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Abstract
Background and objectives Therapeutic drug monitoring of mycophenolic acid can improve clinical outcome in
organ transplantation and lupus, but data are scarce in idiopathic nephrotic syndrome. The aim of our studywas
to investigate whether mycophenolic acid pharmacokinetics are associated with disease control in children
receiving mycophenolate mofetil for the treatment of steroid–dependent nephrotic syndrome.

Design, setting, participants, & measurements This was a retrospective multicenter study including 95 children
with steroid–dependent nephrotic syndrome treated with mycophenolate mofetil with or without steroids. Area
under the concentration-time curve ofmycophenolic acidwas determined in all children on the basis of sampling
times at 20, 60, and 180 minutes postdose, using Bayesian estimation. The association between a threshold value
of the area under the concentration-time curve of mycophenolic acid and the relapse rate was assessed using a
negative binomial model.

Results In total, 140 areas under the concentration-time curve of mycophenolic acid were analyzed. The findings
indicate individual dose adaptation in 53 patients (38%) to achieve an area under the concentration-time curve
target of 30–60 mgzh/L. In a multivariable negative binomial model including sex, age at disease onset, time to
start of mycophenolate mofetil, previous immunomodulatory treatment, and concomitant prednisone dose, a
level of area under the concentration-time curve of mycophenolic acid.45 mgzh/L was significantly associated
with a lower relapse rate (rate ratio, 0.65; 95% confidence interval, 0.46 to 0.89; P=0.01).

Conclusions Therapeutic drug monitoring leading to individualized dosing may improve the efficacy of
mycophenolate mofetil in steroid–dependent nephrotic syndrome. Additional prospective studies are war-
ranted to determine the optimal target for area under the concentration-time curve of mycophenolic acid in this
population.

Clin J Am Soc Nephrol 11: 1777–1782, 2016. doi: 10.2215/CJN.00320116

Introduction
Idiopathic nephrotic syndrome (INS) is the most
frequent glomerular nephropathy in children. Al-
though most patients initially respond to steroid
therapy, around one half of them will relapse, acquire
steroid–dependent nephrotic syndrome (SDNS), and
require treatment with other immunomodulatory
drugs, such as levamisole, cyclophosphamide, calci-
neurin inhibitors (cyclosporin or tacrolimus), or my-
cophenolate mofetil (MMF) (1–4). New treatments,
such as rituximab, have also emerged (5,6). These im-
munomodulatory therapies are used to reduce the
frequency of relapses and avoid steroid toxicity. Al-
though there is no agreement about the precise timing
and order in which a steroid sparing treatment should
be introduced, MMF seems to be increasingly used in
children with INS, and some studies suggest that it may
be considered as a first–line immunomodulatory

therapy in SDNS (7). The recommended daily dose is
1200 mg/m2. However, because of the high variability
in the dose-concentration relationship, mycophenolic
acid (MPA), the active metabolite of MMF, exposure
should be measured, and doses should be adjusted ac-
cordingly to optimize clinical outcomes. Indeed, too
high doses may expose the patient to side effects (ab-
dominal pain, diarrhea, cytopenia, etc.), whereas too
low doses may lead to reduced efficacy. The potential
interest in therapeutic drug monitoring of MMF was
first shown in inflammatory diseases, such as SLE, as
well as solid organ transplantation (8–14). However, lit-
tle is known about the role of therapeutic drug moni-
toring of MPA in INS.
A Bayesian estimator for individual interdose area

under the concentration-time curve (AUC) prediction
in children with INS has been developed and is used
in daily practice by our group (15). However, there
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is a paucity of data on the relationship between exposure
to MPA and clinical outcomes of children with SDNS. The
aims of this study were to investigate whether therapeutic
drug monitoring of MMF therapy in children with SDNS is
associated with (1) therapeutic modifications (dosage ad-
aptations) and (2) clinical consequences (control of the dis-
ease and adverse events).

