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Abstract
Background and Objective One approach of therapeutic drug monitoring in the case of mycophenolic acid (MPA) is a limited 
sampling strategy (LSS), which allows the  evaluation of the area under the concentration–time curve (AUC) based on few 
concentrations. The aim of this systematic review was to review the MPA LSSs and define the most frequent time points for 
MPA determination in patients with different indications for mycophenolate mofetil (MMF) administration.
Methods The literature was comprehensively searched in July 2021 using PubMed, Scopus, and Medline databases. Origi-
nal articles determining multiple linear regression (MLR)-based LSSs for MPA and its free form (fMPA) were included. 
Studies on enteric-coated mycophenolic sodium, previously established LSS, Bayesian estimator, and different than twice a 
day dosing were excluded. Data were analyzed separately for (1) adult renal transplant recipients, (2) adults with other than 
renal transplantation indication, and (3) for pediatric patients.
Results A total of 27, 17, and 11 studies were found for groups 1, 2, and 3, respectively, and 126 MLR-based LSS formulae 
(n = 120 for MPA, n = 6 for fMPA) were included in the review. Three time-point equations were the most frequent. Four 
MPA LSSs: 2.8401 + 5.7435 × C0 + 0.2655 × C0.5 + 1.1546 × C1 + 2.8971 × C4 for adult renal transplant recipients, 1.78
3 + 1.248 × C1 + 0.888 × C2 + 8.027 × C4 for adults after islet transplantation, 0.10 + 11.15 × C0 + 0.42 × C1 + 2.80 × C2 
for adults after heart transplantation,  and 8.217 + 3.163 × C0 + 0.994 × C1 + 1.334 × C2 + 4.183 × C4 for pediatric renal 
transplant recipients, plus one fMPA LSS, 34.2 + 1.12 × C1 + 1.29 × C2 + 2.28 × C4 + 3.95 × C6 for adult liver transplant 
recipients, seemed to be the most promising and should be validated in independent patient groups before introduction into 
clinical practice. The LSSs for pediatric patients were few and not fully characterized. There were only a few fMPA LSSs 
although fMPA is a pharmacologically active form of the drug.
Conclusions The review includes updated MPA LSSs, e.g., for different MPA formulations (suspension, dispersible tablets), 
generic form, and intravenous administration for adult and pediatric patients, and emphasizes the need of individual therapeu-
tic approaches according to MMF indication. Five MLR-based MPA LSSs might be implemented into clinical practice after 
evaluation in independent groups of patients. Further studies are required, e.g., to establish fMPA LSS in pediatric patients.
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Key Points 

This review summarizes mycophenolic acid (MPA) and 
its free form (fMPA) limited sampling strategies (LSSs), 
calculated with multiple linear regression for adult and 
pediatric patients with different mycophenolate mofetil 
(MMF) indications, and includes detailed information on 
each LSS (type of calcineurin inhibitor co-administered, 
duration of MMF treatment, predictive performance of 
LSS).

The review includes LSSs not only for renal transplant 
recipients, which is the most frequent MMF indica-
tion, but also for patients after lung, heart, islet, liver, 
or hematopoietic stem cell transplantation, as well as 
patients with autoimmune diseases and children with 
nephrotic syndrome for whom therapeutic drug monitor-
ing is of importance.

Four MPA LSSs (for adult patients after renal, islet, 
and heart transplantation and pediatric renal transplant 
recipients) and one fMPA LSS (for adult liver trans-
plant recipients) were the most promising and should be 
validated in independent groups before introduction into 
clinical practice.

1 Introduction

Mycophenolate mofetil (MMF) is an immunosuppressive 
drug, whose active form is mycophenolic acid (MPA). MMF 
is administered after solid organ transplantation [1] as the 
prophylaxis against acute rejection, as well as being given in 
autoimmune diseases [2] and nephrotic syndrome [3, 4], as 
well as in atopic dermatitis [5]. MPA is highly protein bound 
(97–99%) with free MPA (fMPA) being pharmacologically 
active [6]. MPA pharmacokinetics are complex and highly 
variable, with numerous factors influencing the interindi-
vidual variability [2].

Due to the pharmacokinetic variability, therapeutic drug 
monitoring (TDM) in the case of MPA is recommended in 
clinical practice [2, 7]. TDM has been shown to be favorable 
not only in renal transplant recipients [8] but also in patients 
with lupus nephritis [9] and steroid-dependent nephrotic 
syndrome [10–12]. The most accurate approach to TDM 
is the determination of the full pharmacokinetic profile of 
the drug and calculation of the area under the concentra-
tion–time curve from 0 to  12 h (AUC 0–12), as the concentra-
tion determined before the next dose (Ctrough) does not reflect 
the overall exposure to MPA [8]. Determining AUC 0–12 is, 

however, time-consuming, expensive, and uncomfortable for 
patients; therefore, different approaches of TDM are being 
investigated.

