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Aims: The objective of this study is to develop a generic model for tacrolimus phar-

macokinetics modelling using a meta-analysis approach, that could serve as a first

step towards a prediction tool to inform pharmacokinetics-based optimal dosing of

tacrolimus in different populations and indications.

Methods: A systematic literature review was performed and a meta-model devel-

oped with NONMEM software using a top-down approach. Historical (previously

published) data were used for model development and qualification. In-house individ-

ual rich and sparse tacrolimus blood concentration profiles from adult and paediatric

kidney, liver, lung and heart transplant patients were used for model validation.

Model validation was based on successful numerical convergence, adequate precision

in parameter estimation, acceptable goodness of fit with respect to measured blood

concentrations with no indication of bias, and acceptable performance of visual pre-

dictive checks. External validation was performed by fitting the model to indepen-

dent data from 3 external cohorts and remaining previously published studies.

Results: A total of 76 models were found relevant for meta-model building from the

literature and the related parameters recorded. The meta-model developed using

patient level data was structurally a 2-compartment model with first-order absorp-

tion, absorption lag time and first-time varying elimination. Population values for

clearance, intercompartmental clearance, central and peripheral volume were

22.5 L/h, 24.2 L/h, 246.2 L and 109.9 L, respectively. The absorption first-order rate

and the lag time were fixed to 3.37/h and 0.33 hours, respectively. Transplanted

organ and time after transplantation were found to influence drug apparent clearance

whereas body weight influenced both the apparent volume of distribution and the

apparent clearance. The model displayed good results as regards the internal and

external validation.

Conclusion: A meta-model was successfully developed for tacrolimus in solid organ

transplantation that can be used as a basis for the prediction of concentrations in dif-

ferent groups of patients, and eventually for effective dose individualization in differ-

ent subgroups of the population.

The present work did not include new interventions performed with human subjects/patients and or substances administered. Therefore, there is no principal investigator.
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1 | INTRODUCTION

Tacrolimus (TAC) is the first-line immunosuppressive drug in the

prevention of graft rejection after solid-organ transplantation.1 Cur-

rently, >90% of solid organ transplant recipients worldwide are dis-

charged after transplantation with a TAC-based immunosuppressive

regimen.2,3 TAC is used either as monotherapy or in combination

with other immunosuppressive drugs, in different types of solid

organ transplantations (renal, liver, pulmonary, heart etc.) and dif-

ferent subpopulations (adults, children, elderly etc.), but also in

other indications such as auto immune diseases.4-8 It is well

established that TAC is characterized by a narrow therapeutic win-

dow and a large pharmacokinetic (PK) variability.9 As a conse-

quence, therapeutic drug monitoring of TAC is an integral part of

patient care and is even compulsory in many countries and is

highly recommended in others.9,10 For the purpose of dosing opti-

mization, several population PK models in different indications and

populations have been published.11 Inconsistencies can be seen in

some of the results with regards to final structural models, in esti-

mated parameter values, covariates selected and their effects on

PK parameters.12,13 As an illustration, Vadcharavivad et al.

described population clearance value ranging from 10.02 to

38.4 L/h with highly variable covariates and related effects across

studies in adult kidney transplantation.11 Therefore, while all the

available models aim at ensuring that patient exposure (blood drug

concentrations) are within effective and safe margins with the

implemented dosing regimen, different PK-based algorithms are

proposed within and across solid organ transplant populations.

Some of these dosing algorithms employ MAP Bayesian estimation

methods for dose individualization: when using these methods,

concentrations of TAC should be measured in individual patients at

informative time points for better results. Sometimes inconsis-

tencies are noted between the proposed methods for dose optimi-

zation for the same population by different research teams11-13

preventing prescribers without quantitative training from using the

proposed tools at the maximum of their potential.

The differences between the dosing algorithms published so

far for TAC have been described and discussed in previous review

papers.10,12,13 This could mostly be attributed to the data-driven

approach taken to develop these models: the final models could

only reflect what was possible, given the different study designs

(e.g. available covariate data, number of patients included for dif-

ferent subgroups, number of samples and sampling times, time

after transplantation). There is an unmet need to conciliate the cur-

rent quantitative description of TAC PK behaviour across

populations and indications as well as the determinants of its

variability.11-13 Indeed, quantitative analysis and meta-model devel-

opment for TAC PK across indications and populations have not

been performed so far, despite the large amount of information on

this topic available in the scientific literature.