Materials and Methods
Study Population
In this retrospective, multicenter cohort, clinical, biologic,

and pharmacokinetic data were collected from pediatric
patients with SDNS treated with MMF with or without
steroids between 2007 and 2012. All patients treated by
MMF (Cellcept; Roche, Basel, Switzerland) in the four
participating centers (Bordeaux, Limoges, Montpellier, and
Toulouse) had at least one pharmacokinetic profile of MPA
during the study period. The database of the Limoges
University Hospital Laboratory of Pharmacology, which
provided therapeutic drug monitoring reports, was used
to track patient enrollment in 2012. Patients who re-
ceived concomitant immunomodulatory treatment (le-
vamisole, cyclophosphamide, or calcineurin inhibitors)
at the time of the first pharmacokinetic study and those
treated with rituximab before the introduction of MMF
were excluded from the analysis. The timing and the
number of pharmacokinetic profiles were at the discre-
tion of the clinicians.
The Institutional Review Board of the University Hos-

pital of Bordeaux (CPP-SOOM3) approved this study and
waived the requirement to obtain informed consent. This
study was conducted in adherence with the Declaration of
Helsinki.

Definitions
All patients were treated according to the guidelines of

the French Society for Pediatric Nephrology and had
steroid–sensitive nephrotic syndrome (16). SDNS was de-
fined as at least two relapses during alternate day treat-
ment with prednisone or within a month after stopping
this treatment. Clinical remission was defined as zero to
trace albuminuria on dipstick on 5 consecutive days.

Data Collection
Age at disease onset, number and time of relapses, use of

other immunomodulatory treatments before MMF, and
dose of prednisone at MMF introduction were collected
from patient medical records. Treatment duration, dose,
dosage adaption after the results of the area under the
concentration-time curve of mycophenolic acid (MPA-
AUC), and patient–reported side effects of MMF at the
time of AUC as well as associated treatments were record-
ed for each pharmacokinetic study using a standardized
data collection form. Standard initial dosage of MMF
(600 mg/m2 twice a day) and additional adaptations
were anticipated to achieve an acceptable MPA-AUC tar-
get of 30–60 mgzh/L. Only pharmacokinetic studies per-
formed outside relapse were taken into account.
MPA plasma concentrations were determined using a

liquid chromatography technique coupled with ultraviolet
detection. The methods were the same over the entire study

period, and the four centers had to participate in an external
quality control program (Mycophenolate International Pro-
ficiency Testing Scheme; available at http://www.bioana-
lytics.co.uk). MPA-AUCs were determined for all children
on the basis of samples collected at 20, 60, and 180 minutes
after the morning dose using a Bayesian estimator as pre-
viously described (15).

Statistical Analyses
Data are presented as medians and interquartile ranges

(IQRs) for continuous variables and percentages for cate-
gorical variables. Comparisons between groups over the
study period (i.e., including all pharmacokinetic studies)
were made using the Wilcoxon signed rank test. The asso-
ciation between first MPA-AUC threshold value and prior
relapse rate (i.e., number of relapses from start of MMF to
the first pharmacokinetic study) was assessed using a neg-
ative binomial regression model. A negative binomial
model is a model designed to analyze count data (the
number of relapses here), which can correct for overdis-
persion of the data (variance larger than the mean). Vari-
ables included as covariables in the model were sex, age at
disease onset, time from onset of INS to start of MMF,
previous immunomodulatory treatment, and concomitant
steroid dose. Statistical analysis was performed using SAS
9.2 software (SAS Institute Inc., Cary, NC).

Results
Population Characteristics
Ninety-five patients with SDNS for whom pharmacoki-

netic studies of MPA had been performed were included.
The characteristics of the population are summarized in
Table 1. MMF was introduced either as a first–line steroid–
sparing agent (n=46; 48%) or after failure or occurrence of
side effects of another immunomodulatory treatment
(n=49; 52%).

