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Aims: Tacrolimus is a narrow therapeutic range drug that requires fine dose adjust-
ment, for which pharmacokinetic (PK) models have been amply proposed in renal, but
not in liver, transplant recipients. This study aimed to build population PK models and
Bayesian estimators (BEs) in adult de novo liver transplant patients receiving either
the immediate-release (Prograf, twice daily, TD) or prolonged-release (Advagraf, once
daily, OD) forms to help PK-guided dose individualization.

Methods:
collected from 80 patients, at day 7 (D7) and week 6 (W6) post-transplant. Four pop-

In total, 160 tacrolimus concentration-time profiles (1654 samples) were

ulation PK models were developed using in-parallel parametric and nonparametric
approaches for each formulation and period post-transplant. The best limited sam-
pling strategies for estimating the area-under-the-curve (AUC) were selected by com-
paring predicted values to an independent dataset. Finally, the doses required to
reach AUC targets were estimated using each BE and compared to the doses
obtained using the trapezoidal AUC.

Results: Tacrolimus PK was best described using a 1-compartmental model with
first-order elimination and 2 y-distributions to describe the absorption. In the
validation datasets, Bayesian AUC estimates yielded mean bias/root mean squared
prediction error of -5.06%/13.43% (OD D7), 2.25%/8.51% (OD Wé), -2.36%/
7.27% (TD D7) and 0.87%/9.07% (TD Wé) for the in-parallel parametric approach;
and 8.95%/17.84% (OD D7), -0.11%/10.13% (OD Wé), 3.57%/18.40% (TD D7)
and 4.48%/12.59% (TD W) for the nonparametric approach.

Conclusion: The BEs and limited sampling strategies proposed here are able to pre-
dict accurately and precisely tacrolimus AUC in liver patients using only 3 plasma con-
centrations. The dosing methods are available on our ImmunoSuppressive Bayesian

dose Adjustment website (www.pharmaco.chu-limoges.fr).
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1 | INTRODUCTION

Tacrolimus (TAC) is a calcineurin inhibitor, largely used in combination
with mycophenolate mofetil and corticosteroids in liver transplant
recipients.! It is characterized by a narrow therapeutic range and a
large interindividual pharmacokinetic (PK) variability? requiring individ-
ual dose adjustment using therapeutic drug monitoring (TDM). The
TAC predose concentration (Co) has been proposed as a predictive
marker of its toxicity (e.g. nephrotoxicity and neurotoxicity®#) but its
association with efficacy remains a matter of debate.>”

Moreover, the last consensus conference has determined the
interdose area under concentration curve (AUC) as the best expo-
sure index that correlates with TAC efficacy.! An AUC target range
of 120-150 ng/mL’h for the twice daily (TD) formulation was also
suggested, without any specification as to kidney or liver transplan-
tation. However, the studies referred to by the consensus confer-
ence were only performed in kidney transplant patients. Based on
very large numbers of requests posted on our ImmunoSuppressive
Bayesian dose Adjustment website (https://pharmaco.chu-limoges.
fr) for Prograf® or Advagraf,” we have proposed AUC target ranges
in kidney transplant recipients for different therapeutic strategies
(standard, minimization, maximization) and different post-transplant
periods. In the absence of studies or statistics in liver transplant
recipients, no other specific AUC target can be proposed for liver
transplant recipients.

One of the main objectives of population PK (POPPK) modelling is
to design tools for routine drug dose adjustment.® Accurate estima-
tion of interdose drug exposure (AUCq_1o, or AUCq_o4n) can be
obtained by combining a Bayesian estimator (BE) derived from a
POPPK model and a limited sampling strategy (LSS).2° The develop-
ment of such strategies has contributed to render the TDM of TAC
based on AUC easier.®

POPPK models and BEs are most often built using a parametric
POPPK modelling approach.®>111> However, this approach assumes
a specific and simple distribution of the PK parameters (gaussian,
log-normal etc.), while no such assumption is required when using a
nonparametric approach.'® The nonparametric approach is theoreti-
cally a better choice when outliers or multimodal distribution of the
parameters are observed®® or for complex PK.*” A previous report
showed a multimodal distribution of TAC absorption parameters for
the prolonged-release formulation Advagraf, suggesting that a non-
parametric approach would be appropriate in this case.®

The PK of TAC is influenced by several factors including TAC for-
mulation, the type of organ transplanted, the time period post-
transplantation, haematocrit, albumin and cytochrome P450 3A5
genotypes.18 However, previous studies in kidney transplant

patients*?1?

showed that a 1-compartment model describing the
absorption process with 2 y-distributions fitted TAC PK with excellent
predictive performances (bias, precision and number of predictions out
of the £20% relative error interval were respectively: 0.89 + 7.32%,
7.38% and 0/28 using iterative two-stage Bayesian modelling in
ITSIM; and - 2.62 + 8.65%, 8.69% and 2/28 using Pmetrics),’” without

including any covariate in the model.
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What is already known about this subject
e Tacrolimus is an immunosuppressant agent with a narrow

therapeutic range

e Therapeutic drug monitoring is routinely performed using
trough concentrations but area-under-the-curve is
theoretically a better marker of exposure.

e Several limited sampling strategies and Bayesian

estimators have been developed to estimate exposure

for tacrolimus in kidney transplantation.

What this study adds

e Separate population pharmacokinetic models have been
developed for the early (day 7) and stable (week 6)
periods post-liver transplantation for Prograf and
Advagraf.

e Bayesian estimators and limited sampling strategies have
been developed to estimate accurately the tacrolimus
exposure in liver recipients from 3 tacrolimus plasma
concentrations.

e The tools developed for individual dose adjustment are

available on-line (www.pharmaco.chu-limoges.fr).