TAC PK as described in different populations and indications

in previous publications share a drug-related component and

sources of variability such as indications, age and body size, that

can be characterized quantitatively. The optimal characterization of

each of these model components is an important step towards

optimal and robust PK tools for TAC personalized used. In order to

achieve this, 2 different approaches are possible: the mechanism-

based bottom-up approach using physiologically based PK (PBPK)

modelling, and the data-driven top-down approach using population

PK modelling.14 In the present study, the latter approach was used:

a model-based meta-analysis (meta-model development) was per-

formed, aiming at using the important amount of data on TAC PK

available in-house and in the scientific literature to the maximum

of their potential to characterize TAC PK across populations and

indications using a generic model.15-17 The principle of meta-

modelling is to analyse and integrate findings (results) from several

individual studies in order to generate new summary estimates at

the population level. Model-based meta-analysis can be used to re-

evaluate data in situations involving mixed or contradictory results.

This approach has successfully been applied to PK modeling18 and

to other applications such as summarizing available PD disease

progression,19 drug efficacy15,17,20,21 or safety20,21 data.

The specific objectives of this study were to compile the cur-

rently available (published) quantitative descriptions of TAC PK

across populations and types of transplantation, and to propose a

What is already known about this subject

• Several population pharmacokinetics models have been

published for tacrolimus in different indications and

populations with some inconsistencies in the results with

regards to estimated parameter values and covariates

effects on parameters.

What this study adds

• This is the first meta-model for tacrolimus in solid organ

transplantation that can be used as a basis for the predic-

tion of concentrations and dose individualization in dif-

ferent indications and subgroups of patients.
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PK meta-model relevant to all contexts of drug usage in solid

organ transplantation.

2 | METHODS

2.1 | Literature review

Searches were conducted in PubMed MEDLINE from database incep-

tion to 17 May 2017. An update of the search from May 2017 to

4 June 2018 was performed, and relevant data were retrieved and

added to the review. The search was limited to studies published in

English and based on the combination of the following key words:

((“population pharmacokinetics”[All Fields] OR “population

pharmacokinetic”[All Fields])) AND tacrolimus. Subsequently, the

identified studies were reviewed and their references examined to

identify further potential articles. No publication date or location

restrictions were applied.

A set of criteria was established to define the types of studies to

be reviewed. Our inclusion criteria were as follows: (1) the study

reports the dose used and at least 1 PK parameter of interest for TAC

in solid organ transplantation; (2) the data are described in the form of

a peer-reviewed article or case series; (3) nonlinear mixed effects

approach is used for data analysis. The review did not cover animal

studies, case reports, or studies not containing original research or

data. The full texts were retrieved and read in full. Data from studies

presented in multiple publications were identified to avoid duplica-

tions and were reported as a single study, with all other relevant publi-

cations listed.

A PRISMA flow diagram was used to present the results from

each step of the review process, with an overall summary of the

number and types of articles included in the review (see Figure 1).

In addition, a summary table was built that included the most rele-

vant information. The following modelling information was

extracted from the articles: model structure, typical population, PK

parameters, inter- and intra-individual variability, residual variability,

and covariates.

2.2 | Meta-model development

After literature review, the meta-model was developed and validated

both internally and externally. Individual-level data (including in-house

and unpublished data and data received from some of the authors of

published studies22-26) were used for model development, internal

and external validation (Table 1), while summary-level data were only

used for external validation of the model. Individual-level data are

from paediatric and adult recipients of a kidney, liver, heart or lung at

different times after transplantation.

2.2.1 | Meta-model building

Nonlinear mixed effects modelling was performed using NONMEM

v7.3.0. (double precision, Icon Development Solutions, Ellicott City,

MD, USA) and Perl-speaks-NONMEM (PsN)-toolkit,27 a programming

library containing a collection of computer intensive statistical

methods for nonlinear mixed effects modelling, Xpose 4.0,28 and R

F IGURE 1 Sigma plot of the
scientific literature review of
population pharmacokinetic
(PKPop) models for tacrolimus.
PBPK, physiologically based
pharmacokinetics
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software version 3.3.2.29 The first-order conditional estimation

method with interaction was used to model TAC PK.

i. Structural model

The following structural models were tested: 1- and 2-compartment

disposition models with first order elimination, 0 or first-order absorp-

tion and with and without lag time and Erlang model of absorption.

