Vehicle group

After daily oral gavage with vehicle on days 0-6, MMF treatment (20 mg/kg bodyweight) was started on
day 7 and was administered daily through day 14. Blood samples for MPA and MPAG pharmacokinetic
analysis were collected during the 24 hours subsequent to dosing on day 7 (single dose pharmacaokinetic
profile). Additional MPA and MPAG 24-hour pharmacokinetic profiles (multiple dose) were determined
subsequent to dosing on study day 14.

Cyclosporine group

From study day 0 through day 14, one group of rats was treated with 8 mg/kg bodyweight CsA daily.
On day 7, co-administration of MMF (20mg/kg bodyweight) was started and continued through day 14.
Blood samples for MPA and MPAG pharmacokinetic profiles were collected during 24 hours subsequent
to dosing on study days 7 (single dose) and 14 (multiple dose). In addition, blood was collected at these
time points for predose CsA concentration measurements.

Tacrolimus group

The dosing schedule and the schedule for the collection of samples for pharmacokinetic profiles was
identical to those described for CsA. The rats received a daily Tac dose of 4 mg/kg bodyweight per day
instead of CsA.

All drugs were given once daily by oral gavage at 9:00 am. When drugs were co-administered, they
were given within 5 minutes. Blood samples were collected in ethylenediaminetetraacetic acid (EDTA)-
containing tubes by tail bleeding under isoflurane (Rhodia Organique Fine Ltd., Bristol, UK) anaesthesia
before and 0.5, 1, 2, 6, 12 and 24 hours after dosing. After collection, EDTA blood samples were
immediately centrifuged at 11750 g, whereafter the plasma was frozen at —80 °C.

Ethics

The experimental protocol was approved by the Animal Experiments Committee of the Erasmus Medical
Center under the national Experiments on Animals Act and adhered to the rules laid down in this
national law that serves the implementation of “Guidelines on the protection of experimental animals”
by the Council of Europe (1986), Directive 86/609/EC.

Quantification of plasma levels of the study drugs

CsA and Tac whole blood concentrations were determined with the Emit 2000 assay (Syva company,
Dade Behring Inc., Cupertino, Calif., USA) on a Cobas Mira Plus analyzer (Roche Diagnostic Systems,
Basel, Switzerland). Details on the sensitivity and reproducibility of the Emit assay in our laboratory
were published previously [16]. Proficiency samples were obtained from the United Kingdom Quality
Assessment Scheme (Dr Holt, St George's Hospital Medical School, London, United Kingdom).

MPA and MPAG in rat plasma were simultaneously measured with high-performance liquid
chromatography (HPLC) according to the method described by Shipkova [17] with several modifications.
The assay was validated for determination of MPA and MPAG inrat plasma according to FDA guidelines
[18]. The limit of quantification was arbitrarily set at 0.25 mg/L for MPA and 2.5 mg/L for MPAG. The
assay was found to be linear in a concentration range from 0.25 mg/L to 30 mg/L for MPA and from 2.5
mg/L to 100 mg/L for MPAG (correlation coefficient >0.99). In the same concentration range, the within-
day CV ranged from 2.0% to 3.1% for MPA and from 1.5% to 3.9% for MPAG. The between-day CV
ranged from 1.9% to 8.5% for MPA and from 3.0 to 6.9% for MPAG. The accuracy of the assay, defined
as the percentage of recovery of MPA and MPAG from the control samples was for MPA in the range of
108-110% and for MPAG in the range of 98-113%.
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Pharmacokinetic analysis

The concentration-time data were analysed using WinNonlin version 4.1 (Pharsight Corporation,
Mountain View, Calif., USA). A noncompartmental model with extravascular input for plasma data
was used to obtain estimates for MPA and MPAG maximum concentration (C__ ), time to maximum
concentration (T__) and AUC. Since the AUC on study day seven was measured after the first MIMF
dose, AUC,_ was estimated. The decline of MPA or MPAG concentration between two subsequent
time points that was most representative for elimination was used for extrapolation beyond 24 hours.
On day 14 steady-state was assumed and AUC_,, was calculated. AUCs were calculated by using the
logarithmic trapezoidal rule.

Biochemistry

Before the start of the study and on study days 7 and 14, blood urea nitrogen, serum albumin and serum
total bilirubin were determined on an ELAN analyzer (Eppendorf-Merck, Darmstadt, Germany) using the
UV test/GIDH method, BCG method, and DPD methods, respectively (Merck Diagnostica, Darmstadt,
Germany).

Statistical analysis

All data are expressed as means + standard deviation unless otherwise stated. For comparisons
between groups we used one-way ANOVA or Kruskal-Wallis test, as appropriate. Post-hoc analysis
was performed using Bonferroni’s test for multiple comparisons or using the Mann Whitney U test.
For comparisons within groups, the paired t-test was used. P-values at oo < 0.05 were considered
statistically significant. Statistical analysis was performed using SPSS for Windows version 11.5.0
(SPSS, Chicago, IL, USA).

