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Abstract
Background  Tacrolimus has a narrow therapeutic range and requires dose adjustment, usually based on the trough blood 
concentration but preferably on the area under the concentration–time curve over 12 h post-dose (AUC​0–12h). The single-arm, 
multicentre, clinical study IMPAKT aimed: (i) to develop, in de novo kidney transplant recipients, pharmacokinetic models 
and maximum a-posteriori Bayesian estimators for a generic, immediate-release, oral formulation of tacrolimus to estimate 
tacrolimus AUC​0–12h at different post-transplant periods using a limited sampling strategy, and considering the CYP3A5*3 
polymorphism as a covariate and (ii) to compare the performance of these Bayesian estimators to those previously developed 
for the original formulation.
Methods  Thirty patients were enrolled and 29 provided nine blood samples over 9 h at day 7 and months 1 and 3 post-
transplant. Tacrolimus blood profiles measured with liquid chromatography-tandem mass spectrometry were modelled using 
one-compartment, double gamma absorption, linear elimination models developed in-house. Different limited sampling 
strategies of three time-points within 4 h post-dose were tested for the maximum a-posteriori Bayesian estimator of tacrolimus 
AUC​0–12h. The models and estimators were validated internally and their performance compared to that of models previously 
developed for the original formulation.
Results  The concentration–time curves, AUC​0–12h/dose and trough blood concentration/dose exhibited wide inter-individual 
variability. The covariate-free pharmacokinetic models developed for the three post-transplant periods closely fitted the 
individual profiles. Maximum a-posteriori Bayesian estimators based on three different limited sampling strategies and 
no covariate yielded accurate AUC​0–12h estimates, including for the five cytochrome P450 3A5 expressers and for the four 
patients without corticosteroids. The 0–1 h–3 h strategy finally chosen had very low bias (− 4.0 to − 2.5%) and imprecision 
(root mean square error 5.5–9.2%). The maximum a-posteriori Bayesian estimators previously developed for the reference 
product fitted the generic profiles with similar performance.
Conclusions  We developed original pharmacokinetic models and accurate maximum a-posteriori Bayesian estimators to 
estimate patient exposure and adjust the dose of generic tacrolimus, and confirmed that the robust tools previously developed 
for the original formulation can be applied to this generic.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​2-020-00959​-y) contains 
supplementary material, which is available to authorized users.
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Key Points 

This paper reports the first population pharmacokinetic 
models and Bayesian estimators developed for Adoport®, 
a generic oral formulation of tacrolimus

A one-compartment, double gamma absorption, linear 
elimination model closely fitted the individual profiles

Bayesian estimators combined with the 0–1 h–3 h 
limited sampling strategy yielded accurate and precise 
estimation of the area under the concentration–time 
curve over 12 h post-dose

Pharmacokinetic models and Bayesian estimators 
previously developed for the original formulation fitted 
Adoport® profiles and estimated the inter-dose area 
under the concentration–time curve as well as the ad hoc 
tools
These tools are now available to the kidney transplant 
community through the ISBA expert system: https​://
pharm​aco.chu-limog​es.fr

1  Introduction

The bioequivalence of generic drugs with the reference 
product has to be demonstrated in healthy volunteers on the 
basis of the area under the concentration–time curve (AUC) 
and maximal concentration of the concentration–time pro-
file, generally after a single drug dose. This standard scheme 
cannot guarantee that the generic formulation will yield 
the same pre-dose concentration at steady state, i.e. after 
repeated dosing, even less so in patients. This may be of con-
cern for narrow therapeutic index drugs, in particular those 
requiring therapeutic drug monitoring, which is often based 
on the drug pre-dose blood concentration. The fact that some 
of these drugs can be dose adjusted based on their inter-dose 
AUC can be reassuring in this respect, as the AUC is one of 
the bioequivalence criteria, but it still raises the question of 
the applicability of the tools developed for AUC estimation 
of the reference product to generic formulations.