Several POPPK models have been developed for TAC in kidney
transplantation.>?!® |In contrast, not much modelling work has
focused on TAC for adult liver transplant recipients, whether in the
stable??° or early post-transplant periods.*>?*?2 In addition, only 2
studies used rich PK samples (with at least 9 samples)*>*? and only
1 was developed for the Advagraf once daily (OD) formulation.2°

The aims of this study were to develop POPPK models and BEs for
the TAC OD (Advagraf) and TD (Prograf) formulations, in the early and
late periods post liver transplantation using parametric and nonpara-
metric modelling in parallel and to evaluate the performance of each
method for predicting TAC AUC and dose requirements.

2 | METHODS

2.1 | Study design and patient population

The individual TAC blood concentration vs time data from 80 primary
liver transplant recipients enrolled in a randomized, phase Il, open-
label, multicentre prospective clinical trial were provided by Astellas.
All patients included gave their written informed consent. Patients
were undergoing primary whole or split liver transplantation and their
age ranged between 18 and 65 years. Exclusion criteria included sys-
temic infection requiring treatment, serum creatinine >175 umol/L
or concomitant medication known to affect the PK of TAC. The study
was conducted in accordance with the Declaration of Helsinki, fifth
revision (2000). Randomization was performed preoperatively on a

1:1 basis stratified by centre. Patients received a standardized


https://pharmaco.chu-limoges.fr
https://pharmaco.chu-limoges.fr
http://www.pharmaco.chu-limoges.fr

RIFF ET AL

1742 BRITISH
PHARMACOLOGICAL
SOCIETY

immunosuppressive regimen with immediate-release TAC (Prograf;
Astellas Pharma Europe, Ltd., Staines, UK) or prolonged-release TAC
(Advagraf; Astellas Pharma Europe, Ltd., Staines, UK) and corticoste-
roids throughout the study. A summary of patient characteristics has

been published previously.?®

2.2 | Study treatment

The first dose of TAC was administered orally within 6-12 hours (and
no later than 18 hours, depending on the time of surgery) after skin
closure, in the morning following transplantation. The initial dose of
TAC was 0.1 mg/kg/day (0.05 mg/kg twice daily for the immediate-
release formulation). TAC OD was taken orally in the morning while
TAC TD was taken in the morning and evening, on an empty stomach
or at least 1 hour before or 2-3 hours after a meal. For both formula-
tions, TAC dose was adjusted according to clinical signs and whole-
blood TAC Cg levels.

2.3 | Blood collection

Full PK profiles were collected from each patient under steady-state
conditions on day 7 (D7) and at week 6 + 7 days (Wé) after liver trans-
plantation. Blood samples were drawn into EDTA tubes just before
(Co) and 0.5, 1, 2, 3, 4, 6, 8 and 12 hours after the morning dose of
TAC TD, while additional time points were collected at 12.5, 13, 14,
15, 16, 18, 20 and 24 hours after dosing for TAC OD. All samples were
stored at -20°C until analysis.

24 | TAC assay

TAC concentrations were determined using a validated high-
performance liquid chromatography-tandem mass spectrometry assay
method (lower limit of quantification = 0.1 ng/mL, intraday coefficient
of variation (CV) = 17.6% and interday CV = 15.9%).2* The internal
standard (20 uL, 50 ng/mL) was added to 1-mL aliquots (whole-blood
calibration standards, quality control samples and study samples) then
mixed briefly. Extraction of aliquots consisted in protein precipitation
followed by solid phase extraction using C18 200 mg/3-mL extraction
cartridges. Eluates were evaporated under a stream of nitrogen at
40°C, and residues dissolved in a 50:50 mix (vol/vol) of acetonitrile
and water, mixed and centrifuged, before being submitted to analysis.

2.5 | PK modelling

The PK profiles obtained from the 80 patients were modelled using
both parametric and nonparametric approaches in parallel and indepen-
dent BEs were developed. As there are important changes in TAC PK
over the first weeks post-transplantation,*?> PK profiles obtained at
D7 and Wé were modelled separately and two independent BEs were
developed (called early and stable periods post-transplantation
throughout the manuscript). The data set was split randomly into build-

ing (75%) and validation (25%) datasets using permutation tables at

each period. Subsequently, 1- and 2-compartment PK models with first
order elimination associated with 1 or 2 y-distributions to describe the
absorption process were compared using the Bayesian information cri-
terion. Apart from the period post-transplantation, no covariate data

were available for this analysis.

2.5.1 | lterative 2 stage modelling (ITSIM)

The PK parameters were determined using an iterative 2-stage Bayes-
ian method implemented in our own computer program following a
procedure described in previous papers.}+1219:2526 Briefly, the ITSIM
program uses an expectation/maximization algorithm: the maximiza-
tion step computes the kinetic curve of each patient by Bayesian esti-
mation; the expectation step computes the population parameters
from a weighted average of the individual parameters; the 2 steps
are iterated until a good fit is obtained between the observed and
computed concentrations. A combined error model was used to

describe the residual variability.

2.5.2 | Nonparametric modelling

The model was implemented in Pmetrics version 1.5.2.3% Pmetrics
considers variability as originated from assay error (standard deviation,
SD) and other random sources (A). The global error term is defined by

the equation =+/ SD? + A%, A second-degree polynomial error model
depending on the concentration was used to describe the assay error
(SD) while an additive (\) error model was used to capture extra pro-

cess noise.

2.6 | Statistical analysis

All other statistical analyses were performed using R software
version 3.3.1 (R foundation for statistical computing; http://www.r-
project.org) and graphs were drawn using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego CA, USA, www.
graphpad.com).