Time dependency was subsequently tested on absorption and on

elimination. Assessment of model adequacy and decisions about

increasing model complexity were driven by the data and guided by

goodness-of-fit criteria, including (i) visual inspection of diagnostic

scatter plots, (ii) successful convergence of the minimization routine,

(iii) results of likelihood ratio tests, (iv) plausibility of parameter esti-

mates, (v) precision of parameter estimates, and (vi) correlation

between model parameter estimates <0.95.

ii. Stochastic model

All interindividual error terms were described by an exponential error

model or log-normal parameter distribution (see equation (1)).

Pi = TVp× exp ηið Þ ð1Þ

where: Pi is the estimated parameter value for individual i. TVp is the

typical population value (geometric mean) of the parameter and ηi are

individual-specific interindividual random effects for individual i and

parameter P and are assumed to be symmetrically distributed, zero-

mean random variables with a variance that is estimated as part of

model fitting.

For PK observations in this analysis, the residual error model was

initially described by a combined additive and proportional error

model (see Equation (2)):

Y = F × 1+ ε1ð Þ+ ε2 ð2Þ

where Y represents the observed concentration, F is the individual

predicted concentration and ε1 and ε2 are the proportional and the

additive error terms on TAC concentrations, respectively. ε'S were

supposed to be symmetrically distributed, zero-mean random vari-

ables with variance terms that are estimated as part of the population

model-fitting process.

iii. Covariate model

Known physiological relationships such as effects of body size on TAC

distribution and elimination were incorporated into the covariate–

parameter models when permitted by available data. For example, the

change in apparent clearance and volumes of distribution as functions

of body weight was empirically described by an allometric model (see

equation (3)).

Pi = TVp×
WTi

WTmed

� �θWT

ð3Þ

where Pi, the parameter value in individual i, was described as a func-

tion of typical PK parameter value (TVP) and of weight (WT) for indi-

vidual i (WTi), normalized by the median WT (WTmed). θWT is an

estimated parameter describing the normalized power function.

The effects of categorical covariates were similarly assessed as

shown in equation (4).

Pi = TVp× θCOVð ÞCOV ð4Þ
where Pi is the parameter value for an individual patient, TVP is the

reference parameter value, θCOV is the parameter characterizing the

covariate effect and COV is the covariate value in the dataset, which

was coded as 0 or 1 for binary categorical variables.

A covariate modelling approach emphasizing parameter estima-

tion rather than stepwise hypothesis testing was implemented for this

population PK analysis. First, predefined covariate–parameter rela-

tionships were identified based on exploratory graphics, scientific

interest, mechanistic plausibility of prior knowledge, and a full model

was constructed with care to avoid correlation or collinearity in pre-

dictors (covariates with correlation coefficients >0.6 were not simulta-

neously included as potential predictors). Inferences about clinical

relevance of parameters were based on the resulting parameter esti-

mates of the full model and measures of estimation precision (asymp-

totic standard errors, bootstrap 95% confidence intervals or log-

likelihood profile).

Covariates tested on apparent volumes of distribution and clear-

ance included: body weight, age, type of transplantation and time

after transplantation.

2.2.2 | Meta-model internal evaluation

In addition to plausibility of estimated parameter, standard methods

as described by Owen and Fiedler-Kelly30 were used for internal vali-

dation of the model. They include diagnosis scatter plots, prediction-

corrected visual predictive checks (pcVPCs) and the bootstrap.

Diagnosis scatter plots, also called goodness-of-fit plots, consist

in a series of graphs, such as observed concentrations vs predicted

concentrations and normalized prediction distribution errors and con-

ditional weighted residuals vs time.

To generate the pcVPC, the original data set is simulated many

times using the final model. The 90% prediction interval of the simu-

lated concentration time profiles should cover 90% of the observed

concentrations. A good overlapping between predicted and observed

drug concentrations enables to conclude that the model is adequately

adjusted to data. One thousand simulation replicates of the original

data set were generated using the final model. Overlay plots of the

observed concentrations vs time with the 95% prediction interval of

the simulated data were generated.