Tacrolimus is a calcineurin inhibitor widely used for the 
prevention of allograft rejection in solid organ transplanta-
tion, as well as in other indications across the world [1]. 
It is characterised by a narrow therapeutic index and large 
inter-individual pharmacokinetic (PK) variability. Therapeu-
tic drug monitoring is recommended for tacrolimus (and is 
even compulsory in many countries) to minimise the risk of 
acute rejection and the occurrence of adverse effects (mainly 

nephrotoxicity and, to a lesser extent, neurotoxicity) and it is 
generally based on trough whole blood tacrolimus concen-
trations (C0). However, retrospective studies showed that C0 
was not [2–4], or was only slightly [5], associated with acute 
graft rejection in kidney or liver transplant recipients. In 
contrast, a few papers reported that tacrolimus AUC was sig-
nificantly associated with acute rejection [6, 7]. The recent 
consensus report of a consortium of European experts on 
tacrolimus therapeutic drug monitoring recommended using 
the inter-dose AUC over 12 h post-dose (AUC​0–12h), as it is 
expected to be the best marker of tacrolimus exposure [1]. 
Actually, tacrolimus monitoring based on the full AUC​0–12h 
is difficult to set up routinely, owing to clinical constraints 
and the necessity of multiple samples. Our and other groups 
previously reported PK models and Bayesian estimators to 
calculate tacrolimus inter-dose AUC using a limited sam-
pling strategy (LSS), i.e. a few blood samples collected in 
the first hours post-dose, for three different tacrolimus for-
mulations in different transplant settings [8–15]. We have 
proposed them to the transplant community though a free 
website since 2007 and reported the results obtained in hun-
dreds of patients [16, 17].

One of the most important sources of inter-individual var-
iability in tacrolimus pharmacokinetics is a single nucleotide 
polymorphism within intron 3 of cytochrome P450 (CYP) 
3A5, a metabolic enzyme expressed in the intestinal mucosa 
and the liver highly involved in the oral tacrolimus first-
pass effect. Patients who carry at least one CYP3A5*1 allele 
(CYP3A5 expressers, about 12% of the white European 
population [18]) show a 1.5- to two-fold higher tacrolimus 
oral clearance than CYP3A5*3/*3 carriers (non-expressers) 
[1]. Corticosteroids that induce CYP450s and P-glycoprotein 
might also affect tacrolimus pharmacokinetics [19].

Adoport® (Sandoz, Levallois-Perret, France) is a generic, 
twice-daily, immediate-release formulation of tacrolimus, 
whose pharmaceutical equivalence and bioequivalence with 
the reference product Prograf® (Astellas Pharma, Levallois-
Perret, France) was demonstrated in healthy volunteers as 
well as in a kidney transplant population [20]. However, 
it has never been demonstrated that the PK tools (includ-
ing Bayesian estimators) developed and used in a clinical 
setting for an original formulation can also be used for its 
generics. For instance, the LSSs used with maximum a pos-
teriori Bayesian estimation (MAP-BE) generally include 
sampling points on both sides of the peak, i.e. before and 
after the time to maximum concentration (Tmax), while bio-
equivalence studies cannot guarantee that Tmax is similar 
between formulations (no statistical tests are required by 
the regulatory agencies for Tmax). This question is of par-
ticular importance for patient security and our liability in 
the context of the ISBA expert system (as well as similar 
web services), where on the one hand, one cannot guarantee 
that all patients are actually on the original formulation and, 

https://pharmaco.chu-limoges.fr
https://pharmaco.chu-limoges.fr
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on the other hand, one cannot continue to refuse patients on 
generic formulations.

The objectives of the present clinical study were: (i) to 
develop, in de novo kidney transplant recipients on this 
generic formulation, population PK models and Bayesian 
estimators enabling the assessment of tacrolimus AUC​0–12h 
at different post-transplant periods, on the basis of a lim-
ited number of samples collected during the first few hours 
post-dose, and considering the CYP3A5*3 polymorphism 
and corticosteroid cotreatment as covariates, if possible 
and useful, and (ii) to compare the performance of these 
MAP-BEs and LSSs to those we previously developed for 
the original formulation.