2.7 | Evaluation of the model

Evaluation of the model was based: (i) on visual inspection of observed
versus individual predicted concentration plots and weighted residual
error versus individual predicted concentration plots; and (ii) on the
likelihood of the model (Bayesian information criterion). The accuracy
and robustness of the final model was evaluated using prediction-
corrected visual predictive checks (VPC). A total of 1000 replicates
of the original dataset were simulated using the final model to gener-
ate expected concentrations and the 90% prediction intervals. The
observed data were overlaid on the prediction intervals and compared
visually. The prediction-corrected VPC were based on the median,

dose-normalized concentrations.?”
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2.8 | Building of Bayesian estimators

With each modelling approach, limited sampling strategies (LSS) com-
bining a maximum of 3 TAC plasma concentrations (including predose
concentration) restricted to the first 4 hours postdose were first inves-
tigated, as such combinations are more acceptable in routine practice.
Secondly, unrestricted combinations of 3 sampling times were tested
and the best LSSs, whether restricted or not, were selected by com-
parison of the interdose AUC prediction bias (mean prediction error)
and precision (root mean squared prediction error, RMSE) in the vali-
dation datasets. The reference AUC was obtained using the linear
trapezoidal rule (AUC,s) applied to the full PK profiles. The number
of predictions out of the +20% relative error interval was also

reported.

2.9 | Dose adjustment

For each profile of the validation datasets, we calculated the theoret-
ical doses to reach an inter-dose AUC between 120 and 150 ng/mL h
(AUCg_12n) for TD, and between 240 and 300 ng/mL h (AUCq_244,) for
OD. The doses required were calculated using a proportionality for-
mula (dose = target AUC x current TAC dose/estimated AUC), and
those inferred from the AUC BEs were compared to those derived
from the AUC,.;. Then, the Bayesian doses were compared with the
reference doses in terms of (i) increase or decrease with respect to
the dose received and (i) absolute values.

3 | RESULTS

Patient characteristics are described in the original study reports.?® At
each post-transplantation period (D7 and Wé), 34 and 46 PK profiles
were used for TAC OD and TD, respectively. At each period, the data
set was split randomly into a building data set (n = 24 and 36 PK pro-
files of TAC TD and TAC OD respectively) and a validation data set
(n = 10 PK profiles for each formulation). There was a significant dif-
ference (2-way ANOVA) in the mean daily dose between TAC OD
and TAC TD (p = 0.004) and between Wé and D7 (p = 0.008). The
mean total daily dose was 16.2 + 0.9 mg at D7 and 13.3 + 0.9 mg at
W6 for TAC OD, and 13.0 + 1.1 mg at D7 and 10.6 = 1.1 mg at Wé
for TAC TD.

3.1 | TAC exposure

Table 1 provides a summary of exposure parameters in the 2 post-
transplantation periods. The median whole blood C, values were
numerically higher with TAC TD than TAC OD at both periods. There
was only a strong correlation between AUCq_»4 and Cq for TAC OD
at W6 (r = 0.86) and between AUCy_1, and Cy for TAC TD at D7
(r = 0.81), while the correlation coefficient was lower for the other
subgroups (OD D7, r = 0.18; TD W6, r = 0.67; Table 1).
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TABLE 1 Summary of exposure indices for tacrolimus twice daily
(TD) and once daily (OD)

Exposure index Median Range Correlation
TD/day 7

AUCo_15 (ng/mL h) 152.8 60.6-260.2 0.81
Co (ng/mL) 8.2 3.8-16.1

TD/week 6

AUCq_45 (ng/mL h) 148.2 89.1-242.2 0.67
Co (ng/mL) 8.5 5.5-12.1

OD/day 7

AUC_24 (ng/mL h) 316.5 34.5-775.2 0.18
Co (ng/mL) 8.6 0.8-55.0

OD/week 6

AUCq_24 (ng/mL h) 347.5 174.1-613.2 0.86
Co (ng/mL) 9.3 3.9-21.9

AUC, area under the concentration-time curve; CO, trough concentration
sampled in the morning.

3.2 | PK models

For both the parametric and nonparametric approaches, a 1-
compartment model with first order elimination and 2 y-distributions
to describe the absorption phase best described the TAC PK profiles
for both OD and TD. The parameters estimated in this model were:
al, b1, a2, b2 (shape and scale of the 2 y-distributions), r (the fraction
of dose absorbed following the first y-distribution), Co (the model esti-
mated trough level for a theoretical dose of 1000 mg, the real trough
level being calculated by dividing this Cq value by 1000 and multiplying
by the patient dose), F*AIV (the absolute bioavailability factor with
respect to the IV route multiplied by the maximum concentration that
would have been reached after a theoretical bolus IV of the reference
dose) and a (the elimination parameter). For both approaches, the error
model used was 0.0001 + 0.05C (C = drug concentration for OD and
TD), but for Pmetrics an additional A constant = 0.0005 was applied
for both OD and TD. No measurements were below the limit of
quantification.

The PK parameters were not significantly different between the 2
modelling approaches, the 2 formulations at the 2 periods post-
transplantation (Wilcoxon test, P = .2188, .1484, .7984 and .5737
respectively for TAC OD D7, Wé and TAC TD D7, Wé; Table 2).

3.3 | Model evaluation

The scatter plots of individual predicted (Figure 1) or population pre-
dicted (Figure 2) concentrations vs observed concentrations showed
no major bias, whatever the modelling approach used. Weighted resid-
uals vs individual predictions were homogeneously distributed over
the concentration range (Figure 3).

