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ABSTRACT
Objective: The inter-dose area-under-the-curve (AUC) has been described as the best marker of exposure to Tacrolimus, suggesting its use for dose
adjustment. In a population of Tunisian renal transplant patients, this study aimed (i) at building a population pharmacokinetic (PopPK) model for
Tacrolimus, (ii) at identifying factors that explain inter-patient variability, and (iii) at developing a Bayesian estimator (MAP-BE) enabling the
estimation of individual AUC.
Patients and methods: Full-PK profiles were obtained from 20 stable renal transplant recipients given Prograf® and Tacrolimus blood
concentrations were measured by a CMIA technique (ARCHITECT; Abott). PopPK analysis was performed using non linear mixed effects approach
(NONMEM program). The following covariates were tested: age, weight, hematocrit, AST, ALT, albumin. PopPK parameters where then used as
priors to develop a MAP-BE for the estimation of Tacrolimus AUC using a limited sampling strategy. The predictive performance of the MAP-BE
were tested by (i) comparing the estimated AUC to that obtained by the trapezoidal rule; and (ii) its ability to provide similar dose adjustments to
those obtained using all the available time-points. Validation was performed by both jackknife and bootstrapping methods.
Results: Tacrolimus pharmacokinetics were well described by a two-compartment model combined with an Erlang distribution to describe the
absorption phase: residual proportional error was 16% and imprecision parameter estimate was less than 15% (9.3 - 14.4%). Body weight was
identified as a covariate influencing the apparent central volume of distribution (inter-patient variability decreased from 28 to 7.7%). MAP-BE
based on three blood concentrations measured at 0, 1 and 3 h post-dose provided a good estimation of AUC with a mean bias -1 + 13.2% (-22 to
22%) with 85% of the patients having an AUC bias < 20%. The BE proposed similar doses to those proposed using all concentrations in 19out of 20
patients, with a maximum difference of 0.5 mg.
Conclusion: A PopPK model and its associated Bayesian estimator providing good prediction of Tacrolimus exposure have been developed in
Tunisian renal transplant recipients. These tools allow us to individualize Tacrolimus dosages based on the AUC using only three concentrations.
Keywords: Tacrolimus, Population pharmacokinetics, NONMEM, Renal transplantation, Bayesian estimation.

INTRODUCTION
Tacrolimus is a calcineurine inhibitor, widely used in renal
transplantation. It has a narrow therapeutic index and large interand intra individual variability [1] making its drug monitoring
necessary. Therapeutic drug monitoring based on Tacrolimus
exposure using the inter dose Area under the Curve (AUC) was used
to prevent graft rejection and toxic side effect [2-3].
Unlike
conventional
pharmacokinetic
studies,
population
pharmacokinetic analysis allows an estimate of the mean and
variances of PK parameters directly in the population of interest as
well as the relationship between these parameters and specific
patient covariates using few blood sampling. In fact, many studies
investigate population pharmacokinetic and develop bayesian
estimator for an individualized Tacrolimus dosage regimen [4-7].
This approach was never established in Tunisian adult renal
transplant recipients. In this context, this study aimed (i) at building
a population pharmacokinetic (popPK) model for tacrolimus, (ii) at
identifying factors that explain inter-patient variability, and (iii) at
developing a Bayesian estimator (MAP-BE) enabling the estimation
of individual AUC.
METHODS
Patients and data collection
Data were obtained from 20 adult patients who underwent renal
transplantation from 2006 to 2010 at the department of Urology in
the Charles Nicolle Hospital of Tunis, Tunisia. Data collection was
approved by the hospital ethic comity. Patients received Tacrolimus