2 � Material and Methods

2.1 � Study Design and Patient Population

The “Pharmacokinetic Study of Adoport® (Tacrolimus) in 
Patients With de Novo Kidney Transplantation” (IMPAKT) 
study was sponsored by Limoges University Hospital, 
funded by Sandoz France, authorised by the Ethics Com-
mittee CPP16-058 on 8 December, 2016 and registered on 
ClinicalTrials.gov (Identifier: NCT03076151, registered on 
6 March, 2017). We enrolled 30 kidney transplant recipients 
on immunosuppression regimes including Adoport®, from 
five French kidney transplant centres (university hospitals 
of Amiens, Clermont-Ferrand Limoges, Poitiers and Tours). 
Patients had to be aged > 18 years, male or female, recipi-
ents of a first kidney graft, transplanted for less than 7 days 
at the time of enrolment, affiliated to a health insurance sys-
tem and they had to sign the study informed consent form. 
The exclusion criteria were: all contraindications to tacroli-
mus according to the summary of product characteristics; 
patients with pre-transplant, donor-specific, anti-human leu-
kocyte antigen antibodies; recipients of any allograft other 
than the kidney; pregnant (positive β-HCG test) or lactating 
women; women without any method of contraception, except 
for those with no childbearing potential (according to the 
guidelines of the Clinical Trial Facilitation Group, related 
to contraception and pregnancy tests in clinical trials) [21]; 
patients participating in any other interventional clinical 
study; patients under judicial protection; and patients unable 
to understand the purposes and risks of the study, who could 
not provide written informed consent or who were unwilling 
to comply with the study protocol.

Each patient had to participate in three PK investigations, 
at 7 ± 3 days (D7), 1 month ± 1 week (M1) and 3 months 
± 1 week (M3) post-transplantation. During each of these 
study visits, nine blood samples were collected in EDTA 
tubes, just before (C0) and then 20 and 40 minutes, 1, 2, 3, 

4, 6 and 9 h after the morning dose of generic tacrolimus 
administration.

2.2 � Tacrolimus Determination and Pharmacokinetic 
Modelling

Tacrolimus blood determination was centralised at the Labo-
ratory of Pharmacology-Toxicology of Limoges University 
Hospital (CHU Limoges) and performed using a fully vali-
dated, liquid chromatography–tandem mass spectrometry 
technique, as previously described [11]. Briefly, after pre-
cipitation of 100 µL of whole blood with 25 g/L of zinc 
sulphate in water/methanol (70:30, v/v), tacrolimus was 
extracted and separated using two-dimension high-perfor-
mance liquid chromatography and detected using tandem 
mass spectrometry in the positive-ion, selected reaction 
monitoring mode. [13C,D2]-Tacrolimus was employed as 
the internal standard. The lower limit of quantification was 
1 ng/mL, the method was linear between 1 and 100 µg/L (r 
> 0.99) and the intra- and inter-day coefficients of variation 
(CV%) were < 18%.

Pharmacokinetic modelling was performed using a para-
metric approach in the iterative two-stage individual mod-
elling software (developed locally by one of us, JD). We 
used a single-compartment model with linear elimination, 
and biphasic absorption, as previously described for other 
formulations of tacrolimus in different transplant settings 
[8, 10, 14, 15].

In this model, the absorption rate at time t is described as 
the sum of two gamma distributions:

With

The estimated population parameters were: Ĉ0, the 
model-estimated trough concentration after administration 
of a theoretical dose D0 = 1000 mg (the real trough concen-
tration can be calculated by dividing this value by 1000 and 
multiplying by the patient dose); MAT1 and MAT2, the 
mean absorption times of the two absorption phases (defined 
as ai

bi
 ); SDAT1 and SDAT2, the standard deviations of 

absorption times (defined as 
√

ai

bi
 ); r, the fraction of the dose 

absorbed by the faster method; FAIV = F × D0/Vd, where F 
is the bioavailability factor, AIV is the intravenous coefficient, 
Vd is the volume of distribution, and b is the elimination 
constant. The error model used was 0.0001 + 0.05 × C (C = 
drug concentration). Different sets of parameters were esti-
mated for the different post-transplantation periods (D7, M1 
and M3). The robustness of the model was checked using the 

Vabs(t) = F × D[r × f1(t) + (1 − r) × f2(t)]

fi(t) =
bai

Γ(ai)
.tai−1. exp(−bi.t)
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traditional predicted vs observed and individually predicted 
vs observed concentrations, and the weighted residuals vs 
time. The stability of the results was investigated using itera-
tive random splitting of the database (circular permutation) 
to obtain at each round one group for model development 
(75% of the concentration vs time profiles) and another 
group for model validation (the remaining 25% profiles). 
Additionally, the final models were evaluated using visual 
predictive checks after 1000 Monte-Carlo simulations and 
extraction of their 90% prediction intervals, using the vpc R 
package (https​://CRAN.R-proje​ct.org/packa​ge=vpc).