Bootstrapping consists in generating a large number of new data-

bases by sampling individuals with replacement from the original

NANGA ET AL. 2797
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dataset. For each new dataset, parameters were re-estimated and this

resulted in a bootstrap distribution of each model parameter. Empiri-

cal 95% confidence intervals (CI) were constructed by observing the

5th and 95th percentiles of the resulting parameter distributions for

those bootstrap runs that generated parameter estimates.

2.2.3 | Meta-model external evaluation

External evaluation was performed in 2 different ways: (1) available

patient-level data (observed concentrations from studies not included

in the model building dataset) were predicted using the final model

with MAXEVAL = 0 option in NONMEM. The good predictive perfor-

mance of the model is established if the model predictions are consis-

tent with observed data; (2) comparing parameter estimates from the

final meta-model to the ranges of parameters from the previously

published models.

The individual- (patient-) level data were originated from 3 multi-

centre PK trials intended to develop population PK models and Bayes-

ian estimators for optimized dose adjustment of immunosuppressive

drugs in thoracic and renal transplant patients. The design characteris-

tics of the 3 studies are summarized in Table 1.

2.3 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY.31

TABLE 3 Pharmacokinetic parameters estimates for the final model

Parameters

(units)

Base model

[estimate (RSE%)]

Final model

[estimate (RSE%)]

Bootstrap analysis

(n = 1000) [95%]

CL/F (L/h) 12.3 (5.5%) 22.5 (6.4%) 22.6 [19.7–25.4]

V2/F (L) 217.7(7.4%) 246.2 (9.4%) 248.7 [176.9–315.6]

Q/F (L/h) 31.18 (34.1%) 24.2 (34.3%) 25.4 [−0.45–48.9]

V3/F (L) 50.57 (20.8%) 109.9 (16.9%) 111.0 [61.1–158.8]

KA (/h) 3.69 (13.5%) 3.37 (17.7%) 5.76 [−21.1–27.8]

ALAG1 (h) 0.33 (0.1%) 0.32 (6.2%) 0.33 [0.21–0.43]

WT_CL - 0.61 (8.6%) 0.61 [0.49–0.74]

WT_V - 0.53 (11.4%) 0.53 [0.39–0.66]

Hepatic trans_CL - 0.38 (10.6%) 0.38 [0.29–0.48]

Sigmoidity coefficient for time_CL - 8.88 (17.3%) 9.08 [5.31–12.44]

Time 50% recovery - 6.12 (5.3%) 6.12 [5.1–7.1]

Bioavailability for syrup formulation - 0.53 (20.5%) 0.53 [0.31–0.75]

IIV on CL/F 88 (7.8%) 59.4 (10.3%) 57.9 [51.3–65.0]

IIV on V2/F 88 (16.7%) 133.2 (25.5%) 133.9 [85.0–172.1]

ε1 (%) 24.32 (8.75%) 25.4 [15.9–30.5]

ε2 (ng/mL) 3.22 (12.75%) 3.10 [2.01–4.09]

CL=F=22:5× WT=50ð Þ0:61 × 0:39× 1+ POD8:88

POD8:88 + 6:128:88

� �h i

F IGURE 2 Goodness-of-fit plots of the final population pharmacokinetic model. (A) Observed vs population predicted concentrations;
(B) observed vs predicted individual concentrations; (C) conditional weighted residuals vs time post-transplantation

NANGA ET AL. 2815

http://www.guidetopharmacology.org


3 | RESULTS

Figure 1 and Table 2 represent the PRISMA flow diagram describing

the different steps for study selection and the summary table includ-

ing details of the studies retained from the literature review exercise,

respectively. A total of 109 publications were initially generated by

PubMed search. Among these, 42 were excluded in accordance with

the exclusion criteria. To the 67 selected articles, nine additional stud-

ies were added from reference scanning. A total of 76 articles were

retained, in which 76 developed models were found to be relevant for

meta-model building and the related parameters recorded (see

Table 2).