(Prograf®, capsule, 1 mg) twice a day with doses varying between
0.02 and 0.14 mg/kg/d. All patients received concomitantly
mycophenolate mofetil.
Blood collection
Full pharmacokinetics profiles were collected in EDTA tubes at predose, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 hours post-dose. Blood samples were
stored at -20°C until analysis.
Tacrolimus assay
Tacrolimus blood samples were analyzed at the department of
Clinical Pharmacology of Tunis using a chemiluminescent
microparticle immunoassay (CMIA) technique (Architect; Abbott).
The lower limit of detection was 0.3 ng/ml and it was linear between
2 and 30 ng/ml with a correlation coefficient ≥ 0.90. The average
difference bias exhibited by Architect Tacrolimus versus LC/MS/MS
in this study was 0.51ng/ml. The 95% confidence interval of the
ng/ml difference bias is 0.31ng/ml to 0.71ng/ml. The coefficient of
variation of the assay (% CV) was less than 10% and the mean
recovery was 102%.
Population pharmacokinetic analysis
The population pharmacokinetic analysis was conducted by the
nonlinear mixed-effects modeling (NONMEM_ version VI) software
(GloboMax_ LLC, Ellicott City, MD, USA) using Wings for NONMEM
version 614 (developed by N. Holford, available from
http://wfn.sourceforge.net/) [8]. All population pharmacokinetic
analyses were carried out using the first-order conditional
estimation method. One, two and three structural compartment
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models were tested. Models with Erlang distribution (ADVAN5 SS5),
which is a particular case of the gamma distribution [9] was also
tested. Erlang distribution is the analytical solution for a linear chain
of n identical compartment (i.e. n sequential delay compartment)
placed upstream from the central compartment and connected by an
identical transfer rate constant (Ktr). The number of serial
compartment (n) was set to the same value for all patients and was
estimated by increasing this number until no improvement or even
deterioration of the model performance was noted [5].
Inter-patient variability was described using exponential models.
The covariance of the parameters was studied during the modeling
process. Additive, proportional and combined (i.e. additive and
proportional) error models were tested to describe the residual
variability.
Covariates analysis
The screening and selection of covariates were performed as part of
population pharmacokinetic analysis following a classic stepwise
approach [10]. In the first step, a covariate free population
pharmacokinetic model was analyzed. The potential covariates
considered were the demographic characteristics (bodyweight
(BW), age) and laboratory test results (hematocrit, AST, ALT,
albumin and serum creatinine). Gender was not considered as a
potential covariate in our study because we have a sex ratio M/F of
19/1. The influence of continuous covariates on pharmacokinetic
parameters was tested systematically via a generalized modeling
approach according to an allometric function. For example, the effect
of BW on the central volume of distribution (Vc) was tested using
the following equation: VC = TV (VC) X (BW / medcov)θBW
Where TV (VC) is the typical value of the central volume of
distribution for a patient with the median covariate value (medcov)
and θBW is the estimated influential factor for BW.
Covariates were introduced individually and one by one in the base
model. A covariate was considered as influencing the
pharmacokinetic model when its adjunction to the base model
induce (i) a decrease of the objective function value (OFV) by 6.63 (p
= 0.01) between the two models, and / or (ii) an improvement of the
parameter estimation precision and / or (iii) a reduction in between
subject variability (BSV).

Pharmacokinetic / Pharmacodynamic Biomedical Simulations
Resource, Los Angeles, CA, USA) computed Systems Analysis
Software; on the population pharmacokinetics parameters. The
predictive performance of the MAP-BE were tested (i) by means of
the bias (mean error) and the root mean square error (RMSE)
between the estimated AUC and AUC obtained by trapezoidal rule
[14] and (ii) by its ability to provide similar dose adjustments to
those obtained using all the available time-points.
AUC-guided dosing
After each AUC-assessment, dose adjustments were made to reach the
predefined target AUC0-12: 120 ng*h/mL corresponding to a trough level
of 7.5 ng/ml. According to the model there was a linear correlation
between dose and AUC and dose adjustments were made by the model
according to the formula Dnew = Dcurrent x AUCtarget/AUC current
RESULTS
Data description
Patient characteristics were summarized in table 1.
Table 1: Backgrounds of patient data used in population
analysis (n=20)
Characteristics
Total number of patients
Male
Female
Number of plasma samples (Samples/patient)
Age (y)
Body weight (kg)
Tacrolimus dose mg day-1
Hematocrit (g/dL)
Creatinine (µmol/L)
a: Values are expressed as median (range)

Value a
20
19
1
200 (10)
31 (20 - 49)
71.5 (45 - 94)
6 (2-9)
34.5 (27.9 52.1)
107.5 (56 - 188)

A total of 200 concentrations from 20 patients were available in
studied dataset (Figure 1).