One of the possibilities of TDM is establishing a limited 
sampling strategy (LSS) and predicting AUC 0-12 on the basis 
of only a few blood samples [8]. LSS may be calculated 
using a Bayesian approach or multiple linear regression 
(MLR) analysis, which uses an equation derived from step-
wise regression analysis based on concentrations measured 
at pre-defined times after dosing [7, 13]. Each MLR LSS 
constitutes an equation: AUC  = b  + Mt1 × Ct1  + Mt2 × 
Ct2  + Mt3 × Ct3  + …  + Mti × Cti, where AUC indicates 
predicted AUC, b indicates the intercept, Ct1, Ct2, Ct3, Cti 
indicate the concentrations obtained at t1 t2, t3 and tI time 
points, respectively, and Mt1, Mt2, Mt3 and Mti indicate the 
coefficients associated with each timed concentration [14]. 
Such strategies have been proposed for MPA in many groups 
of patients [15–19], with emphasis that each LSS should 
be applied to the same group of patients for whom it was 
established [20]. As it does not depend on the pharmacoki-
netic model of the drug and can be calculated with simple 
software or manually [14], MLR is easier to use in clinical 
practice than Bayesian analysis; however, the MLR approach 
has some limitations. First is the reliance of the equations' 
accuracy on exact times of blood sample collection [7, 14]. 
Second is the poor prediction of the exposure to the drug in 
patients with abnormal pharmacokinetics [14]. And third is 
its applicability limitation for the dosage regimen and the 
population from which MLR LSS was derived. The main 
disadvantage of the Bayesian approach is the requirement 
of advanced software and highly-qualified staff. However, 
as this methodology uses the population approach [14], it 
does not require strict adherence to sampling times and is 
characterized by better precision and accuracy [7, 14]. The 
aim of this systematic review was to summarize the MPA 
LSSs established with MLR for different groups of patients. 
The summary also aimed at defining the most frequently 
used sampling points for MPA determination.

2  Methods

2.1  Search Strategy

The literature databases PubMed, Scopus, and Medline were 
comprehensively searched in July 2021 with the combina-
tion of ‘mycophenolic acid’ or ‘mycophenolate mofetil’ and 
the terms, ‘limited sampling strategy’, ‘limited sampling 
strategies’, ‘limited sampling’, ‘optimal sampling’, ‘sparse 
sampling’, and ‘minimal sampling’. Additionally, the refer-
ence lists of studies found in the literature were searched to 
detect articles potentially eligible for inclusion. Only studies 
published  in English were included.
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2.2  Study Selection

The flow diagram of article selection is presented in Fig. 1.

2.3  Inclusion Criteria

Original articles determining LSS based on MLR calcula-
tions for MPA and fMPA were included. The studies con-
cerned adult and pediatric patients receiving MMF as a 
prophylaxis after transplantation (solid organ, hematopoi-
etic stem cells) to treat autoimmune diseases or nephrotic 
syndrome.

2.4  Exclusion Criteria

The articles describing LSS for enteric-coated mycophenolic 
sodium (EC-MPS) were excluded, as there is an evident dif-
ference in MPA pharmacokinetics for these two formula-
tions, MMF and EC-MPS [unpredictable absorption profile, 
delayed maximum concentration (Cmax), and higher pre-dose 
concentration (C0) after EC-MPS administration] [2, 21]. 

Therefore, in our opinion, EC-MPS LSSs should be ana-
lyzed separately. Also, the studies using previously estab-
lished LSS, those with Bayesian estimator, with different 
than twice a day MMF dosing schedules and reviews were 
excluded. There are some studies establishing MPA LSSs 
with a Bayesian estimator, and although this approach has 
some advantages (e.g., better accuracy and precision, the 
lack of strict adherence to sampling times, and number of 
samples [7]), we decided to include only MLR-based MPA 
LSSs due to the excessive amount of data and the difficulty 
in analyzing MLR-based LSSs and Bayesian-approach LSSs.

2.5  Data Analysis

The data were analyzed according to the most frequently 
used time points in three groups of patients treated with 
MMF: (1) adult renal transplant recipients, (2) adults receiv-
ing MMF due to other indication than renal transplantation, 
and (3) pediatric patients. The most frequently used time 
points were calculated in relation to the number of LSSs 
equations in each group, and as the percentage of the sum 

Records found by PubMed, Scope and Medline databases searching using 

the following terms:

‘mycophenolic acid’, ‘limited sampling strategy’, n=451

‘mycophenolic acid’, ‘limited sampling strategies’, n=451

‘mycophenolic acid’, ‘limited sampling’, n=653

‘mycophenolic acid’, ‘optimal sampling’, n=185

‘mycophenolic acid’, ‘sparse sampling’, n=26

‘mycophenolic acid’, ‘minimal sampling’, n=65

‘mycophenolate mofetil’, ‘limited sampling strategy’, n=405

‘mycophenolate mofetil’, ‘limited sampling strategies’, n=405

‘mycophenolate mofetil’, ‘limited sampling’, n=609

‘mycophenolate mofetil’, ‘optimal sampling’, n=188

‘mycophenolate mofetil’, ‘sparse sampling’, n=18

‘mycophenolate mofetil’, ‘minimal sampling’, n=65

Records including adult 

patients,

n=44

Records included in the review, n=55

Excluded recordsa:

with EC-MPS treated patients, n=26

using previously established LSS, n=53

without LSS, focused on other drug than MMF or without drug, n=439

with Bayesian estimator, n=23

reviews, n=76

written in other language than English, n=9

Records including 

paediatric patients,

n=11

Records found through hand search:

n=2

Records after duplicates excluded, n=675

Articles including renal 

transplant recipientsb,

n=34

Articles including post-transplant 

patients excluding renal 

transplantation,

n=15

Articles including non-transplant 

indications for MMF treatment 

(autoimmune diseases, nephrotic 

syndrome)b,

n=7
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Fig. 1.  The flow diagram of article selection. aSix records fulfilled more than one exclusion condition. bOne study included pediatric patients 
after renal transplantation as well as with autoimmune diseases
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of all time points used in all LSSs equations in each group 
of patients. Whenever possible, the predictive performance 
results of the LSSs (bias, precision, validation group) were 
included in the review, as was the information whether the 
validation was internal or external. If the LSS was validated 
with data which were at the same time used for LSS deter-
mination, then the validation was internal. If the data from a 
separate group of patients (or the patients were divided into 
two groups) were used for the validation, then the validation 
was external. The best MPA LSSs were chosen based on the 
following criteria of the predictive performance: r2 > 0.950, 
bias and precision < 10%.