The optimal combinations of sampling times for Bayesian 
estimation were obtained by comparing the accuracy and 
precision of tacrolimus AUC​0–12h estimates obtained with 
several combinations of three sampling times within the first 
few hours post-dose, as compared to the reference tacroli-
mus AUC​0–12h obtained using all available time-points. In 
addition, we evaluated the ability of Bayesian estimators 
previously developed for the reference product [16] to pre-
dict tacrolimus AUCs measured in patients on the generic 
formulation in the present study.

2.3 � Cytochrome P450 3A5 Genotyping

Genotyping of CYP3A5*3 was also centralised in the 
Department of Pharmacology-Toxicology at Limoges Uni-
versity Hospital. DNA was isolated from EDTA-treated 
blood and genotyped for CYP3A5 rs776746 (CYP3A5*1/*3 
allele) using a validated TaqMan allelic discrimination assay 
on a Rotor Gene Q® (Qiagen, Courtaboeuf, France), as pre-
viously described [22].

2.4 � Statistical Analysis

The performance of the population PK models was evaluated 
by linear regression of measured vs estimated concentrations 
in the validation set (successive subgroups of 25% patients 
not involved in model development). The performance of the 
models in the subgroups of CYP3A5 expressers and patients 
without corticosteroids was checked by visually comparing 
them on the diagnostic plots with the predominant group of 
non-expressers on corticosteroids.

We used a two-way analysis of variance (patients*LSS) 
followed by the Dunnett’s multiple comparison test to com-
pare the different LSS for MAP-BE of tacrolimus AUC​
0–12h with the reference AUC​0–12h obtained using all time-
points. For those providing estimates not statistically dif-
ferent from the references, we calculated the relative mean 
prediction error, or bias, and the relative root mean square 
error (RMSE). For the LSS finally selected, we computed 
the correlation and difference (Bland–Altman) plots with 
the reference, the minimum and maximum differences, 
the bias, RMSE and the number of differences out of the 

± 20% acceptable range. The performance of the Bayes-
ian estimators in patients carrying the minor CYP3A5*1 
allele or receiving no corticosteroids was assessed visually 
on the correlation and Bland–Altman plots, but no statistical 
test was performed because of their small numbers in our 
population.

3 � Results

One patient was withdrawn from the study owing to numer-
ous severe adverse events (AEs), before any PK profile was 
collected. The other 29 patients completed the study and 
their characteristics are described in Table 1. Twenty-three 
patients received tacrolimus in combination with mycophe-
nolate mofetil and 26 with corticosteroids at one study visit 
at least, whereas only two received tacrolimus as a mono-
therapy over the whole study period. The average tacrolimus 
daily dose decreased from 9.4 mg on day 7 to 6.2 mg at 
month 3 (with up to eight-fold variability across the study 
population at M1 and M3), while C0 and AUC​0–12h tended to 
increase at M1 and decrease at M3. Plasma creatinine, haem-
atocrit and haemoglobin improved over time (Table 1). The 
AEs reported by the investigators are reported in Table 1 of 
the Electronic Supplementary Material (ESM). All patients 
except for one had at least one AE, with a total of 260 AEs 
reported, 24 of which were considered as serious AEs. How-
ever, none of these serious AEs was deemed attributable to 
tacrolimus by the investigators and the Clinical Trial Phar-
macovigilance Unit of Limoges University Hospital. Three 
acute graft rejection episodes were reported in three patients, 
two of which were confirmed by a biopsy (both categorised 
as acute T-cell-mediated rejection, grade 1b). These acute 
rejection episodes occurred 2 weeks, 3 weeks and 3 months 
post-transplantation.