Evaluation of the model
The overall fitting was evaluated on the basis of plots of predicted
and individual predicted versus observed concentrations, absolute
residuals versus predicted concentrations, and weighted residuals
versus time.
The final population pharmacokinetic model including influential
covariates was evaluated using bootstrap and jackknife methods.
The bootstrap resampling was applied to assess the stability of the
ﬁnal parameter estimates and to conﬁrm the robustness of the ﬁnal
model [11-12]. The bootstrap procedure was performed using
Wings for NONMEM. The 1000 bootstrap samples were generated
and the parameter estimates for each of the 1000 samples were reestimated using NONMEM in the ﬁnal model. The mean, SE and 95%
conﬁdence intervals (CI) obtained for each of the mean and variance
parameters estimated for bootstrap samples were also compared
with those of the NONMEM estimates in the ﬁnal model. The 95% CI
were obtained by point estimate ±1.96 * SE of estimate.
The Jackknife method consists at a 20% at-a-time omission applying
to the original data set and then reanalyzed by NONMEM. The 95%
CI for parameter estimates were obtained by Jackknife estimates and
were compared with those using the mean and SE of the NONMEM
estimation for the ﬁnal model [13]
Building of a Bayesian estimator
Population pharmacokinetic parameters where then used as priors
to develop a Bayesian estimator (MAP-BE) for the estimation of
Tacrolimus AUC using a limited sampling strategy. The best limited
sampling strategy among the combinations of a maximum of three
sampling times, in the first 4 hours postdose, was selected on the
basis of the D-optimality criterion (implemented in Adapt II

Fig. 1: Concentration of Tacrolimus in 20 renal transplant
patients participating in the full pharmacokinetics study based
on ten blood samples.
Pharmacokinetics parameters for the measured pharmacokinetics
profiles are presented in table 2.
Tacrolimus pharmacokinetics exhibited a high inter individual
variability. Mean Tacrolimus trough concentration = 6.57 ± 2.77
ng/mL, Mean maximum concentration (Cmax ) was 24.55 ±10.56
ng/mL, time to reach the Cmax was 1.57 ± 0.54 and AUC0-12h = 139.8 ±
53.55 µg.h/mL, CV values are 42.16%, 42.8%, 34.58% and 38.31%,
respectively. A reasonable squared correlation coefficient between
trough levels and Tacrolimus AUC0-12 (r² = 0.638) (Figure 2).
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Table 2: Pharmacokinetics parameters for the measured pharmacokinetics profiles
Parameter
T1/2 (h)
CL (L/h)
VD (L)
AUC0-12 (ng*h/ml)
Trough concentration (ng/ml)
Cmax (ng/ml)
Tmax (h)

Mean (Range)
11.33 (6.54 – 19.75)
22.97 (8.1 – 43.01)
359.1 (123.7 – 825.3)
139.8 (56 - 254.6)
6.57 (2.8 – 12.2)
24.69 (11.2 – 49.5)
1.57 (1 - 3)

SD
4.19
10.53
181.7
53.55
2.77
10.56
0.54

CV (%)
37.05
45.82
50.59
38.31
42.16
42.8
34.58

95% CI
[9.36 – 13.3]
[18.05 – 27.9]
[274.1 – 444.2]
[114.7 - 164.8]
[5.27 – 7.87]
[19.74 – 29.63]
[1.32 – 1.83]

Fig. 2: Correlation between AUC calculated based on trapezoidal rule and Tacrolimus trough concentration.
Population pharmacokinetics modeling
Tacrolimus pharmacokinetics was well described by a twocompartment model combined with an Erlang distribution to
describe the absorption phase. Three delay compartments gave the
best improvement to the model. This model showed a residual
proportional error equal to 16% and imprecision parameter
estimate less than 15% (9.3 - 14.4%). Models tested with one, two,

forth and five delay compartments and models with only a central
compartment did not show improvement.
Among the investigated covariates, BW was identified as the only
covariate influencing the apparent central volume of
distribution. Its introduction to the model decreased OFV from
626 to 615 and inter-subject variability (BSV %) from 28 to 7.7%
(table 3, 4).