Results of MPA-AUC and Clinical Outcome
In total, 140 MPA-AUC measurements were performed

in 95 patients (Table 2). Overall, the median value of MPA-
AUC was 51.1 mgzh/L (IQR, 37.8–63.6 mgzh/L). The 140
MPA-AUCs performed resulted in 53 MMF dose adjust-
ments (38%) in 43 children. In 21 patients (40%) with me-
dian MPA-AUC values of 83 mgzh/L (range, 58–120 mgzh/L;
all but one was .60 mgzh/L), MMF was decreased by a
median of 21% (range, 11%–50%) from a median dose of
1230 mg/m2 per day to a median dose of 940 mg/m2 per
day. In 32 patients (60%) with a median MPA-AUC value of
28 mgzh/L (range, 17–46 mgzh/L), MMF was increased by a
median of 26% (range, 14%–55%) from a median dose of 1110
mg/m2 per day to a median dose of 1400 mg/m2 per day. In
12 of 32 patients, MMF dose was increased by physicians,
despite an MPA-AUC value .30 mgzh/L (range, 31–46
mgzh/L), with the aim of weaning these patients with
SDNS from prednisone.
During follow-up, 95 relapses occurred in 48 patients.

The relapse rate was lower after the first MPA-AUC (with
one relapse in 2.5 patient-years) than before (with one
relapse in 1.8 patient-years; P,0.01). Among the total of
140 MPA-AUCs, the median MPA-AUC values were 54.0
mgzh/L (IQR, 46.1–63.6 mgzh/L) in nonrelapsers (n=50
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MPA-AUCs) and 39.5 mgzh/L (IQR, 29.4–56.9 mgzh/L) in
relapsers (n=90 MPA-AUCs; P,0.01) (Figure 1).
When analyzing MPA-AUC values from the first phar-

macokinetic study only (n=95) and relapser status defined
by prior relapses, an MPA-AUC with a cutoff value of 45
mgzh/L yielded a sensitivity of 58% and a specificity of
85% for distinguishing between relapsers and nonrelaps-
ers. In univariable analysis, a value of first MPA-AUC
higher than 45 mgzh/L was significantly associated
with a lower risk of relapse (rate ratio [RR], 0.51; 95%
confidence interval [95% CI], 0.35 to 0.78; P,0.01). In the
multivariable negative binomial model including sex, age
at disease onset, time to start of MMF, previous immuno-
modulatory treatment, and concomitant prednisone
dose, a level of the first MPA-AUC .45 mgzh/L was
also significantly associated with a lower relapse rate
(RR, 0.65; 95% CI, 0.46 to 0.89; P=0.01) (Table 3).

A stratification–based sensitivity analysis was per-
formed to account for the timing of the first pharmacoki-
netic study of MMF. A significant interaction was seen
between time to first AUC and MPA-AUC value
(P=0.04). Specifically, the effect of an MPA-AUC.45
mgzh/L on relapse rate was more pronounced in children
who underwent a first AUC within 6 months after the start
of MMF (RR, 0.46; 95% CI, 0.19 to 0.84; P=0.03) than
among those with first AUC beyond 6 months after start
of MMF (RR, 0.80; 95% CI, 0.54 to 1.15; P=0.14).
There were 15 adverse events of MMF (11%) noted in 12

patients at the time of the 140 pharmacokinetic analyses.
These adverse events included digestive symptoms (ab-
dominal pain and diarrhea) in eight patients, infections in
six patients, and hematologic manifestation (leucopenia) in
one patient. This led to MMF withdrawal in one patients
(meningitis), decreased MMF dose in five patients, un-
changed dose in eight patients, and increased dose in one
patient with mild viral infections and frequent relapses.
The median value of MPA-AUC was not statistically
different between patients who experienced adverse events
(59.5 mgzh/L) and those who did not (49.3 mgzh/L;
P=0.32).
Therapeutic changes occurred during follow-up. At last

follow-up, steroids were withdrawn in 38 of 76 patients
(50%) who received a steroid therapy at the time of the first
MPA-AUC. MMF was discontinued in 21 patients (22%)
because of long–term stable remission (n=12), treatment
failure (n=4), or side effects (n=5; recurrent ear, nose, and
throat or bronchial infections, varicella, chronic meningitis,
and cerebellar syndrome), irrespective of pharmacokinetic
studies. Another immunomodulatory treatment was re-
quired in nine patients instead of or in association with
MMF.