A total of 87 PK profiles of tacrolimus were analysed. 
The concentration–time curves of Adoport® exhibited large 
inter-individual variability at each time period, and so did 
C0 (CV% = 38%, 35% and 26% at D7, M1 and M3, respec-
tively) and AUC​0–12h (CV% = 32%, 31% and 26%, respec-
tively). The variability was even larger for C0/dose (CV% = 
47%, 76% and 43%, respectively) and AUC​0–12h/dose (CV% 
= 41%, 65% and 40%, respectively). In contrast, the AUC/C0 
ratio showed much lower inter-individual variability (CV% 
= 21%, 18% and 18%, respectively) and intra-individual var-
iability over the first 3 months post-transplant (CV% = 14%).

Reasonable correlation was found between morning C0 
and the reference AUC​0–12h at all post-transplant periods (r2 
= 0.6857 at D7, 0.7912 at M1 and 0.6441 at M3) (Fig. 1). 
Accordingly, the AUC​0–12h/C0 ratio varied mildly with 
time and between patients: mean (inter-individual CV%) 
= 18.58 h (21.31%) at D7, 18.17 h (18.36%) at M1 and 
18.28 h (17.89%) at M3. The mean AUC​0–12h/C0 ratio was 

https://CRAN.R-project.org/package=vpc
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not different in CYP3A5 expressers and/or patients not on 
steroids, as compared with the other patients (20.5 h vs 18.8 
h, respectively) and the datapoints of these patients were not 
further apart in the AUC​0–12h vs C0 regression lines than the 

Table 1   Demographic characteristics of the per-protocol population 
(n = 29), laboratory test results, and tacrolimus dose and exposure

AUC​0–12h area under the concentration–time curve over 12 h post-
dose, C0 trough blood concentration, CYP cytochrome P450, MMF 
mycophenolate mofetil

Characteristic Value

Patient characteristics at enrolment (n = 29)
 Age (years) 59 (30–76)
 Sex, n)
  Male 22
  Female 7

 Bodyweight (kg) 78 (61.1–116)
 CYP3A5 genotype (n)
  *1/*1 2
  *1/*3 3
  *3/*3 19
  Unknown 5

Day 7 (n = 29)
 Tacrolimus daily dose (mg) 9.4 (4–14)
 Tacrolimus morning C0 (mg/L) 9.3 (3.1–16.3)
 Tacrolimus AUC​0–12 h (h mg/L) 166 (80–313)
 Hematocrit (%) 27.8 (21.3–36.7)
 Hemoglobin (g/dL) 9.2 (7.1–12.1)
 Creatinine (µmol/L) 320 (94–1021)
 Co-medications (n)
  MMF 23
  Corticosteroids 26

Month 1 (n = 29)
 Tacrolimus daily dose (mg) 9.2 (2–19)
 Tacrolimus morning C0 (mg/L) 10.4 (5.1–23.0)
 Tacrolimus AUC​0–12 h (h·mg/L) 186 (111–371)
 Hematocrit (%) 33.1 (23.1–43.0)
 Hemoglobin (g/dL) 10.7 (7.6–13.3)
 Creatinine (µmol/L) 170 (80–325)
 Co-medications (n)
  MMF 22
  Corticosteroids 25

Month 3 (n = 29)
 Tacrolimus daily dose (mg) 6.2 (2–15)
 Tacrolimus morning C0 (mg/L) 8.0 (1.5–10.7)
 Tacrolimus AUC​0–12h (h·mg/L) 141 (36.9–203.6)
 Hematocrit (%) 37.8 (23.0–49.7)
 Hemoglobin (g/dL) 12.2 (6.9–16.4)
 Creatinine (µmol/L) 153 (77–384)
 Co-medications (n)
  MMF 22
  Corticosteroids 25