The meta-model developed using patient-level data was structur-

ally a 2-compartment model with first order absorption after an

absorption lag time, and first-order, time varying elimination. Popula-

tion values for clearance, intercompartmental clearance, central and

peripheral volume were 22.5 L/h, 24.2 L/h, 246.2 L and 109.9 L,

respectively. The absorption first-order rate and the lag time were

fixed to 3.37/h and 0.33 hours, respectively. The transplanted organ

and time after transplantation were found to influence drug apparent

F IGURE 3 Normalised prediction distribution error plots (NPDE). (A) Distribution of NPDE. (B) NPDE vs time from the start of the treatment

F IGURE 4 Prediction-corrected visual predictive checks (pcVPC) of the model's description of the present data for the final model (A) and
stratified by database (B, C, D) for children databases, (E, F, G, H) for adult, (E) for renal transplant patients and (F) for patients on the waiting list
for renal transplantation. Red solid line: Median observed concentration; red dashed lines: 5th and 95th percentiles of the observed
concentrations. The red and blue shaded areas represent 95% confidence intervals of the prediction percentiles
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clearance, whereas body weight influenced both the apparent volume

of distribution and the apparent clearance. The final model parameters

are presented in Table 3, also including bootstrap results. All parame-

ter values were estimated with good precision as shown by bootstrap

results and relative standard error values as estimated by NONMEM.

The model goodness-of-fit plots for the final population PK model are

shown in Figure 2 and pcVPCs in Figure 3. The final model overall dis-

played good predictive performances.

As the patients received different doses and the PK of TAC are

linear, the VPCs were based on dose-normalized concentrations. As

shown in Figure 3, they revealed good agreement between the simu-

lated and observed concentrations at all sampling time points. The

F IGURE 5 Goodness-of-fit plots of the final population pharmacokinetic model validated in 3 external patient-level datasets. (A) Observed vs
population predicted concentrations for adult kidney transplant; (B) observed vs population predicted concentrations for adult heart transplant;
(C) observed vs population predicted concentrations for adult lung transplant

TABLE 4 Comparison of parameter estimates from the meta-model and from previously published models

Patient population Predicted by the model
Value found in the literature

Mean or median [range] References

Hepatic transplant patient Adults D1 after transplantation:
CL/F = 8.6 L/h

V/F = 356 L

Stable period:
CL/F = 17.1 L/h

V/F = 356 L

D1 after transplantation:
CL/F = 8 [7.9–10.5] (L/h)
V/F = 742 [205–1201] (L)
Stable period (>1 month):
CL/F = 21.6 [18.3–148.3] (L/h)
V/F = 347 [113–1199] (L)

66,67,69-71,74,75,82,83

Children D1 after transplantation:
CL/F = 6.6 L/h **
V/F = 261 L **
Stable period:
CL/F = 13.0 L/h **
V/F = 261 L **

D1 after transplantation:
CL/F: 1.9 [0.05–0.94] (L/h)
V/F: 273 [199–347] (L)
Mix period:
CL/F = 8.3 [2–17.5] (L/h)
V/F = 274.3 [131–610] (L)

24,86

Renal transplant patient Adults CL/F = 22.5 L/h

V/F = 356 L

CL/F = 23 [19–35] (L/h) *
V/F = 1328 [335–3328] (L) *

40,42,47,56

Children CL/F = 17.2 L/h

V/F = 261 L

CL/F = 21.3 [12.0–30.6] (L/h)*
V/F = 749 [397–1100] (L) *

63,64

Lung transplant patients Adults CL/F = 22.5 L/h

V/F = 356 L

CL/F = 27 [17.5–36.5] (L/h) *,a

V/F = 554.5 [444–665] (L) *,a
95,96

Heart transplant patients Children CL/F = 17.2 L/h

V/F = 261 L

CL/F = 9.5 L/h

V/F = 216 L

97

Haematopoietic stem cell

transplant patients

Adults CL/F = 22.5 L/h

V/F = 356 L

CL/F = 18.6 L/h 98b

Children CL/F = 17.2 L/h

V/F = 261 L

CL/F = 1.15 L/h

V/F = 95 L

99

Healthy volunteers Adults CL/F = 22.5 L/h

V/F = 356 L

CL/F = 19 [10.3–27.7]
(L/h) V/F = 422.9 [394.5–451.3] (L)

101,102

CL/F, apparent whole blood clearance; V/F: apparent volume of distribution, or the sum of the apparent volume of the central compartment and the

peripheral compartment in the 2-compartment models
aFor patient without cystic fibrosis.
bThe volume was not estimated.