The final models were evaluated using the dose-normalized VPC,
showing that the average prediction of the simulated data matched

the dose-corrected observed concentration-time profiles and that
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TABLE 2 Parameters of the pharmacokinetic models developed using ITSIM and Pmetrics for tacrolimus (TAC) once daily (OD) and TD (twice

daily) on day 7 (D7) and week 6 (W6)

TAC OD D7 TAC OD W6

ITSIM Pmetrics ITSIM Pmetrics

Median Range Median Range Median Range Median Range
Co (ng/mL) 0.57 0.1-1.23 0.57 0.06-1.21 0.73 0.29-2.32 0.73 0.29-2.39
al 4.88 1.59-9.89 7.26 0.06-11.94 6.00 1.00-12.05 7.00 0.56-12.94
b1 (/h) 6.33 1.36-12.48 13.8 0.23-14.93 6.82 1.52-14.48 9.49 0.57-14.93
a2 15.57 2.98-31.52 9.52 0.27-34.83 10.82 3.90-35.32 10.80 1.18-35.83
b2 (/h) 2.36 0.37-5.18 5.19 0.09-5.97 1.78 0.28-4.63 1.83 0.04-4.98
R 0.71 0.39-1.00 0.58 0.02-0.91 0.66 0.01-1.00 0.53 0.01-0.87
FAIV 1.93 1.00-5.65 1.70 0.35-2.99 243 1.11-6.00 3.18 0.99-5.97

(ng/mL)
a (/h) 0.26 0.07-1.40 0.20 0.08-0.83 0.25 0.13-0.43 0.27 0.10-0.76
Vd/F (L) 515 177.0-1000.0 589 335-2857 412 167-901 314 167-1010
CI/F (L/h) 48.5 19.2-91.7 48.7 18.9-91.3 35.1 15.8-80.1 35.3 15.7-81.5
Co (ng/mL) 1.27 0.53-3.53 1.30 0.62-3.46 1.66 0.83-8.52 1.60 0.75-8.65
al 10.26 3.08-15.74 11.90 0.09-16.92 12.64 6.03-18.33 10.68 1.89-18.91
b1 (/h) 17.00 7.17-24.64 12.25 0.88-24.88 17.93 12.18-23.19 13.38 1.38-24.88
a2 11.83 7.95-14.28 13.1 5.05-14.95 10.25 5.04-15.23 8.17 1.73-14.93
b2 (/h) 9.25 2.56-20.77 12.81 3.09-20.91 7.24 1.89-10.07 5.90 0.35-9.95
R 0.58 0.01-1.00 0.55 0.07-1.00 0.74 0.06-1.00 0.56 0.06-1.00
FAIV 3.12 1.27-9.96 3.60 2.25-9.95 4.98 0.97-9.53 6.30 1.75-9.95
(ng/mL)

a (/h) 0.39 0.10-0.68 0.44 0.21-1.00 0.44 0.25-0.77 0.55 0.26-1.00
Vd/F (L) 321 100-787 278 101-444 214 105-1030 159 100-571
CI/F (L/h) 40.1 20.1-75.9 39.3 20.1-75.6 34.1 9.0-78.7 35.1 9.0-73.0

al, b1, a2 and b2, shape and scale of the 2 y-distributions; r, the fraction of dose absorbed following the first y-distribution; Co, the model estimated
trough level for a theoretical dose of 1000 mg, FAIV, the absolute bioavailability factor with respect to the IV route multiplied by the maximum con-
centration which would have been reached after a theoretical bolus IV of the reference dose; a, the elimination parameter; D7, day 7; OD, Advagraf;
TAC, tacrolimus; TD, Prograf; W6, week 6; Vd/F, apparent volume of distribution calculated as theoretical dose/FAIV; CI/F, apparent clearance calcu-

lated as dose/AUC.

the variability was reasonably estimated whatever the modelling
approach (Figure 4).

3.4 | Bayesian estimators

The bias, RMSE and numbers of AUC estimates outside the
+20% interval are summarised in Table 3 for the best LSS for each for-
mulation and period. The best LSSs developed were 0, 1 hour, 4 hours
(restricted) and O, 1 hour, 6 hours (not restricted) for TAC OD and 0O,
1 hour, 3 hours (restricted) and O, 2 hours, 6 hours (not restricted)
for TAC TD. Bias values ranged from -11.2 to 8.3% and imprecision
(RMSE) from 6.2 to 20.5%. Example of the best and the worse
modelled profile using the best LSS for each combination of

drug/period and each approach are presented in Figure 5.

3.5 | Dose adjustment

The TAC doses proposed based on the AUC estimates obtained using
the 2 BEs were compared to the AUC,.r. Results of the best LSS for

each formulation and period are presented in Table 4. The dose pro-
posed for the 10 patients was less accurate at the early than the stable
period (overestimation in 1-3 of 10 cases, depending on the LSS and
the POPPK approach).

In addition, to achieve the AUCq_45, of 120-150 ng/mL h for TAC
TD and AUCgp_54p, of 240-300 ng/mL h both the ITSIM and Pmetrics
methods predicted the same dosing changes (increase, decrease or
no change) in 96 and 93% cases, respectively, and, the same dose in

94 and 85% of cases, respectively (Table 4).

4 | DISCUSSION

In this study, full PK profiles collected at D7 and Wé after liver trans-
plantation in 80 de novo liver transplant patients given either TAC TD
or TAC OD were used to develop POPPK models and Bayesian esti-
mators. They were able to accurately predict the interdose AUC using

an LSS, and the dose required to reach a predefined AUC target range.
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FIGURE 1 Scatter plots of individual model-predicted concentrations vs observed concentrations obtained with the parametric (ITSIM) and
nonparametric (Pmetrics) methods on day 7 (D7) and week 6 (W6) post-transplantation, for the 2 formulations
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FIGURE 2 Scatter plots of model-predicted concentrations vs observed concentrations obtained with the parametric (ITSIM) and nonparametric
(Pmetrics) methods on day 7 (D7) and week 6 (Wé) post-transplantation, for the 2 formulations