Fig. 1   Linear regression and correlation between tacrolimus C0 and 
AUC​0-12h at the different post-transplant periods. The 4 patients 
carrying the CYP3A5*1 allele (i.e. CYP3A5 expressers) and who 
received corticosteroids are represented with blue diamonds, the only 
CYP3A5 expresser without steroids with black diamonds and the 
CYP3A5 non-expressers (or presumably so, for one) without steroids 
with red diamonds
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others (Fig. 1). One of the five CYP3A5 expressers experi-
enced T-cell-mediated graft rejection on day 21 post-trans-
plant, i.e. 2 weeks after the D7 visit where the tacrolimus 
AUC was 108 h·µg/L and 1 week before the M1 visit where 
the AUC was 111 h·µg/L (as compared to mean values of 
166 and 186 h·µg/L in the study population, respectively). 
However, the other two rejection episodes were reported in 
non-expressers, one at week 2 just after a very high AUC 
value (247 h·µg/L) and the other at M3 with AUC = 137 
h·µg/L (for a population average of 141 h·µg/L).

The three PK models developed (one for each of the three 
post-transplant periods) adequately described the data, as 
shown by the goodness-of-fit plots (Fig. 2). The model-pre-
dicted concentrations were clearly overestimated in the five 
CYP3A5 expressers, whether on corticosteroids (n = 4) or 
not (n = 1), but the individually predicted concentrations 

were as tightly fitted by the model as those of the dominant 
group of non-expressers on corticosteroids (n = 23) and 
the weighted residuals were very similar. The three other 
patients not on steroids were CYP3A5 non-expressers (or 
presumably so for one of them who was not genotyped) and 
their model-predicted concentrations were not significantly 
different from, and the individually predicted concentrations 
and Weighted residuals (WRES) as good as, those of the 
other non-expressers, confirming that corticosteroids had no 
significant influence on tacrolimus pharmacokinetics in this 
study. The visual predictive checks showed that the simu-
lated data matched the observed concentration–time profiles 
for the three post-transplant periods (Fig. 3). 

Bayesian AUC estimates obtained with six different 
three-point LSSs were compared with the reference AUC 
values using a two-way analysis of variance (patients*LSS), 

Fig. 2   Diagnostic plots of the population pharmacokinetic models. 
The 4 patients carrying the CYP3A5*1 allele (i.e. CYP3A5 express-
ers) and who received corticosteroids are represented with blue dia-

monds, the only CYP3A5 expresser without steroids with black dia-
monds and the CYP3A5 non-expressers (or presumably so, for one) 
without steroids with red diamonds
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showing significant between-patient variability (p < 0.0001) 
but only a trend for differences among the LSSs (p = 
0.0641). Dunnett’s multiple comparisons showed that the 
0–1 h–2 h, 0–1 h–3 h and 0–2 h–4 h LSS yielded estimates 
not statistically different from the reference AUCs (Table 2). 
The Bland–Altman plots (Fig. 4) and the very similar mean 
prediction error (1.1%, 2.0% and 1.2%, respectively) and 
RMSE (9.2%, 7.8% and 8.6%, respectively) suggest that 
these strategies are equally acceptable, including for the 
patients carrying the CYP3A5*1 allele and/or without cor-
ticosteroids. Owing to its better Bland–Altman plot (Fig. 4) 

and lower RMSE, and for the sake of consistency with the 
LSS used routinely for the original formulation, we finally 
chose the 0–1 h–3 h LSS for the rest of this study. The AUC 
estimates obtained in the validation set obtained by circu-
lar permutation showed a bias between 0.2 and 3.6%, and 
imprecision RMSE between 6.0% and 8.6%, depending on 
the post-transplant period. Only one AUC value at M1, and 
two at M3, were estimated with inaccuracy >20% (Table 3). 
The best and worst AUC estimates at each post-transplant 
period are presented in Fig. 5. The PK models and Bayesian 
estimators previously developed for the reference product 
were able to fit closely the full concentration–time profiles 
obtained with the generic formulation Adoport® (Figs. 1 and 
2 of the ESM), as well as to estimate accurately the AUC​
0–12h using the same LSS (Table 3).