RESULTS

Mycophenolic Acid and Glucuronidated
Mycophenolic Acid Pharmacokinetics

A total of 30 MPA and MPAG pharmacokinetic profiles was obtained on study day 7 (single MMF dose).
In all three treatment groups, the MPA concentration vs. time profiles were characterised by a first peak
within the first hour followed by a second peak at 6-12 hours after drug administration, consistent with
enterohepatic recirculation of MPA (Figures 1a and 2a).

On day 7, after the first MMF dose, the mean AUC,_ of MPA was significantly different between
the three treatment groups: 32.0 + 8.0 vs. 24.5 + 6.1 vs. 21.8 + 6.4 mg x h/L for the vehicle, CsA
and Tac groups, respectively (p=0.007; Figure 2a and Table 1). This overall difference resulted from
a significantly higher AUC, _ of MPA in the vehicle group as compared with the Tac group (p=0.008).
When the MPA exposure was compared between the vehicle and the CsA groups a similar trend was
observed, although this difference was not statistically significantly different (p=0.065). The AUC, _ of
MPA in the CsA and Tac groups were not different (p=1.00).

After the first week, two rats in the Tac group died due to aspiration and therefore only 28 MPA and
MPAG pharmacokinetic profiles were available for study day 14 (after multiple MMF doses). Again, we
found an overall difference in MPA exposure between the different study groups (p=0.018) but there
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was no difference in the AUC,,, of MPA between rats receiving Tac or CsA: 28.1+10.3 vs. 30.0 + 13.3
mg x h/L, respectively (p=1.00; Figure 2b and Table 1). When the MPA exposure in the Tac and CsA
groups was compared with the vehicle group, only the difference between the Tac and vehicle group
was significant, although a similar trend was observed between the CsA and vehicle groups (p=0.033
and p=0.056, respectively; Figure 2b and Table 1).

Table 1 summarises the AUC,__ and AUC_,, of MPAG values in the three different treatment groups at
the two time points. Individual MPAG concentration vs. time profiles are depicted in Figure 1b. In line
with our observations for MPA, the MPAG exposure was never significantly different between the Tac
and CsA groups. However, on study day 7, there was an overall difference in MPAG exposure between
the three groups which was caused by a significantly lower AUC, _ of MPAG in the vehicle group as
compared with the Tac group but not the CsA group (overall p=0.022). On study day 14, this difference
was no longer present, although the AUC,,, of MPAG remained numerically highest in the rats treated
with a calcineurin inhibitor (p=0.28; Table 1, Figure 3).

The MPA to MPAG-AUC,__ ratio was significantly different between the three treatment groups on
study day 7: 0.10 £ 0.01 vs. 0.07 £ 0.02 vs. 0.05 + 0.02 for the vehicle, CsA and Tac groups, respectively
(p<0.001). The MPA to MPAG-AUC,, ratio on study day 14 was also significantly different between the
three groups: 0.13+0.01 vs. 0.08 £ 0.03 vs. 0.08 + 0.03 for the vehicle, CsA and Tac groups, respectively
(p=0.001). On study days 7 and 14, this difference was caused by a significantly higher MPA:MPAG ratio
in the vehicle group as compared to either the CsA or the Tac group (p<0.001 and p=0.002, for study
days 7 and 14, respectively), whereas the CsA and Tac groups did not differ significantly on study days
7 or 14 (p=0.17 and p=1.00, respectively)

Table 1 Pharmacokinetic data of MPA and MPAG in Mrp2 transport-deficient (TR-) rats treated with MMF in combination
with either vehicle, cyclosporine (CsA) or tacrolimus (Tac) (n=10 in each group). Data represent the mean + SD.

Study Day Analyte  Parameter Treatment Group
MMEF + Vehicle MMF + CsA MMF + Tac
Day 7 MPA AUC,__(mgx h/L) 320+80 245+6.1 218+6.4°
(single dose) C._ (mo/L 79449 40+13° 40+22°
T.. 7 05(05-6.0) 05(05-12.0) 0.8(0.5-24.0)
MPAG AUC,_(mg x h/L) 324.4+76.2 376.8+87.2 422.3+539°
C.. fmg/L) 383+133 278+7.0 308+74
T.. 2.0(05-12.0) 40(1.0-24.0) 40(1.0-12.0)
Day 14 MPA AUC,,, (mg x h/L) 417 +6.4 30.0+13.3 28.1+103°
(multiple dose) C_ mg/L) 6534 5.1+43 32:18°
T 05(0.5-6.0) 05(05-2.0) 05(05-2.0)
MPAG AUC,,, (mg x h/L) 328.4+30.1 365.0+75.2 366.2 +58.3
C.. fmg/L) 369+79 330+£11.3 30779
T (h) 2.0(1.0-12.0) 7.0(1.0-12.0) 12.0(1.0-12.0)

max

*ForT  datarepresent the median (range)
2p < 0.05, significantly different from vehicle group
p < 0.01, significantly different from vehicle group
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Figure 1 Individual mycophenolic acid (A) and mycophenolic acid-glucuronide (B) pharmacokinetic profiles after once