3  Results

3.1  Study Identification and Characteristics

The search of the literature returned 55 studies concerning 
MLR LSSs for MPA and fMPA. In this review, 126 MLR-
based LSS formulae were included [16–20, 22–71], among 
which two studies included both MPA and fMPA LSS [40, 
61] and one study concerned only fMPA LSS [51]. There 
was one study which considered patients receiving either 
MMF or EC-MPS as one group and established the MPA 
LSSs for them [30]. If the study included several LSSs, those 
which the authors described as the best or those with the 
best r2 were chosen. Most of the studies concerned adult 
patients, who were treated with MMF after renal transplan-
tation (n = 27; Table 1) or due to other indications (n = 17; 
Table 2). A total of 11 studies with MLR-based LSSs were 
found for children (Table 3). The data are presented in the 
tables in chronological order (the newest first).

Based on all LSSs found in the literature, blood samples 
for MPA determination were collected before the administra-
tion of the next dose and subsequently at 20 min, 0.5 h, 40 
min, 1 h, 1.25 h, 1.5 h, 2 h, 3 h, 3.5 h, 4 h, 6 h, 7 h, 8 h, 9 h, 
10 h, and 12 h afterwards. These time points were included 
in LSSs as C20min, C0.5, C40min, C1, C1.25, C1.5, C2, 
C3, C3.5, C4, C6, C7, C8, C9, C10 and C12, where ‘C’ is 
the concentration. In the LSS equations, MPA concentra-
tion determined before the next MMF dose is named as C0; 
however, it must be emphasized that, due to administration 
of MMF every 12 h, this concentration is the pre-dose trough 
concentration and should be named as Ctrough or Cmin. In the 
MLR-based LSSs, it is more convenient to write C0 instead 
of Ctrough.

For most of the studies, the predictive performance results 
were found. Bias was expressed as mean or median per-
centage prediction error; however, in some studies, bias was 
expressed as mean prediction error (MPE) or mean bias with 
units of the concentration multiplied by time. Precision was 
expressed as mean or median absolute percentage prediction 

error, however, in some studies, precision was expressed as 
mean absolute error with units of the concentration multi-
plied by time. Root square mean prediction error (RMSE) 
was also calculated in some studies as precision. Validation 
methods, if performed, included the bootstrap method, jack-
knife method, validation group, or cross-validation. Some 
LSSs were characterized by the good guess which is the 
percentage of the predicted AUC (AUC pred) within ± 15%, 
± 20%, or ± 25% of the calculated AUC (AUC total).

3.2  The MLR‑Based LSSs for Adult Renal Transplant 
Recipients

As MMF was primarily administered in prophylaxis of acute 
rejection in solid organ transplantation, most of the studies 
concerning MLR LSSs included renal transplant recipients 
[22–48] (Table 1). Three fMPA LSSs were included in the 
results as the occurrence of Cmax and Cmax2 should be the 
same for MPA and fMPA.

The equations included up to five time points with three 
time-point LSSs being the most frequent (59%). Of all 
the time points, those collected within 0–2 h after MMF 
administration constituted 58% of the total, whereas sam-
pling between 3–5 h and 6–12 h after drug administration 
constituted 26% and 16%, respectively.

Of 59 MLR equations, the most frequently used time 
points were C4 and C2, which were included in 32 (54%) 
and 29 (49%) equations, respectively, and constituted 18% 
and 16% of the sum of all time points from 59 equations, 
respectively. The 22 (37%) equations including C0 and C0 
constituted 13% of all time points. The most frequently 
included time point within 6–12 h after MMF administration 
was C6 (19% of equations). Two LSSs included C12 which 
is equal to C0 if blood samples are collected in steady-state; 
however, C12 was not analyzed with C0 when calculating 
the percentage.

If analyzed according to the calcineurin inhibitor co-
administered, among all equations established for MMF and 
cyclosporine (CsA) treatment (n = 28), the most frequent 
time points in LSSs were C2 (18% of all time points, 54% 
of the equations), and C4 (17% of all time points, 50% of 
the equations). For tacrolimus (Tac) co-administration (30 
LSSs), the time points most often included were C4 (19% 
of all time points, 57% of the equations), and C2 (15% of all 
time points, 47% of the equations). LSS established by Gaies 
et al. [25] was not included as the authors did not separately 
analyze patients receiving CsA and Tac.

With respect to the post-transplant period, the LSSs 
were divided into two groups: established for patients 
less than 1 month after transplantation, and longer than 
3 months after transplantation. The LSSs established 
in the early post-transplant period (n = 22) most fre-
quently included C2 (25% of all time points, 73% of 
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the equations), and C4 (22% of all time points, 64% of 
the equations). For LSSs established in the stable post-
transplant period (n = 16), the concentrations most often 
used included C1 (20% of all time points, 63% of the 
equations) and C3 (14% of all time points, 44% of the 
equations). In several studies, MPA concentrations and 
MPA LSSs were determined in patients in the early 
post-transplant period together with those in the stable 
post-transplant period. Therefore, those LSSs were not 
included in this analysis.