4 � Discussion

We conducted a PK study of Adoport®, a generic formula-
tion of tacrolimus in adult kidney transplant recipients and 
developed PK models and Bayesian estimators, with the aim 
of estimating, at early (day 7) and more stable (months 1 and 
3) post-transplant periods, tacrolimus AUC​0–12h on the basis 
of a limited number of samples collected during the first few 

Fig. 3   Visual predictive checks of the PK models developed for generic tacrolimus for the three different post-transplant periods (day 7, month 1 
and month 3)

Table 2   Dunnett’s multiple comparison tests of the accuracy of dif-
ferent limited sampling strategies as compared to the reference area 
under the concentration–time curve values

h hours

Limited sampling strategy Mean difference Adjusted p value

All points vs 3 points 0–1 h–2 h − 0.001614 0.8426
All points vs 3 points 0–1 h–3 h − 0.003189 0.2317
All points vs 3 points 0–2 h–3 h − 0.004431 0.0409
All points vs 3 points 0–2 h–4 h − 0.002116 0.6360
All points vs 3 points 0–3 h–4 h − 0.004166 0.0622
All points vs 3 points 0–3 h–6 h − 0.004346 0.0470
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hours post-dose. The PK models obtained showed excel-
lent fit with the observed profiles. In addition, the Bayesian 
estimators and the LSS previously developed in a similar 
population for Prograf®, the reference product, showed 
almost identical performance in this study. It is important to 
acknowledge that, in addition to being bioequivalent with 
Prograf®, the generic formulation tested in this study yields 

very similar Tmax values, as previously shown in a bioequiva-
lence study in kidney transplant recipients [20], which may 
represent favourable conditions for the application of our 
initial Bayesian estimators. The question as to whether this 
can be extrapolated to all generic formulations of immedi-
ate-release tacrolimus, particular those with a shift in Tmax or 
more variable Tmax, should be further investigated. However, 

Fig. 4   Linear regression and Bland-Altman plots showing the corre-
lation and the relative difference between reference AUCs and Bayes-
ian AUCs obtained using different 3-point strategies (limited to the 
first 4 hours post-dose). The 4 patients carrying the CYP3A5*1 allele 

(i.e. CYP3A5 expressers) and who received corticosteroids are repre-
sented with blue diamonds, the only CYP3A5 expresser without ster-
oids with black diamonds and the CYP3A5 non-expressers (or pre-
sumably so for one) without steroids with red diamonds
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several LSSs yielded equivalent performance for AUC​0–12h 
estimation in the present study, confirming that Bayesian 
estimation is flexible with respect to sampling times and 
suggesting that it can cope with situations where Tmax is not 
framed by the time-points (such as with the 0–2 h–4 h LSS 
for instance, where all time-points are after the peak for most 
patients). Altogether, the present results are very reassuring 
with regard to the thousands of individual dose adjustment 
requests posted on the ISBA website (https​://pharm​aco.chu-
limog​es.fr). Indeed, even if it was clearly stated that the tools 
available were only valid for the reference product and that 
the drug brand had to be completed on the request form, 
we could not be sure that all patients actually received the 
original formulation.

Similar to all the other formulations of tacrolimus, 
Adoport® oral administration in kidney transplant patients 
resulted in wide inter-individual variability of the concen-
tration–time curves at each time period. Even in this rather 
small patient cohort, dose-standardised AUC​0–12h varied 
five-fold on day 7, 11-fold at month 1 and eight-fold at 
month 3 post-transplantation, owing to the individual dose 
adjustments required to obtain exposure in a narrower range. 
Remarkably, the AUC/C0 ratio varied much less between 
patients (only two-fold at all time periods) and was very 
stable with time (intra-individual CV% = 14%). We have 
recently recommended using this metrics to determine indi-
vidual C0 targets based on AUC and C0 determination at 
least twice, in the early and stable post-transplant periods [1, 
17, 23]. The current findings are in favour of the robustness 
of the AUC/C0 ratio and also show that the individual rela-
tionship between C0 and AUC does not vary much over time.

Three rejection episodes were reported in the per-proto-
col population of 29 patients, one of whom was a CYP3A5 
expresser and had rather low tacrolimus exposure, whereas 
the other two had normal or high AUCs. No clear conclusion 
can be made about the exposure–efficacy relationship, so 
much so that the study was not powered for this.