daily administration of 20 mg MMF/kg bodyweight to male Mrp2 transport-deficient (TR-) Wistar rats. Depicted are the
concentration versus time profiles of the rats in the placebo group that were obtained on study day 14 (after multiple MMF
dosing).
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Figure 2 Mean (+ SEM) mycophenolic acid (MPA) plasma concentrations in Mrp2 transport-deficient (TR-) rats after once
daily administration of 20 mg MMF/kg bodyweight in combination with either vehicle (triangles), cyclosporine (solid circles)
or tacrolimus (open circles)(n = 10 in each group). Depicted are the MPA pharmacokinetic profiles obtained on study day 7
(after a single MMF dose; panel 2A) and on day 14 (after multiple MMF doses; panel 2B).
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Figure 3 Mean (+ SEM) mycophenolic acid glucuronide (MPAG) plasma concentrations in Mrp2 transport-deficient

(TR-) rats after once daily administration of 20 mg MMF/kg bodyweight in combination with either vehicle (triangles),
cyclosporine (solid circles) or tacrolimus (open circles)(n =10 in each group). Depicted are the MPAG pharmacokinetic
profiles obtained on study day 7 (after a single MMF dose; panel 3A) and on day 14 (after multiple MMF doses; panel 3B).
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Cyclosporine and Tacrolimus
Whole Blood Concentrations

The mean CsA predose concentrations at study days 7 and 14 were 456 + 234 and 367 + 137 ng/mL,
respectively and were not significantly different (p=0.44). The Tac predose concentrations were also
comparable between the two time points: 3.1 £ 1.7 vs. 2.3 + 0.8 ng/mL for day 7 and 14, respectively
(p=0.55).

Serum Chemistries

To exclude significant nephrotoxicity caused by CsA or Tac as a cause of possible differences in MPA
and MPAG pharmacokinetics, we measured blood urea nitrogen concentrations at baseline and on
study days 7 and 14. Throughout follow-up, the mean blood urea nitrogen was comparable between
the three groups (Table 2). For serum albumin, there existed a significant overall difference between
the three groups at study days 7 and 14 (overall p<0.001 and p<0.01, respectively; Table 2), which was
caused by a lower serum albumin in the CsA group as compared with both the vehicle and Tac groups.

The serum total bilirubin concentrations at baseline were markedly elevated but not different
between the three groups (p=0.22; Table 2). However, on study days 7 and 14, the serum total bilirubin
concentration was significantly higher in the CsA and Tac groups as compared with the vehicle group
(Table 2 and Figure 4). On study day 7, there also existed a difference in serum total bilirubin between
the CsA and Tac group, but at the end of the study period, the hilirubin concentrations in the rats
receiving a calcineurin inhibitor were comparable (Table 2 and Figure 4).

Figure 4 Mean serum total bilirubin concentrations (+ SEM) in Mrp2 transport-deficient (TR-) rats after once daily
administration of 20 mg MMF/kg bodyweight in combination with either vehicle (triangles), cyclosporine (solid circles) or
tacrolimus (open circles).
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Table 2 Serum biochemistries of transport-deficient rats treated with MMF in combination with either vehicle,
cyclosporine or tacrolimus (n=10 in each group). Data represent the mean + SD.

Vehicle Cyclosporine Tacrolimus
Albumin (g/L) day 0 31.2+4.0 314+07 30.8+24
day 7 298+182 27612 304122
day 14 297210 27418 30.0+£1.4°
Total bilirubin (umol/L) day 0 181102 29.1+£10.6 33.5+£96
day 7 189+46 65.5+243¢ 43.4+187%2¢
day 14 245+10.0 68.3+15.2°¢ 61.6+233¢
Blood Urea Nitrogen (mmol/L) day 0 8.8+03 8.8+0.3 93+0.7
day 7 84+08 9.0+0.7 89+09
day 14 7.0+07 72+09 73+03

2p<0.001, significantly different from cyclosporine group
°p < 0.05, significantly different from cyclosporine group
°p < 0.001, significantly different from vehicle group

4p <0.01, significantly different from vehicle group

DISCUSSION

Several authors have shown that MPA exposure is significantly lower in CsA compared with Tac-based
immunosuppressive regimens [3-6]. The reported difference is as high as 30-40% and is clinically
relevant. As a consequence of this difference in MPA exposure, the optimal MMF maintenance dose in
CsA-treated patients could be different from that in Tac-treated patients. Also, discontinuation of CsA
treatment will lead to increased MPA exposure without a change in the MMF dose and can lead to the
occurrence of new MMF-related side effects [4,19]. With the increasing interest in therapeutic drug
monitoring of MMF therapy, the calcineurin inhibitor of choice is of high relevance.

In this study, we show that in the absence of the drug-transporting protein Mrp2, the pharmacokinetics
of MPA and MPAG are comparable between rats receiving either CsA or Tac as co-medication. In
addition, the ratio of the MPA to MPA