The worse r2 was for LSS established 1 month after 
transplantation and included two time points (C0 and C4; 
r2 < 0.5) [29]. Interestingly, the LSS with the same time 
points (C0 and C4), established in the same study but 
before transplantation, was characterized by much better 
r2 (0.91) [29]. The value of r2 above 0.98 was obtained 
for three LSSs, among which one included five time 
points [33], one included two time points [44], and one 
concerned fMPA [40]. The bias was within the range of 
− 3.80 to 10.28%. MPA LSS in one study was character-
ized by mean bias equal 0 mg h/L [41]. In other study, 
bias of one LSS was expressed as MPE and equal to 0.00 
[43]. The precision defined as mean or median absolute 
percentage prediction error or RMSE ranged from 6.9 to 
17.10% and 3.60 to 24%, respectively. Some studies cal-
culated the good guess. The best results amounted to 92% 
[39], 83% [36], and 62% [43] for good guesses of AUC pred 
within ± 15%, ± 20%, or ± 25% of AUC total, respectively.

Based on the results of the predictive performance, the 
most promising MPA LSSs for renal transplant recipi-
ents were: MPA AUC pred   =  2.8401   +  5.7435  ×  C0    
+ 0.2655 × C0.5  + 1.1546 × C1  + 2.8971 × C4 if CsA 
was co-administered [41]  and MPA AUC pred  = 8.36  + 
7.49 × C8  + 1.34 × C2  + 1.66 × C4  + 0.76 × C1 if 
Tac was co-administered [23]. The latter equation had 
the advantage of being validated in an external group of 
patients. The LSSs which was characterized by very good 
bias and precision was MPA AUC pred  = 0.414  + 1.210 ×  
C0.5  + 2.256 × C1.5  + 4.134 × C4 [25], which had the 
advantages of being validated in a validation group and 
applied to patients receiving either CsA or Tac; however, 
the r2 was < 0.950. High r2 was observed for the follow-
ing equations: AUC pred  = 8.32  + 0.904 × C1.5  + 1.955  
× C4  + 10.206 × C10 [35], AUC pred  = 15.3  + 7.06 × 
C4  + 6.77 × C8 − 3.76 × C12, and AUC pred  = – 0.247  
+ 11.73 × C6  + 2.92 × C2 [44]; however, the bias and 
precision were given in AUC units [35] or not given at all 
[44], so it is therefore difficult to compare these results 
with those expressed as percentages. For CsA co-treated 
patients, fMPA LSSs were characterized by high r2 (> 
0.950); however, precision was > 10% for all three equa-
tions and the validation was internal [40].

3.3  The MLR‑Based LSSs for Adult Patients Treated 
with MMF with Different Indication than Renal 
Transplantation

Among other MMF indications in adults than rejection 
prophylaxis after renal transplantation, studies aiming at 
establishing LSS for liver transplant recipients (n = 5) [51, 
54, 57, 58, 60], heart transplant recipients (n = 5) [52, 55, 
56, 62, 70], lung transplant recipients (n = 2) [50, 59], and 
hematopoietic stem cell transplant recipients (n = 2) [49, 
61] were found. There were single studies including patients 
after islet transplantation [20], patients with autoimmune 
diseases (antineutrophil cytoplasmic antibody-associated 
systemic vasculitis and systemic lupus erythematosus) [53] 
and patients with anti-neutrophil cytoplasmic antibody-asso-
ciated vasculitis [71] (Table 2). In one study, separate LSSs 
were established after oral and intravenous MMF adminis-
tration for both total and fMPA [61]. One LSS consisted of 
AUC 1-4 instead of particular time points [49].

The equations included up to four time points with three 
time-point LSSs being the most frequent (48%). Of all time 
points, those collected within 0–2 h after MMF administra-
tion constituted 64% of the sum of all time points, whereas 
sampling between 3–5 h and 6–12 h after drug administra-
tion constituted 18% and 19%, respectively.

Of 42 MLR equations, the most frequently used time 
points were C2 and C1. C2 was included in 28 (67%) equa-
tions and constituted 22% of the sum of all time points from 
42 equations, while C1 was included in 24 (57%) equations 
and constituted 19% of all the time points from 42 equa-
tions. The number of 15 (36%) equations including C0 and 
C0 constituted 12% of all time points. The most frequently 
included time point within 6–12 h after MMF administration 
was C6 (36% of equations).

For other indications than renal transplantation, 
most MPA LSSs (n = 21) were established when Tac 
was co-administered. For these LSSs, the most frequent 
time points were C1 (24% of all time points, 76% of the 
equations), C2, and C4 (19% of all time points, 62% 
of the equations). Interestingly, for MMF and Tac co-
administration, C0 was used in only two LSSs (10%). For 
CsA co-administration (10 LSSs), the time points most 
often included were C2 (31% of all time points, 100% of 
the equations), C6 (19% of all time points, 60% of the 
equations), and C1 (16% of all time points, 50% of the 
equations). C0 was used in four LSSs (40%) and consti-
tuted 13% of all time points. Four LSSs established for 
patients among whom only 8% received CsA [53] were 
not included in this analysis. Additionally, there were six 
LSSs established for the group of patients treated with 
two agents, either MMF and CsA or MMF and Tac [59, 
60]. Five of them included logarithmic concentrations and 
sampling up to 2 h after drug administration [59]. The 



735MLR–based LSSs for MPA AUC Estimation

sixth LSS which was established for patients receiving 
concomitantly with MMF CsA or Tac included only one 
time point, and its  r2 was low (0.575) [60].

For LSSs established for patients treated with MMF 
less than 1 month, the most frequently included time 
points were C2 (27% of all time points, 87% of the equa-
tions) and C6 (23% of all time points, 73% of the equa-
tions). LSSs established for patients treated with MMF 
longer than 3 months most frequently consisted of C2 
(24% of all time points, 69% of the equations), and C0 
(22% of all time points, 62% of the equations).