Two independent modelling approaches were applied in this work, 1
using in-house and the other public software. The goal was not to
compare these methods but to implement both of them in our Immu-
noSuppressive Bayesian dose Adjustment online service (https://
pharmaco.chu-limoges.fr) in order to make them available to the PK
modelling community and for clinical care. A 1-compartment structural
model with first order elimination and absorption described by a

double y-distribution accurately described the PK of TAC, regardless
of formulation. A slight underestimation for the highest values can
be observed for some patients on the individual prediction vs observa-
tion plots. Additionally, corrected VPC show that 1 patient taking 1 mg
of Prograf and 1 taking 4 mg of Advagraf had concentration values
largely over the 95% confidence interval of the simulated concentra-

tions (based on the population parameters). Interestingly, these
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FIGURE 3 Weighted residuals (WRES) vs individual predicted concentrations obtained with the parametric (ITSIM) and nonparametric (Pmetrics)
methods on day 7 (D7) and week 6 (W6) post-transplantation, for the 2 formulations
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FIGURE 4 Visual predictive checks of the parametric (ITSIM) and nonparametric (Pmetrics) models on D7 and Wé post-transplantation for the 2
formulations of tacrolimus (TAC). Percentiles (5, 50 and 95%) of predictions (grey dashed lines) are overlaid with the observations (symbols). Black
lines are 95% confidence intervals for the observation percentiles. D7, day 7; W6, week 6

patients had high Cy in comparison to their AUC values (Co = 9.6 ng/
mL and AUC = 112 ng/mL h for the patient on Prograf and
Co = 10.1 ng/mL and AUC = 253 ng/mL h for the patient on Advagraf).
This underlines the usefulness of AUC estimation based on 3 observed
concentrations and individual estimation of parameters using the
Bayesian method (of note, VPC are based on population parameters
and not individual parameters) in comparison to the Co. In a previous
study, we found that the same structural model also accurately
described the PK of Envarsus (another once-daily formulation of
TAC) in liver transplant recipients.?” Several other structural models
were proposed to describe the PK of TAC OD and TD in liver
transplant patients.*>?°22 For example, Moes et al. previously
described the PK of TAC OD in stable liver transplant recipients using

nonlinear mixed effects modelling (NONMEM). They developed a 2-
compartment model with 3 transit-absorption compartments using
sparse data within the first 6 hours after TAC dosing.2® Other studies
based on extensive sampling data used elaborate models to ade-
quately describe TAC absorption (in comparison to the classical first
order absorption with or without lag time).*°

In the present study, parametric and nonparametric methods gave
similar results in terms of PK parameter estimates. On the basis of the
few dose proposal discrepancies between Pmetrics and ITSIM, it
seems that Pmetrics underestimated the AUC (= overestimated the
dose) when the dose proposed was quite low and overestimated the
AUC (= underestimated the dose) when the dose was quite high, as
compared to ITSIM. The TAC PK parameters exhibited a high
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TABLE 3 Predictive performance of different limited sampling strategies (LSS) for Bayesian estimators derived from the parametric (ITSIM) and
nonparametric (Pmetrics) models on day 7 (D7) and week 6 (Wé) post-transplantation, for the 2 formulations. In each situation are presented the
best LSS restricted to the first 4 h post-dose and the best LSS overall (unrestricted)

Number AUC estimates
Limited sampling Modelling Mean bias outside #20% of the
Model strategy software (%) SD (%) Range (%) RMSE (%) reference
TAC OD_D7 0,1hand4h ITSIM -5.60% 18.25% -42.43% to 20.36% 18.19% 3/10
Pmetrics -11.21% 16.12% -38.36 to 14.60% 18.96% 2/10
0,1hand 6 h ITSIM -4.52% 7.80% -19.75 to 9.39% 8.67% 0/10
Pmetrics -6.68% 16.08% -41.48 to 14.27% 16.71% 1/10
TAC OD_W6 0,1hand4h ITSIM 4.75% 9.01% -6.95 to 22.49% 9.78% 1/10
Pmetrics 1.14% 12.18% -9.46 to 31.13% 11.61% 1/10
0,1hand 6 h ITSIM -0.26% 7.63% -11.29 to 11.09% 7.24% 0/10
Pmetrics -1.36% 8.99% -16.27 to 13.91% 8.64% 0/10
TAC TD_D7 0,1hand3h ITSIM -2.42% 8.45% -23.09 to 8.53% 8.38% 1/10
Pmetrics 8.30% 19.80% -16.09 to 56.50% 20.53% 1/10
0,2hand 6 h ITSIM -2.30% 6.03% -10.15t0 8.27% 6.16% 1/10
Pmetrics -1.16% 17.11% -17.21 to 37.79% 16.27% 1/10
TAC TD_Wé 0,1hand 3 h ITSIM -0.65% 7.36% -7.96 to 14.59% 7.02% 0/10
Pmetrics 5.13% 12.51% -25.06 to 17.76% 12.93% 1/10
0,2hand 6 h ITSIM 2.36% 11.46% -12.40% to 29.39% 11.12% 1/10
Pmetrics 3.83% 11.48% -10.86 to 24.90% 12.25% 1/10

AUC, area under the curve; D7, day 7; OD, Advagraf; RMSE, root mean squared prediction error; SD, standard deviation; TAC, tacrolimus; TD, Prograf; Wé,
week 6, TAC, tacrolimus.
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FIGURE 5 Best and worst modelled profiles using the best limited sampling strategy for each combination drug/period and each modelling
approach (Pmetrics and ITSIM). TAC, tacrolimus; D7, day 7; W6, week 6
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TABLE 4 Comparison of the doses proposed to achieve area under the curve up to 12 hours (AUCq_15 1,) of 120-150 ng/mL h for TAC twice
daily (TD) and AUCq_54p, of 240-300 ng/mL h for TAC once daily (OD) using Bayesian AUC estimates as compared to the reference, trapezoidal
AUCs (only the best limited sampling strategies (LSS) for each period are presented)