*Stable transplant patients.

**Mean body weight = 30 kg.
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pcVPC gives insight into the robustness of the model in different

patient populations and study types.

The normalized prediction distribution errors were distributed

normally (Figure 4A) and showed no obvious trend vs the time from

the start of the treatment (Figure 4B), suggesting that the population

PK model established here could properly characterize the TDM data.

The model also displayed good results as regards the external val-

idation as shown by good concordance between observed and

predicted concentrations in Figure 5 for the external datasets and as

confirmed by overall good concordance between summary level

parameters as predicted by the meta-model and as reported in the

previous publications (see Table 4).

4 | DISCUSSION

The aim of this study was to develop a generic model for TAC PK

modelling using a meta-analysis approach, that could serve as a first

step towards a prediction tool to inform PK-based optimal dosing of

TAC in different populations and indications. Many PK studies have

been carried out with TAC, identifying many parameters that infer on

its variability. So far, there is no study in which a population PK model

for TAC was built from a dataset including different types of popula-

tion graft.

As a first step in this study, a search was performed of all the TAC

population PK models in solid organ transplantation currently avail-

able in the scientific literature. A total of 76 relevant papers were

finally retained. They included: 58 models in adults and 18 in children;

36, 31, 2, 2, 1 and 2 models in renal, liver, lung, hematopoietic stem

cell and heart transplantation and in healthy volunteers, respectively.

Ten of these models concerned early time periods after transplanta-

tion (so-called de novo patients), 10 stable patients and 41 models

both early and late post-transplantation periods. These very variable

settings were considered as a good basis for development of a generic

model across populations and types of transplantation. The model

developed successfully fitted data collected in adults recipients of kid-

ney, heart and lung transplants in an external validation step, in the

early as well as in the stable period after transplantation (the charac-

teristics of these patients are summarized in Table 5) or, for data only

available at summary level, the comparison was only limited to distri-

bution of parameters, which might be less specific than the compari-

son at patient level.

As expected, parameter estimates were quite variable across pub-

lished studies, even when the populations studied were quite similar.

For example, the apparent clearance and total volume of distribution

in stable adult liver transplant recipients ranged from 18.3 to 148 L/h

and from 113 to 1199 L, respectively.75,82,83 The differences observed

between reported models reflect the sensitivity of model parameters

to differences in study designs, such as time after transplantation,

number of patients included, number of samples per patient, sampling

times, availability and distribution of relevant covariates such as

CYP3A5*3/*1 alleles, body weight and drug

formulation.8,11-13,22,24-26,32-106 This clearly shows the need for

quantitative characterization of the different drivers of the variability

of TAC PK parameters, and integrate them in a single model to be

used in different settings to inform optimal dosing.

As a second step, a model was fitted to data available at the indi-

vidual level. Previously published in-house data and the final model

parameters were used to predict average patients in each of the previ-

ously published studies for which only level data were available: this

was part of the external validation of the model. The meta-model

described in this study is considered as a first step toward a generic

model across populations and types of transplantations. This meta-

model was intended to characterize the drug-related component and

the effects of the covariates commonly collected in the published

studies such as bodyweight, time after transplantation, transplanted

organ and patient age. The exercise was successfully performed, dem-

onstrating the feasibility of our approach. The model developed suc-

cessfully fitted data collected in adult recipients of kidney, heart and

lung transplants in external validation step, in the early as well as in

the stable period after transplantation. If there was a lack of patient-

level data for the other transplant population such as liver transplants,

we used summary-level data to complete this external validation;

however, this comparison may not be a more robust method. The

model overall displayed acceptable predictive performances i.e. no

TABLE 5 Characteristics of the model-building patients

Characteristics

Number

(proportions)
median [range]

Missing
data (%)

Transplanted

organ

Liver 201 0%

Kidney 80 (28.47%)