The r2 value of 0.98 was reached for four LSSs [20, 51, 
61]. The bias was within − 1.1% to 20.4%. No LSS was 
characterized by bias equal to 0. The closest to zero bias 
was 0.15% [56] and − 0.006 expressed as MPE [55]. The 
precision defined as mean or median absolute percentage 
prediction error or RMSE ranged from 8.24 to 16.35% and 
5.81 to 26.8%, respectively. The best results of AUC pred  
within ± 15% of AUC total amounted to 100% [56, 59].

Based on the results of the predictive performance, 
the most promising MPA LSS were: AUC pred  = 1.783  +  
1.248 × C1  + 0.888 × C2  + 8.027 × C4 [20] established 
for patients after islet transplantation and AUC pred  =   
4.46  + 0.81 × C1  + 1.78 × C2  + 2.51 × C4  + 4.94 × 
C8 for liver transplant recipients [54]. Both equations 
were established for patients co-treated with Tac. For CsA 
co-treated patients after heart transplantation, the best 
LSS was AUC pred  = 0.10  + 11.15 × C0  + 0.42 × C1  + 
2.80 × C2;  however,  precision was not shown [56]. The 
LSSs for Tac co-treated liver transplant recipients were 
characterized by very good bias and precision (AUC pred  
= 5.92  + 1.10 × C1  + 1.01 × C2  + 1.77 × C4  + 4.80 
× C6 [54] and AUC pred  = 5.503  + 0.919 × C1  + 1.871 
× C2  + 3.176 × C6  + 3.664 × C8 [58]); however, r2 was 
< 0.950 in both cases. High r2 was observed for externally 
validated LSS for CsA co-treated patients after hemat-
opoietic stem cell transplantation (AUC pred  = − 0.49    
+ 1.58 × C2  + 0.41 × C4  + 13.88 × C6 [61]); however, 
the bias and precision were given in AUC units. The best 
LSS for fMPA, characterized by high r2 and good bias 
and precision, was AUC pred  = 34.2  + 1.12 × C1  + 1.2
9 × C2  + 2.28 × C4  + 3.95 × C6, and was established 
for liver transplant recipients [51]. All five LSSs with 
log-transformed concentrations, established for lung 
transplant recipients, were characterized by good bias and 
precision; however, r2 was < 0.90 for all of them [59]. 
Another fMPA LSS, which was characterized by high r2 
(AUC pred  = 7.99  + 1.40 × C2  + 2.47 × C4  + 9.54 ×  
C6), was established for intravenous MMF administration 
and validated externally; however, the results of bias and 
precision were expressed in ng⋅h/mL [61].

3.4  The MLR‑Based LSS for Pediatric Patients 
Treated with MMF

A total of 25 LSSs established for pediatric patients were 
included. These LSSs were found in 11 studies [16–19, 
63–69]. Most of these concerned children after renal trans-
plantation [16, 17, 65, 66, 68, 69]. There were three studies 
concerning nephrotic syndrome [19, 63, 64], one concerning 
systemic lupus erythematosus [18], and one which included 
both children after renal transplantation and with autoim-
mune diseases [67].

The equations included up to five time points. Three time-
point LSSs were the most frequent (64%). Of all the time 
points, those collected within 0–2 h after MMF administra-
tion constituted 78% of all the time points, whereas sampling 
between 3–5 h and 6–12 h after drug administration consti-
tuted 11% and 10%, respectively.

Of 25 MLR equations, the most frequently used time 
points were C0 and C2. Each of these concentrations was 
included in 19 (76%) equations and constituted 24% of 
the sum of all time points from 25 equations. The most 
frequently included time point within 6–12 h after MMF 
administration was C6 (24% of equations). Among 14 LSSs 
established for children after renal transplantation, the most 
frequently included time points were the same as for all the 
pediatric studies. C0 and C2 were included in 12 LSSs (86%) 
and each constituted 29% of the sum of all time points from 
14 equations.

Pediatric patients for whom MPA LSSs were established 
received concomitantly CsA (seven LSSs), Tac (two LSSs) 
or either CsA or Tac, but were analyzed together (eight 
LSSs). For eight LSSs, solely MMF was administered. The 
most frequently included time points only for LSSs estab-
lished for children co-administered with CsA were analyzed. 
For these LSSs, the most frequent time points were C2 (32% 
of all time points, 88% of the equations), C0 (26% of all time 
points, 71% of the equations), and C0.5 (16% of all time 
points, 43% of the equations).

The best r2 was for three time points LSSs (C1, C4, C8) 
and was established for children with nephrotic syndrome. 
The best LSSs for renal transplant recipients (r2  = 0.91) also 
included three time points (C1, C2, C8). None of the equations 
reached  r2 above 0.98. Only four studies included the bias 
(− 2.69% to 6.48% with − 0.39% being the closest to zero) 
and precision (2.87–12.92%). In one study [19], the results 
of a good guess were shown (the percentage of AUC pred  
within ± 15% of AUC total).

The best LSSs were AUC pred  = 6.27  + 0.93 × C0  +  
5.36 × C4  + 6.56 × C8 [63], and AUC pred  = 1.62  +   
2.22 × C0  + 1.27 × C1  + 2.32 × C3  + 1.32 × C4  + 3.07 
× C6 [19], both for children with nephrotic syndrome treated 
solely with MMF. For pediatric renal transplant recipients 
co-treated with Tac, the best LSS was AUC pred  = 8.217  
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+ 3.163 × C0  + 0.994 × C1  + 1.334 × C2  + 4.183 × C4; 
however, no bias and precision was included in the study 
[16]. Bias < 5% was observed for the following equation, 
AUC pred  = 9.87  + 0.90 × C1  + 1.73 × C2  + 6.86 × C8, 
developed for pediatric renal transplant recipients, co-treated 
with CsA; however, r2 was equal 0.91 in this case [65].