Patient Proposed dose (mg)
Number Dose (mg) Reference® ITSIM Pmetrics
TAC OD D7 1 4 45-6.0 Vd 6.0-7.5 Y 8.0-10.0
LSS0,1and 6 h 2 17 13.5-17.0 = 14.0-17.5 = 16.0-20.0 =
3 18 14.0-17.5 N 14.5-18.5 = 16.0-20.5 =
4 15 11.5-14.0 N 12.0-14.5 N 13.0-16.0 =
5 15 15.0-19.0 = 16.0-20.0 yd 15.5-19.0 Vd
6 23 9.5-12.0 N 10.5-13.0 N 9.5-11.0 N
7 3 6.5-8.5 Ve 6.0-7.5 Vd 6.0-7.5 2
8 23 17.0-21.0 N 17.0-11.5 N 16.0-20.0 N
9 6 7.0-9.0 Vd 8.0-10.0 Vd 8.0-10.0 Vd
10 15 10.5-13.0 N 10.5-13.0 N 10.0-12.5 N
TAC OD W6 1 11 9.0-11.0 = 9.5-11.5 = 8.5-10.5 N
LSS 0,1 and 6 h 2 22 18.0-23.0 = 19.0-24.0 = 16.0-20.0 N
3 15 9.0-115 N 9.5-11.5 N 8.5-11.0 N
4 20 10.0-12.0 N 11.0-14.0 N 11.5-14.5 N
5 25 15.5-19.5 N 14.0-17.5 N 13.5-17.0 N
6 12 8.0-10.0 N 7.5-9.5 N 8.5-11.0 N
7 19 11.5-14.0 7 11.5-14.0 N 11.0-14.0 N
8 6 4.0-5.0 N 3.5-4.55 N 4.0-4.5 N
9 25 10.5-13.0 N 11.0-14.0 N 11.0-14.0 N
10 6.0-7.5 N 5.5-7.0 N 6.0-7.5 N
TAC TD D7 1 4 4.0-5.0 = 4.0-5.0 = 5.0-6.0 Vd
LSS 0,2 and 6 h 2 13 9.0-115 = 10.0-12.5 N 11.5-14.5 =
3 16 7.0-9.0 = 7.5-9.0 N 7.0-9.0 N
4 10 10.5-13.0 Vd 9.5-12.0 = 10.5-13.0 v
5 14 23.5-295 Va 24.5-30.5 Vd 17.0-21.5 7
6 10 11.0-13.5 Ve 11.0-14.0 Vd 9.5-12.0 =
7 12 10.0-12.5 = 9.5-12.0 = 9.5-12.0
8 14 7.5-9.0 N 7.5-9.5 N 8.5-10.5 N
9 11 6.0-7.0 N 6.5-8.0 N 7.0-8.5 N
10 18 15.0-19.0 = 16.5-21.0 = 18.0-22.5 =
TAC TD W6 1 9.5 10-12.5 Ve 9.0-11.5 = 10.0-12.5 2
LSS 0O,1and 3 h 2 12 8.5-10.5 N 8.0-10.0 N 7.5-9.0 N
3 14 8.0-10.5 N 8.5-10.5 N 8.0-10.0 N
4 20 12.5-16.0 N 11.0-14.0 N 12.50-16.0 N
5 12 6.5-8.0 N 6.5-8.0 N 6.0-7.5 N
6 18 10.0-12.5 N\ 10.0-12.5 N 8.5-11.0 N
7 24 16.0-20.0 N 16.5-21.0 N 14.0-17.5 N
8 10 5.5-6.5 N 5.5-7.0 N 5.0-6.5 N
9 12 5.0-6.5 N 5.5-7.0 N 7.0-8.5 N
10 14 10.5-13.0 N 10.5-13.3 N 9.0-11.5 N

?Reference, Trapezoidal method: proposed dose derived from the trapezoidal AUCq_415 , for TD and AUCq_24 1, for OD; Poorly estimated doses are in bold
characters; D7, day 7; OD, Advagraf; TAC, tacrolimus; TD, Prograf; W6, week 6.

interpatient variability, which was well described using either POPPK
modelling approach. The high variability we observed is in accordance
with previous reports in paediatric or adult liver transplant recipi-
ents.?®3! Moreover, we observed that PK parameter estimates were
significantly different between TAC TD and TAC OD and between
day 7 and week 6 for both formulations. Indeed, TAC PK is affected
by several factors including time after transplantation, patient demo-
graphics and graft type. Additionally, in the first days after liver trans-
plantation, the recovery of liver function influences TAC clearance in

de novo liver transplant patients,>* which may explain the (relatively)

lower accuracy of our Bayesien estimators at D7 in the present
study. Moreover, corticosteroids used during the immediate post
transplantation period are well known to affect the PK of TAC.* Thus,
because of these differences, we considered patients at day 7 and
week 6 independently and developed different BEs for each formula-
tion and each post-transplantation period.

TAC TDM is generally performed based on Cy, measurements.
However, a good correlation between Co and AUC is not always
observed.'%2 |n our study, a better correlation was found at D7 for
TAC TD and at Wé for TAC OD, while it was poor at Wé for TAC
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TD and on D7 for TAC OD, confirming that the relationship between
trough levels and exposure is inconstant across time periods and
formulations.°

To date, 2 LSSs have been proposed to estimate TAC AUCq_15}, OF
AUCq_o4, after the administration of the OD or TD formulations in
adult liver transplant recipients.?>2° Moes et al. investigated an LSS
based on a POPPK model developed using NONMEM (version
7.2.1), in 49 stable liver transplant recipients given OD TAC. The pre-
dictive performance of different LSS schedules was evaluated in a
cohort of 17 patients excluded from the development dataset because
of missing covariates. Among selected concentration-time points,
they found that the LSS 0O, 2 h, 3 h was associated with the lowest
AUC bias (0.46%) and imprecision (RMSE = 17.7%). Chen et al. devel-
oped a POPPK model with NONMEM using data from 125 Chinese
liver transplant patients. They pooled 47 full PK profiles with TDM
data to develop a 2-compartment model with first-order absorption
and a lag time. The best LSS (0, 2 h, 4 h) was selected using the
D-optimal design but was only evaluated in patients from the develop-
ment cohort (and not an external validation cohort, which is known
to highly underestimate the bias and precision) showing bias of
3.5 + 13.8% and precision of 12.6 + 13.9% in the estimation of
AUCo_12n*° In the present study, the results of the Bayesian estima-
tion of TAC AUC and of the dose required in the independent valida-
tion group showed that both ITSIM and Pmetrics have good predictive
performance in term of bias and RMSE (<10% and <20% respectively
is consensually accepted for MAP Bayesian estimation). The impreci-
sion was overall lower in stable than in immediate post-transplantation
period for both TAC OD and TD. Because of the recovery of liver
function, the PK of TAC is more complex in liver than in renal trans-
plant recipients, rendering dose adjustment more difficult in the early
period post-transplantation.