Owing to a 12% frequency in the White European pop-
ulation, about four carriers of the CYP3A5*1 allele were 
expected in this study, and we found five expressers out of 
25 patients whose genotype was available. The AUC vs C0 
regression, AUC/C0 ratio, PK models and Bayesian esti-
mators developed were specifically evaluated in this sub-
group, showing equivalent behaviour and performance as 
compared to the rest of the population. Similarly, only four 
patients did not receive steroids over the course of the study 
(except a bolus of methylprednisolone on day 21 for one 
of them), one of whom carried the CYP3A5*1 allele. The 
model-predicted concentrations were not different in this 
small subgroup from those of the dominant group of non-
expressers on corticosteroids (n = 23) and their AUC vs C0 
regression, AUC/C0 ratio, and Bayesian estimators showed 
equivalent behaviour and performance, suggesting that the 
influence of corticosteroids on tacrolimus was negligible in 
this study. This prevented us from trying to develop specific 
PK models and Bayesian estimators for this subpopulation, 
or even to use the CYP3A5 genotype or treatment with cor-
ticosteroids as covariates in the models or estimators. More 
importantly, this study confirms that robust PK models and 
Bayesian estimators can accurately estimate the inter-dose 
AUC of a drug with high inter-patient PK variability without 
considering covariates as strong as the CYP3A5 genotype 
(that doubles tacrolimus oral clearance in expressers). With 
our strategy of designing models and Bayesian estimators 
for each combination of transplanted organ, age group (pae-
diatrics or adults), post-transplant period (early or stable) 
and analytical method [24], and with the three-point LSS 
employed, we never found additional covariates that could 
improve Bayesian AUC estimation or help to reduce the 
number of sampling points [8–15]. This confirms the refer-
ence demonstration made more than 40 years ago by Sheiner 
et al. for digoxin that “information from plasma concen-
trations is far more valuable for forecasting than that from 
observable patient features-sex, age, and the like; use of all 

Table 3   Overall performance of the Bayesian estimation of tacroli-
mus area under the concentration–time curve over 12 hours post-dose 
using the 0–1h–3h limited sampling strategy (LSS) and the models 

developed for the generic formulation in the current study (internal 
validation by circular permutation) or the models previously devel-
oped for the original formulation drug (cross-validation)

h hour, MAP-BE maximum a posteriori Bayesian estimation, max maximum, Min minimum, MPE mean prediction error, RMSE root mean 
square error

MAP-BE developed for the generic formulation with 
the LSS 0–1 h–3 h

MAP-BE previously developed for the original 
formulation with the LSS 0–1 h–3 h

Post-transplant period Day 7 Month 1 Month 3 Day 7 Month 1 Month 3

MPE, or bias, % 2.1 0.2 3.7 − 2.8 − 2.1 − 4.0
Min/max errors, % − 8.0/18.1 − 11.5/27.5 − 8.0/25.3 − 18.0/5.8 − 19.3/11.7 − 23.2/13.3
RMSE, % 6.0 8.6 8.5 6.2 7.3 9.5
No. of patients with error outside the 

acceptable range of ± 20%
0 2 1 0 0 1

https://pharmaco.chu-limoges.fr
https://pharmaco.chu-limoges.fr
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Fig. 5   Best and worst AUC​0–12 h estimates in the internal validation 
population at each post-transplant period using Bayesian estimation 
and the pre-dose, 1 h and 3 h limited sampling strategy. The pro-

files estimated using all sampling times are in thin lines, the 3-point 
Bayesian estimates in thick lines
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the latter information does not improve accuracy and preci-
sion as much as only 1 plasma concentration” [25].

5 � Conclusions

We developed population PK models and Bayesian estima-
tors for Adoport®, one of the most prescribed generic for-
mulation of tacrolimus, which tightly fitted the data without 
the need for covariates, not even the CYP3A5 genotype, 
and we confirmed that Bayesian estimators previously devel-
oped for the original formulation had very similar perfor-
mance. These models and MAP-BE (now all available on 
the ISBA website) can also cope with different combina-
tions of sampling times, suggesting that they are applicable 
to other generic formulations with a different distribution 
of  Tmax values (as  Tmax is not statistically compared in 
bioequivalence studies). We also consider that the model 
developed for the latest post-transplant period here (M3) 
is also suited for the steady-state situation, despite subtle 
changes that may occur in tacrolimus pharmacokinetics up 
to 1-year post-transplant.
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