3.5  Additional Information Concerning MPA LSSs 
Studies

The detailed information on the patients’ age, drugs co-
administered with MMF, method used for MPA determina-
tion, and the duration of MMF treatment or time elapsed 
from the transplantation are presented in Table 4.

To characterize the patients, we extracted six age groups 
based on the mean age described in each study. In four arti-
cles [30, 46, 47, 61], the mean age of the patients was not 
defined. In two articles, only the range of patients’ age was 
given (19–53 years [33] and 5–17 years [69]), not the mean. 
These studies are not included in Table 4. In the majority 
of studies [18–20, 22, 25, 32–44, 46–49, 51, 52, 55–59, 61, 
62, 65, 68, 69], the high-performance liquid chromatogra-
phy (HPLC) method was used for MPA determination. In 
15 studies, MPA concentrations were determined based on 
enzyme multiplied immunoassay technique (EMIT) [16, 17, 
24, 27–29, 45, 53, 54, 60, 63, 65–67, 71] (in one study both 
methods were applied [65]).

MMF was administered as dispersible tablets [23, 24, 70], 
suspension [65], or generic formulation [25, 33] apart from 
the standard formulation used in the majority of studies. In 
one study [61], LSSs were separately established for intra-
venous and oral MMF administration.

In Musuamba et al.'s study [30], the LSS included C3.5, 
which was calculated based on C3 and C4, as C3.5 was 
not collected. Moreover, although this study included both 
MMF- and EC-MPS-treated patients, most of the data were 
simulated.

3.6  Limitations of the MPA LSSs Studies

In the majority of the studies included in this review, the 
limitations concerned patients’ characteristics. The most 
frequent limitation was a relatively small sample size [20, 
26, 31, 32, 36, 41, 43, 45, 48, 49, 56, 70, 71]. The duration 
of MMF treatment was a limitation and concerned the sub-
stantial difference in the duration of treatment and regimens 
among patients [49, 64], late post-transplant period (approxi-
mately 4 years) [50] or narrow time range to the first two 
post-transplant weeks [70]. Some of the studies included 
patients of only one race in the evaluation [19, 50] or with 
trace proteinuria during the day of blood collection [19], oth-
ers did not fully supervise  the contribution of concomitant 
drugs [16, 19, 26, 64, 71]. Several studies excluded patients 

with gastrointestinal disease or diarrheal illness [32] or those 
with rejection or notable adverse effects [20, 41]. Few limi-
tations concerned the pharmacokinetics, such as MPA LSS 
overprediction of AUC by 30% [61], low frequency of the 
sample collection at time intervals [19, 50], and the exclu-
sion from the dataset of profiles with either extraordinarily 
high MPA  C0 or delayed absorption (tmax > 2 h) [36]. In 
one study, the lack of control patients was emphasized [64]. 
Other limitations included the limited universality of the 
LSS method [26, 48, 52].

4  Discussion

Estimating LSS is the approach of TDM applied for many 
drugs, e.g., MPA, levofloxacin, etoposide, moxifloxacin, 
ganciclovir, Tac, and CsA [72–78] in many diseases. Due 
to numerous factors influencing MPA pharmacokinetics, 
it is extremely difficult to establish a universal MPA LSS 
which might be applied in all MMF-treated patients. In our 
opinion, the review of MPA LSSs may be useful, as sum-
maries of MLR LSSs for MPA which included the years up 
to 2009 [14] and up to 2013 [7] were found, and, therefore, 
this study contains the actual literature review. Moreover, 
some studies in which the LSS developed for one popula-
tion was used to predict MPA exposition in an other popula-
tion [15, 79, 80] were found in the literature. The authors 
[15] observed that the application of LSS established for 
lung transplant recipients to predict MPA AUC in patients 
after heart transplant yielded satisfactory prediction results 
(bias and precision within ± 15%); however, they concluded 
that the LSSs seem to be center-specific. Moreover, in Gel-
lermann et al.'s study [81], the authors applied the LSSs 
established for children after renal transplantation and adult 
heart transplant recipients to evaluate AUC in children with 
nephrotic syndrome. In Katsuno et al.'s study [9], the LSS 
established for renal transplant recipients was used to pre-
dict AUC in patients with lupus nephritis. Additionally, 
Tong et al. [80] applied the LSS established with the HPLC 
method to evaluate AUC for patients for whom EMIT was 
used for MPA determination, while Neuberger et al. [79] 
applied MPA LSS established after EC-MPS administration 
in MMF-treated patients.

This review has included LSSs for total MPA generated 
with MLR mostly after oral MMF administration; however, 
there was one study [61] which included MPA LSS devel-
oped after separate oral and intravenous administration. 
Three studies established LSSs for fMPA [40, 51, 61]. There 
were also a few LSSs which included particular formula-
tions, such as suspension [65], dispersible tablets [23, 24, 
70], or a generic form of the drug [25, 33].

Most of the studies established LSSs with the intercept 
included, except those established by Kaczmarek et al. [55]. 
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Table 4  Additional information on MLR-based equations found in the literature for predicting MPA AUC pred for patients treated with MMF

AUC pred predicted area under the concentration-time (0–12 h) curve, CsA cyclosporine, EMIT enzyme multiplied immunoassay technique, HPLC 
high-performance liquid chromatography, LC/ESI-MS/MS liquid chromatography positive ion electrospray ionization tandem mass spectrometry, 
LC-MS/MS liquid chromatography–tandem mass spectrometry, MLR multiple linear regression, MMF mycophenolate mofetil, MPA mycophe-
nolic acid, PETINIA homogeneous particle-enhanced turbidimetric inhibition immunoassay technique, Tac tacrolimus, UPLC-UV ultra-perfor-
mance liquid chromatography with ultraviolet detection
a Only 3 patients (8%) received CsA
b All information provided are based on the article abstract
c Median 21 days after transplantation
d At least 7 days, the upper time limit was not defined
e At least 2 weeks, the upper time limit was not defined