Discussion
The treatment of SDNS in children frequently requires

immunomodulatory therapy to prevent additional relapses
and avoid unwanted side effects of long-term use of

Table 1. Population characteristics

Parameters N (%) Median (IQR)

No. of patients 95 (100)
Boys 50 (53)
Age at diagnosis, yr 3.6 (2.5–5.2)
Immunomodulatory

therapy before MMF
49 (52)

Levamisole 25 (26)
Cyclophosphamide 21 (22)
Calcineurin inhibitors 20 (21)

No. of relapses between
diagnosis and MMF
initiation

4 (3–6)

Time between
diagnosis and MMF
initiation, yr

2.4 (0.9–5.5)

Follow-up time on
MMF, yr

2.2 (1.3–3.1)

IQR, interquartile range; MMF, mycophenolate mofetil.

Table 2. Mycophenolic acid pharmacokinetic studies

Parameters N (%) Median (IQR)

No. of MPA-AUCs 140 (100)
No. of AUCs per patient
1 MPA-AUC 61 (64)
2 MPA-AUC 23 (24)
$3 MPA-AUC 11 (12)

Time between MPA-AUC, mo
From start of MMF to MPA-AUC1, n=95 6 (2–15)
From MPA-AUC1 to MPA-AUC2, n=34 9 (5–15)
From MPA-AUC2 to MPA-AUC3, n=11 9 (6–12)

MMF dosage at MPA-AUC1, mg/m2 per d 1183 (1050–1260)
MMF dosage at MPA-AUC2, mg/m2 per d 1110 (954–1374)
MMF dosage at MPA-AUC3, mg/m2 per d 884 (751–1200)
MPA-AUC value, mgzh/L 51.1 (37.8–63.6)
Associated steroid therapy at time of AUC 103 (74)
Steroid dosage at time of AUC, mg/m2 per d 10 (4–22)

IQR, interquartile range; MPA, mycophenolic acid; AUC, area under the concentration-time curve; MMF, mycophenolate mofetil.
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steroids, such as osteopenia, growth failure, and cataracts.
MMF has been widely used in the treatment of SDNS in the
last decade and associated with favorable effect (3,17–24).
Despite its increasing clinical use, pharmacokinetic data of
MMF and their correlation with therapeutic efficacy are
limited. No specific AUC target has been determined to
date for MMF in pediatric INS, and we report here the
largest study about therapeutic drug monitoring of MMF
in children with SDNS.
Our results confirmed in INS the high interindividual

variability of MPA-AUC at a given dose of MMF as
previously described in solid organ transplant recipients
and patients with lupus (10,13,25,26). The variation in the
expression of the UDP-glucuronosyltransferases during de-
velopment is possibly related to the changes in MPA clear-
ance. The differences are apparent, especially in children
younger than 10 years of age and adults (27,28). Addition-
ally, the variability of MMF metabolites pharmacokinetics
in children may be affected by various factors, such as
treatment duration, therapeutic indication, drugs coadmi-
nistered, and genetic, physiologic, and environmental

factors as well as kidney or liver dysfunction (27,29–33).
These data advocate the relevance of therapeutic drug
monitoring of MMF in children with INS.
The main finding of our study suggests an association

between MPA exposure and the frequency of relapse in
children with INS. The proportion of patients without
relapse was significantly higher when the AUC value of
MPA was.45 mgzh/L. Our results are in accordance with the
data of a post hoc analysis from a subgroup of 43 children with
SDNS treated by MMF in a clinical trial showing a significant
decreased relapse rate in those with an MPA-AUC.50 mgzh/L
(1.4 versus 0.27 relapses per year) (34). Interestingly, in a recent
retrospective, single–center study of 15 children treated by
MMF for INS, a similar target of MPA-AUC.45 mgzh/L was
proposed by the authors (35). Other studies have reported an
association between MPA exposure and the activity of autoim-
mune disorders. In a population of 19 children with lupus,
Sagcal-Gironella et al. (36) found that patients with an AUC
value.30 mgzh/L had the greatest reduction in disease activity
score. In a recent study on patients with active lupus nephritis,
MMF was titrated to achieve a stable target of MPA-AUC of
45–60 mgzh/L. A complete renal response was recorded in all
patients, no renal flares were observed, and glucocorticoids
were withdrawn in all patients (37). In the field of
transplantation, a therapeutic window for MPA-AUC of 30–
60 mgzh/L has been recommended (25,38,39).
Very little information is available regarding the exposure-