Body weight (kg) 50 [5–128] 0%

Height (cm) 75 [46–164] 57%

Body mass index (kg/m2) 16 [13–34] 57%

Body surface area (m2) 0.59 [0.47–1.03] 57%

Age (years) 2.3 [0.3–68] 38%

Male/female 104/76 38%

Haematocrit 28 [23–41] 53%

Haemoglobin 10.2 [8.5–12.9] 80%

CYP3A5*1 Carriers 9 93%

Noncarriers 10

Plasma albumin (g/dL) 2.9 [1.1–4.1] 86%

Serum albumin (g/dL) 3.5 [1.1–5.9] 86%

INR 1.2 [1.1–2.6] 86%

GGT (UI/L) 59.6 [8.9–753.9] 17%

AST (UI/L) 80.6 [11–3288] 12%

ALT (UI/L) 111 [6–1874] 12%

ALP (UI/L) 77 [20–759] 54%

TBIL (mg/dL) 2.64 [0.3–24.4] 33%

DBIL (mg/dL) 0.8 [0.01–14.8] 31%

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; DBIL, direct bilirubin; GGT, γ-glutamyl transferase; HCT,

haematocrit; HGB, haemoglobin; INR, international normalized ratio;

WBC, white blood cells; TBIL, total bilirubin
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obvious bias was apparent from graphical analysis. However, as

expected and as observed in other publications, the overall variability

was better predicted for datasets with rich sampling than for those

with very sparse sampling (e.g. with only trough blood concentrations

available). For the latter, the variability displayed by the model was

higher than the observed variability, which very probably reflects

study design limitations (only trough concentrations available) rather

than model inadequacy. Moreover, there is still quite high unexplained

overall variability that may be explained by unexplored but very influ-

ent covariates such as CYP3A5 genetic polymorphism or haematocrit

level.13,48,49,59,107-109 The reason why this covariate was not included

in this model is that it was not available in the individual-level

datasets. The model described is thus the best we could develop with

the available data using a data-driven approach. A more mechanistic

approach (such as PBPK)14,109 may help to overcome the limitation of

the present model with regards to known clinically relevant covariates

F IGURE 6 Goodness-of-fit plots of the predictions of concentrations for CYP3A5 expressors (CYP3A5*1) and nonexpressors (CYP3A5*3) in
the 3 external validation patient-level datasets (A) observed vs individual predicted concentrations for adult kidney transplant; (B) observed vs
individual predicted concentrations for adult heart-transplant; (C) observed vs individual predicted concentrations for adult lung transplant
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such as genetic polymorphisms. Once the effect of these covariates is

well characterized (for example using PBPK modelling), this effect can

be included as a fixed parameter in the generic model to fit data from

studies where this information is available. Therefore, given the

absence of CY3A5 genotype in the final model (not tested as covari-

ate during model development), the present model is not proposed as

an alternative of existing CY3A5-based methods/models for individu-

alization of tacrolimus first dose.

The model proposed herein is the first of its kind for TAC in solid

organ transplantation mostly because this is the first time, to the best

of our knowledge, that data from adults and children in 4 types of

transplantation are jointly modelled/predicted for TAC. This opens

the door to a common algorithm for dosing optimization of TAC in

very different settings.

However, the model still needs optimization before its implemen-

tation in routine clinical practice since predictive performances

were not completely similar across datasets, which very probably

reflects differences in study design and/or in analytical methods used

to measure drug concentrations across studies. This can partly explain

the large residual random error associated to the meta-model devel-

oped (25.4% proportional and 3.1 ng/mL additive). Moreover, some

covariates known to influence TAC PK such as the CYP3A5*3/*1

genetic polymorphism were not available in all the datasets and there-

fore not tested. This constitutes a limitation for this study. Given the

known importance of the impact of CYP3A5 genetic polymorphism,

we have made the effort to obtain the CYP3A5 polymorphism data at

patient-level for the external validation dataset. The results obtained

show unbiased predictions of concentrations for expressors and non-

expressors (see Figure 6).

The present model is considered as a first step in the develop-

ment of more robust generic model, which is going consider the

other covariates most influencing the pK of TAC such as CYP 3A5

polymorphism, and which can be developed by use of tools such

as PBPK modelling. It demonstrates that the common features of

different models regarding both drug-related and systems-related

components. The discussion has been updated accordingly. PBPK

modelling is foreseen as an appropriate method for such robust

model development and the results of the present meta-model

could be used to feed the PBPK model, in particular if a retrograde

approach is to be used.

Finally, TAC is also used in other indications including stem cell

transplantation and auto-immune disease. Once refined, we believe

that this generic model could also be extended to these other

indications.
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