Additional data References

Demographic data, age, years
 0–5 –
 6–11 [17, 19, 63–65]
 ≥ 12 [16, 18, 66–68]
 18–29 [35]
 30–49 [23–29, 31, 32, 36–40, 42–45, 48–52, 56–59, 70]
 ≥ 50 [20, 34, 41, 53–55, 60, 62, 71]

Drugs co-administered
 CsA [34, 41, 45, 49, 53]a, [61, 64, 66, 67]
 CsA, corticosteroids [17, 25, 35, 36, 39, 40, 42–45, 47, 48, 52, 56, 59, 60, 62, 64, 65, 69]
 Tac [16, 20, 29, 32, 46, 55, 57, 66, 67]
 Tac, corticosteroids [17, 23–28, 30, 31, 33, 37, 38, 44, 50, 51, 54, 58–60, 70]
 Steroids [19, 53, 71]
 Sirolimus, daclizumab, corticosteroids [34, 36]
 None [18, 63, 66, 67]
 No information [22]b, [68]b

Analytical method
 HPLC [18–20, 22, 25, 32–44, 46–49, 51, 52, 55–59, 61, 62, 65, 68, 69]
 UPLC-UV [23]
 UPLC with photodiode array detection [30]
 LC-MS/MS [31, 70]
 LC/ESI-MS/MS [50]
 EMIT [16, 17, 24, 27–29, 45, 53, 54, 60, 63, 65–67, 71]
 PETINIA technique [26, 64]

Post-transplant time or the duration of MMF treatment
 Pre-transplantation [29]
 Within 7 days [20, 23, 24, 27, 31, 36, 48, 49, 51, 60, 61, 63]
 Within 7 days and 1 month [16, 30, 35, 37, 39, 40, 43, 46–48, 54, 57, 58, 60, 65, 66]c, [67]c, [68–70]d, [71]e

 1–3 months [16, 20, 29, 36, 41, 42, 44, 46, 52, 53, 62]
 3 months [18, 46, 47]
 ≥ 3 months [16, 31, 32]
 < 6 months [25]
 3–6 months [33, 36, 44, 65, 68, 69]
 6–12 months [25, 44, 45, 47, 52, 56, 65]
 < 1 year [19, 20, 26, 28, 34, 52]
 > 1 year [17, 19, 20, 25, 26, 28, 44, 50, 52, 55, 59, 64, 65]

Stable post-transplant period, stable trough concentrations [22]b, [38]
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According to these authors [55], the equation without an 
intercept distributes relative prediction errors fairly evenly 
throughout the measuring range, whereas non-homogene-
ous models tend to yield larger relative prediction errors for 
lower values. However, the approach of not including the 
intercept was not found in other studies.

Among all MPA LSSs included in this review, the most 
often used time points were 2 h after MMF administration, 
that is near MPA tmax [1], and 6 h after MMF administra-
tion. Surprisingly, in adult renal transplant recipients, the 
most often used time point was C4, which is between tmax 
and tmax2 [82]. C0 was the most frequently included only in 
LSSs for pediatric patients. As MPA undergoes enterohe-
patic recirculation [2], it seems reasonable that, to describe 
MPA exposition accurately, the LSS should contain sam-
pling over 6 h after MMF administration. Time points within 
6–12 h after drug administration constituted less than 20% of 
all time points in each analyzed group. For adult transplant 
recipients, sampling within 3–5 h after MMF administration 
constituted a quarter of all time points.

Particular attention must be paid to the kind of calcineu-
rin inhibitor co-administered. According to the literature, 
Tac does not influence MPA clearance [4]; however, in the 
case of CsA, MPA concentrations are lower if MMF and 
CsA are administered concomitantly [1]. CsA inhibits MPA 
enterohepatic recirculation [2] which causes the decrease 
in MPA exposition, and, therefore, in the case of CsA co-
administration, the blood sampling does not require includ-
ing time points around the second MPA maximum concen-
tration (Cmax2) [7]. Comparing LSSs between patients treated 
concomitantly with CsA or Tac, the time points beyond 6 
h were more frequently included in LSS when Tac was co-
administered. For adult renal transplant recipients, the most 
frequently used time points were C2 and C4, and C4 and C2 
if treated with MMF and CsA or MMF and Tac, respectively. 
When the indication for MMF treatment was different for 
renal transplantation, the most frequently used time points 
were C2, C1, and C6 and C1, C2, and C4 if CsA and Tac 
were co-administered, respectively. For pediatric patients, 
only a subgroup treated with MMF and CsA was evaluated 
as Tac co-treatment referred to only two LSSs. For MMF 
and CsA administration, in MPA LSSs, the most frequently 
included time points were C2, C0, and C0.5.

Constantly improving renal function after transplantation 
affects MPA pharmacokinetics [1]; therefore, some differ-
ences in time points included in LSSs which were estab-
lished for patients treated with MMF less than 1 month after 
renal transplantation and longer than 3 months after renal 
transplantation were expected. Surprisingly, the most fre-
quently used time points were within 4 h after drug admin-
istration irrespective of the post-transplant period (C2 and 
C4 and C1 and C3, for less than 1 month and longer than 
3 months post-transplant, respectively). In MPA LSSs 

developed for patients with other than renal transplantation 
indication for MMF treatment, different sets of time points 
were used more frequently. These time points were C2 and 
C6 versus C2 and C0 for patients treated with MMF less 
than 1 month and longer than 3 months, respectively. For 
pediatric patients, the comparison of the results in relation 
to duration of MMF treatment were impossible to be found, 
as in most studies MPA LSSs were developed for children in 
the early as well as in stable post-transplant period or treated 
with MMF less than 1 month and longer than 3 months.