toxicity relationship. Higher MPA-AUC was shown to be
related to anemia incidence in pediatric liver transplant
recipients (27). However, in a study by Sobiak et al. (40),
21% of children treated with MMF and corticosteroids for
INS or lupus nephritis had an MPA-AUC.60 mgzh/L,
with no concomitant increased incidence of adverse effects.
In our study, there was no difference in MPA-AUC values
between patients with and without MMF adverse events, but
the number of observed adverse event was small. Altogether,
in our study and others, additional benefit of reaching an
MPA-AUC target .60 mgzh/L was not shown.
The role of MMF in the therapeutic strategy of INS

remains to be defined. MMF is increasingly used to
minimize calcineurin inhibitors toxicity. Two randomized
clinical trials compared the efficacy of MMF versus

Table 3. Multivariable model of determinants of relapse rate between start of mycophenolate mofetil and first mycophenolic acid
pharmacokinetic study (n=95 area under the concentration-time curves of mycophenolic acid in 95 patients)

Parameter
Negative Binomial Model

RR 95% CI P Value

Boys versus girls 2.17 1.02 to 7.53 0.04
Age at INS per yr 0.93 0.75 to 1.17 0.58
Time from INS to MMF per yr 0.94 0.78 to 1.13 0.51
Previous immunomodulatory treatment versus none 2.46 1.30 to 6.37 0.02
Concomitant prednisone dose, mg/m2 per d
0 1 (reference)
1–10 2.49 1.09 to 6.96 0.03
.10 3.73 0.81 to 11.34 0.11

MPA-AUC value .45 mgzh/L 0.65 0.46 to 0.89 0.01

RR, rate ratio; 95% CI, 95% confidence interval; INS, idiopathic nephrotic syndrome; MMF, mycophenolate mofetil; MPA-AUC, area
under the concentration curve of mycophenolic acid.

Figure 1. | Area under the concentration-time curve of mycophe-
nolic acid (MPA-AUC) values in relapsers and nonrelapsers in pa-
tients with idiopathic nephrotic syndrome (n=140 MPA-AUC in 95
patients). Box and whiskers plots show minimums, medians, 25th
percentiles, medians, 75th percentiles, and maximums.
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cyclosporin A (CsA) in treating children with frequently
relapsing INS and concluded that CsA has superior efficacy
in preventing relapses (34,41). However, dose adjustment
of MMF to MPA-AUC was not systematically performed in
these two trials. Given our findings, we believe that one
cannot draw conclusions on the superiority of one of these
two immunosuppressive drugs without including thera-
peutic drug monitoring in the study design. Prospective
studies comparing patients with prespecified MPA-AUCs
with those with AUCs of CsA or trough level targets are
needed to appropriately assess the efficacy and tolerance of
these treatments in SDNS.
The main limitation of our study was its retrospective

design without consistency in indication of MMF pre-
scription, timing of pharmacokinetic analyses, and target
AUC values. Moreover, the lack of prespecified dose
adjustment as part of a protocol might have led to different
changes from the same MPA-AUC value according to
physicians’ behavior. Finally, this was an observational
study without a control group. Randomized clinical trials
provide the highest level of evidence for the effect of inter-
ventions. However, observational cohort studies, like our
study, are useful to corroborate findings from a clinical trial
by assessing an intervention in a real life setting. Indeed,
our results indicate that management of SDNS from more
heterogeneous patient populations may be optimized by
routine therapeutic drug monitoring of MMF.
In conclusion, our study suggests that therapeutic drug

monitoring leading to individualized dosing may be
associated with fewer relapses and improve the efficacy
of MMF in childhood SDNS or frequently relapsing
nephrotic syndrome. Additional prospective studies are
warranted to determine the optimal MPA-AUC target in
this population.

Disclosures
None.
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