For TAC in liver transplant recipients, the LSSs described in the lit-
erature include sampling times up to a maximum of 4 h post

dose 14,15,19,20

probably or explicitly because it is difficult to prolong
patient stay at the hospital further for sample collection. However,
this restriction could theoretically increase the bias and decrease the
precision of AUC estimation for OD formulations. We observed a
2-fold improvement in precision when allowing a sampling time at
6 h instead of 4 h for TAC OD, but only at D7. For the other 3 situa-
tions, the unrestricted selection of sampling times did not significantly
improve estimation bias and RMSE, and it even led to worse results for
TAC TD at Wé.

In this study, we compared the ability of independent BEs to
estimate the doses required to achieve a predefined target range
(120-150 and 240-300 ng/mL h for TAC TD and TAC OD, respec-
tively). The results obtained using both modelling approaches were
excellent as compared to the trapezoidal AUC allowing the use of
these models for routine dose individualisation and TDM based on
the AUC. We hope that they may help to foster the use of AUC mon-
itoring in liver transplant patients and to define AUC targets in this
population, as we previously did in kidney transplant recipients.®”

This study has limitations. First, the model has been developed

based on a relatively limited number of patients. The number of
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patients is a concern for many PK studies, but it is technically difficult
and costly to increase the number of patients or full PK profiles per
patient. As the early period post-transplantation corresponds to the
highest variability (unstable patients), a higher number of full PK pro-
files would have been better. However, as this phase 2 study was per-
formed by a pharmaceutical company (and approved by the regulatory
authorities), the reliability is high in terms of dosing time, blood collec-
tion times and concentration values, which limits random variability.
Finally, the data splitting strategy employed confirmed the robustness
and usability of the model. Second, the generalizability of the models
for patients 1 year post-transplant can be questioned and this has to
be investigated in further studies.

In conclusion, we developed 2 different POPPK models and BEs
able to accurately predict the interdose AUC of 2 TAC formulations in
liver transplant patients. The tools developed with ITSIM are now
available on the ImmunoSuppressant Bayesian dose Adjustment
website (https://pharmaco.chu-limoges.fr), while those developed with

Pmetrics can be provided upon request, for research purposes only.

ACKNOWLEDGEMENTS
The authors gratefully thank Astellas for providing the phase Il PK data.

COMPETING INTERESTS

C.R, J.D., and C.M. have no competing interests to declare. J.B.W. has
received honoraria from Chiesi. P.M. has received research grants and

honoraria from Chiesi and Sandoz.

CONTRIBUTORS

J.B.W.,, CR. performed the research, C.R., J.D. and J.B.W. analysed
data, C.R. and J.B.W. wrote the paper, C.M., J.D., PM. and J.B.W.
designed the study.

ORCID

Jean-Baptiste Woillard (® https://orcid.org/0000-0003-1695-0695

REFERENCES

1. Wallemacq P, Armstrong VW, Brunet M, et al. Opportunities to opti-
mize tacrolimus therapy in solid organ transplantation: report of the
European consensus conference. Ther Drug Monit. 2009;31(2):
139-152.

2. Beckebaum S, lacob S, Sweid D, et al. Efficacy, safety, and immunosup-
pressant adherence in stable liver transplant patients converted from a
twice-daily tacrolimus-based regimen to once-daily tacrolimus
extended-release formulation. Transpl Int. 2011;24(7):666-675.

3. Woillard J-B, de Winter BCM, Kamar N, Marquet P, Rostaing L, Rous-
seau A. Population pharmacokinetic model and Bayesian estimator for
two tacrolimus formulations—twice daily Prograf and once daily
Advagraf. Br J Clin Pharmacol. 2011;71(3):391-402.

4. Venkataramanan R, Shaw LM, Sarkozi L, et al. Clinical utility of
monitoring tacrolimus blood concentrations in liver transplant patients.
J Clin Pharmacol. 2001;41(5):542-551.

5. Gatault P, Kamar N, Blichler M, et al. Reduction of extended-release
tacrolimus dose in low-immunological-risk kidney transplant recipients


https://pharmaco.chu-limoges.fr
https://orcid.org/0000-0003-1695-0695

1750 BRITISH
PHARMACOLOGICAL
SOCIETY

10.

11.
12.
13.

14.
15.

16.
17.
18.

19.

RIFF ET AL

increases risk of rejection and appearance of donor-specific antibodies:
a randomized study. Am J Transplant. 2017;17(5):1370-1379.

. Bouamar R, Shuker N, Hesselink DA, et al. Tacrolimus predose concen-

trations do not predict the risk of acute rejection after renal
transplantation: a pooled analysis from three randomized-controlled
clinical trials. Am J Transplant. 2013;13(5):1253-1261.

. Kershner RP, Fitzsimmons WE. Relationship of FK506 whole blood

concentrations and efficacy and toxicity after liver and kidney trans-
plantation. Transplantation. 1996,62(7):920-926.

. Saint-Marcoux F, Woillard J-B, Jurado C, Marquet P. Lessons from rou-

tine dose adjustment of tacrolimus in renal transplant patients based
on global exposure. Ther Drug Monit. 2013;35(3):322-327.

. Marquet P, Bedu A, Monchaud C, et al. Pharmacokinetic therapeutic

drug monitoring of Advagraf in more than 500 adult renal transplant
patients, using an expert system online. Ther Drug Monit. 2018;40(3):
285-291.

Woillard J-B, Saint-Marcoux F, Debord J, Asberg A. Pharmacokinetic
models to assist the prescriber in choosing the best tacrolimus dose.
Pharmacol Res. 2018;130:316-321.