Some LSSs were used in numerous studies or applied in 
clinical practice to estimate MPA AUC and improve MPA 
TDM. Van Hest et al. [43] checked the utility of MPA LSS 
established for patients without diabetes in patients with 
diabetes and showed LSS suitability in the latter group. The 
LSS developed by Weber et al. [65] was applied to calculate 
MPA AUC 0–12 and to obtain the optimal MMF dose in chil-
dren after allogeneic hematopoietic cell transplantation [83]. 
The authors [83] proved that pharmacological monitoring 
of MPA AUC 0–12 allowed a reduction in the incidence of 
acute and chronic graft-versus-host disease in patients who 
were undergoing prophylactic treatment with Tac and MMF. 
The MPA AUC 0–12 was calculated using the LSS developed 
by Yamaguchi et al. [29] to evaluate the effects of UDP-
glucuronosyltransferases polymorphisms on the pharma-
cokinetics of MMF in Chinese renal transplant recipients 
[84]. MPA AUC 0-12 estimated based on the LSS from the 
Musuamba et al. study [30] was used to check the influ-
ence of omeprazole on MMF pharmacokinetics in kidney 
transplant recipients [85]. Poulin et al. [32] used LSS to per-
form population pharmacokinetic analysis of Tac and MMF 
concomitant administration in adult kidney recipients [86] 
as well as to determine associations between the absolute 
neutrophil count, MPA exposure, and the polymorphisms 
in metabolism or transporter genes responsible for MPA 
disposition [87]. The LSS of Miura et al. [37] was applied 
in renal transplant recipients to check the utility of plasma 
level monitoring of MPA and to correlate it with clinical 
outcomes [88]. The LSS developed for autoimmune disease 
[53] was used to investigate MPA exposure in patients with 
systemic sclerosis treated with MMF [89].

We found a few LSSs with satisfactory bias and precision; 
however, the usefulness of some of them is limited by the 
inclusion of time points beyond 4 h after MMF administra-
tion. Some of the LSSs were characterized by good bias 
and precision, but the r2 was < 0.90. Nevertheless, several 
MLR-based LSSs might help in establishing MPA AUC total 
for efficient TDM. With respect to the MMF indications, the 
following LSSs seems to be the most promising:

MPA AUC pred  = 2.8401  + 5.7435 × C0  + 0.2655 ×  
C0.5  + 1.1546 × C1  + 2.8971 × C4 for adult renal trans-
plant recipients co-treated with CsA [41];
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MPA AUC pred  = 1.783  + 1.248 × C1  + 0.888 × C2  + 
8.027 × C4 for adult patients after islet transplantation 
co-treated with Tac [20];
MPA AUC pred  = 0.10  + 11.15 × C0  + 0.42 × C1  +  
2.80 × C2 for adult patients after heart transplantation 
co-treated with CsA [56];
fMPA AUC pred  = 34.2  + 1.12 × C1  + 1.29 × C2  + 2.28  
× C4  + 3.95 × C6 for adult liver transplant recipients 
[51];
MPA AUC pred  = 8.217  + 3.163 × C0  + 0.994 × C1  + 
1.334 × C2  + 4.183 × C4 for pediatric renal transplant 
recipients co-treated with Tac [16].

These LSSs require further evaluation in independent 
groups of patients before introducing them into clinical prac-
tice. The above LSS for fMPA might be difficult to imple-
ment as it included one time point 6 h after MMF adminis-
tration. For MMF indications other than those listed above, 
we did not find any LSS which would fulfill the criteria of 
r2 > 0.95 and precision and bias < 10%. The usefulness 
of other LSSs with satisfactory results of predictive perfor-
mance is limited by the inclusion of time points more than  
4 h after drug administration. MPA LSSs established in pedi-
atric populations were less numerous and rarely included the 
bias and precision. Moreover, we did not find any fMPA LSS 
established in a pediatric population. Those found for adult 
renal transplant recipients were not characterized by suffi-
cient bias and precision, although, for these patients, fMPA 
monitoring should be of particular interest as it reflects the 
pharmacologically active form of the drug.

The limitation of our study is the lack of EMBASE 
search. Another limitation is that several articles did not 
fully characterize patient groups or did not show the results 
of predictive performance.

5  Conclusions

We found five MLR-based MPA LSSs which might be con-
sidered as useful in clinical practice; however, they require 
further evaluation in independent groups of patients. The 
LSSs for pediatric patients were less numerous and not fully 
characterized. There were only a few fMPA LSSs, although 
fMPA is a pharmacologically active form of the drug. For 
adult patients, MPA LSSs most frequently included C2 and 
C4, while, for pediatric patients, C0 and C2 were the most 
often used. The fact that the time points of MPA concentra-
tions most frequently included in LSSs were different for 
adult renal transplant recipients, adults after other than renal 
transplantation, and in children treated with MMF, empha-
sizes the need of individual therapeutic approaches for each 
group of MMF-treated patients. Whereas the methodology 
of developing MPA LSS is rather a simple method enabling 

TDM, establishing the most accurate MPA LSSs require 
numerous factors to be considered, such as the drugs co-
administered with MMF (particularly calcineurin inhibitors), 
the time elapsed from the transplantation or the duration 
of treatment with MMF, and the indication for MMF treat-
ment. LSS is a useful tool in MPA therapeutic monitoring; 
however, if sampling beyond few hours after MMF admin-
istration is required, optimizing drug dosage by the LSS 
approach appears to be less convenient.
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