Saint-Marcoux F, Knoop C, Debord J, et al. Pharmacokinetic study of
tacrolimus in cystic fibrosis and non-cystic fibrosis lung transplant
patients and design of Bayesian estimators using limited sampling
strategies. Clin Pharmacokinet. 2005;44(12):1317-1328.

Saint-Marcoux F, Debord J, Undre N, Rousseau A, Marquet P. Pharma-
cokinetic modeling and development of Bayesian estimators in kidney
transplant patients receiving the tacrolimus once-daily formulation.
Ther Drug Monit. 2010;32(2):129-135.

Monchaud C, de Winter BC, Knoop C, et al. Population pharmacoki-
netic modelling and design of a Bayesian estimator for therapeutic
drug monitoring of tacrolimus in lung transplantation. Clin
Pharmacokinet. 2012;51(3):175-186.

Kassir N, Labbé L, Delaloye J-R, et al. Population pharmacokinetics and
Bayesian estimation of tacrolimus exposure in paediatric liver trans-
plant recipients. Br J Clin Pharmacol. 2014;77(6):1051-1063.

Chen B, Shi H-Q, Liu X-X, et al. Population pharmacokinetics and
Bayesian estimation of tacrolimus exposure in Chinese liver transplant
patients. J Clin Pharm Ther. 2017;42(6):679-688.

Neely M, van Guilder M, Yamada W, Schumitzky A, Jelliffe R. Accurate
detection of outliers and subpopulations with Pmetrics, a non-
parametric and parametric pharmacometric modeling and simulation
package for R. Ther Drug Monit. 2012;34(4):467-476.

Prémaud A, Weber LT, Tonshoff B, et al. Population pharmacokinetics
of mycophenolic acid in pediatric renal transplant patients using para-
metric and nonparametric approaches. Pharmacol Res. 2011;63(3):
216-224.

Brooks E, Tett SE, Isbel NM, Staatz CE. Population pharmacokinetic
modelling and Bayesian estimation of tacrolimus exposure: is this clin-
ically useful for dosage prediction yet? Clin Pharmacokinet. 2016;
55(11):1295-1335.

Woillard J-B, Debord J, Monchaud C, Saint-Marcoux F, Marquet P.
Population pharmacokinetics and Bayesian estimators for refined dose

adjustment of a new tacrolimus formulation in kidney and liver trans-
plant patients. Clin Pharmacokinet. 2017;56(12):1491-1498.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Moes DJ, van der Bent. SA, Swen JJ, et al. Population pharmacokinet-
ics and pharmacogenetics of once daily tacrolimus formulation in stable
liver transplant recipients. Eur J Clin Pharmacol. 2016;72(2):163-174.

Oteo |, Lukas JC, Leal N, et al. Tacrolimus pharmacokinetics in the early
post-liver transplantation period and clinical applicability via Bayesian
prediction. Eur J Clin Pharmacol. 2013;69(1):65-74.

Antignac M, Hulot JS, Boleslawski E, et al. Population pharmacokinet-
ics of tacrolimus in full liver transplant patients: modelling of the
post-operative clearance. Eur J Clin Pharmacol. 2005;61(5-6):409-416.

Fischer L, Trunecka P, Gridelli B, et al. Pharmacokinetics for once-
daily versus twice-daily tacrolimus formulations in de novo liver
transplantation: a randomized, open-label trial. Liver Transpl. 2011,
17(2):167-177.

Alak AM, Moy S, Cook M, et al. An HPLC/MS/MS assay for tacrolimus
in patient blood samples. Correlation with results of an ELISA assay.
J Pharm Biomed Anal. 1997;16(1):7-13.

Wioillard J-B, Lebreton V, Neely M, et al. Pharmacokinetic tools for the
dose adjustment of ciclosporin in haematopoietic stem cell transplant
patients. Br J Clin Pharmacol. 2014,78(4):836-846.

Debord J, Risco E, Harel M, et al. Application of a gamma model of
absorption to oral cyclosporin. Clin Pharmacokinet. 2001;40(5):
375-382.

Bergstrand M, Hooker AC, Wallin JE, Karlsson MO. Prediction-
corrected visual predictive checks for diagnosing nonlinear mixed-
effects models. AAPS j. 2011;13(2):143-151.

Almeida-Paulo GN, Lubomirov R, Alonso-Sanchez NL, et al. Limited
sampling strategies for tacrolimus exposure (AUCO0-24) prediction
after Prograf() and Advagraf() administration in children and
adolescents with liver or kidney transplants. Transpl Int. 2014;27(9):
939-948.

Staatz CE, Willis C, Taylor PJ, Lynch SV, Tett SE. Toward better out-
comes with tacrolimus therapy: population pharmacokinetics and
individualized dosage prediction in adult liver transplantation. Liver
Transpl. 2003;9(2):130-137.

Lu Y, Su Q, Wu K, et al. A population pharmacokinetic study of tacro-
limus in healthy Chinese volunteers and liver transplant patients. Acta
Pharmacol Sin. 2015;36(2):281-288.

Zhu L, Wang H, Sun X, et al. The population pharmacokinetic models
of tacrolimus in Chinese adult liver transplantation patients. J Pharm
(Cairo). 2014;2014:713650.

Benkali K, Rostaing L, Premaud A, et al. Population pharmacokinetics
and Bayesian estimation of tacrolimus exposure in renal transplant

recipients on a new once-daily formulation. Clin Pharmacokinet.
2010;49(10):683-692.

How to cite this article: Riff C, Debord J, Monchaud C,
Marquet P, Woillard J-B. Population pharmacokinetic model
and Bayesian estimator for 2 tacrolimus formulations in adult
liver transplant patients. Br J Clin Pharmacol. 2019;85:
1740-1750. https://doi.org/10.1111/bcp.13960



https://doi.org/10.1111/bcp.13960