Table 3: Results of the Covariate free model (OFV = 626)
Parameter
ME
Ktr
3.78
Q
51
VC
75.4
VP
300 (Fixed)
CL
22.6
Within subject variability (WSV)
Proportional error (%) 15
Additive error
0.73 ng/ml

SE
0.35
20.2
11.6
2.94

RSE (%)
9.25
39.60
15.38
13.00

BSV (%)
17
99
28
42

95% CI
3.09 - 4.46
11.41 - 90.59
52.66 - 98.13
16.83 - 28.36

ME: mean error; SE: Standard error; RSE: Residual standard error; BSV: Between subject variability; WSV: Within subject variability; VC: central
volume of distribution; VP: Peripheral volume of distribution; Q: Intercompartmental volume of distribution; CL: Total systemic clearance; Ktr:
absorption rate. CI: Confidence Interval.
Table 4: Finales estimates of population pharmacokinetics parameters (OFV = 616)
Parameter
Ktr (h-1)
Q (L/h)
VC (L) = θ1x (BW /72)θ2
θ2
VP (L)
CL (L/h)
Within subject variability (WIV)
Proportional error (%)
Additive error

ME
3.77
50.4
84.2
1.77
300 (Fixed)
22.6

SE
0.35
22.7
12.1
0.47
2.66

RSE%
9.28
45.03
14.37
26.55
11.76

BSV (%)
11.66
100
7.69
41.8
41.83

95% CI
3.1 - 4.5
5.9 - 94.9
60.5 - 107.9
0.85 - 2.69
17.4 - 27.8

16
0.71 ng/ml

ME: mean error; SE: Standard error; RSE: Residual standard error; BSV: Between subject variability; WSV: Within subject variability; VC: central
volume of distribution; VP: Peripheral volume of distribution; Q: Intercompartmental volume of distribution; CL: Total systemic clearance; Ktr:
absorption rate. CI: Confidence Interval.
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The scatter plot of predicted (PRED) (Figure. 3b) and individual
model-predicted (IPRED) (Figure. 3a) concentrations versus
observed concentrations showed no major bias. A total of 94.5% of

weighted residuals were homogenously distributed over the
sampling time period and within an acceptable range [-2 to 2]
(Figure 3d).

A

(a) Individual predicted concentrations (IPRED) versus observed concentrations (DV).

B

(b) Predicted concentrations (PRED) versus observed concentration (DV)

C

(c) Individual residuals (RES) versus predicted concentrations (PRED)
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D

(d) Individual weighted residuals (WRES) versus sampling time (TIME)
Fig. 3 a-d: Quality of pharmacokinetic fitting in the final model with covariates
The population pharmacokinetic parameters obtained with the final
model are summarized in table 4. An exponential error model was
selected to describe the interindividual variability. A combined (i.e.
additive and proportional) model provided the best results for
residual variability. The proportional error was 16% and additive
error was 0.71 ng/mL. The population mean estimate and between
subject variability (expressed as percentage of coefficient of variation,
CV %) from the final model for Ktr, Q, VC, VP, and CL were 3.77 h-1 (CV
= 11.66%), 50.4 L/h (CV = 100%), 84.2 L (CV = 7.69 %), 300 L (CV =
0%) and 22.6 L/h (CV = 41.83%) respectively. Pharmacokinetics
parameters presented a good precision of estimate (< 30%) except for
Intercompartmental clearance, RSE% was 45.03%.

Bootstrap analysis shows that 91% of the 1000 runs were
successful.
The mean and SE of jackknife estimates and 95% CI coincided also
with parameter estimate of the final model, except SE for CL and VC.
Results of the model validation confirm that the parameters
estimates were consistent and stable because the 95% CI calculated
on the basis of SE of the NONMEM estimate, the bootstrapping and
jackknife method, were close as shown in table 5.
Bayesian estimation
PopPK parameters where used as priors to develop a MAP-BE for
the estimation of Tacrolimus AUC using a limited sampling strategy.
MAP-BE based on the three blood concentrations measured at 0, 1
and 3h post-dose provided a good estimation of Tacrolimus AUC0-12

Evaluation of the model
The mean, SE and 95% CI for each parameter estimated by the
bootstrap resampling are shown in table 5. Values for bootstrapping
and the final model coincided well except SE for CL and VC. SE values
for CL and VC estimated by bootstrapping were lower than those for
the NONMEM estimates. Evaluation of the final model using the

Results were satisfactory with a correlation coefficient between
estimated and reference AUCs of 0.992 and a slope of the correlation
line very close to 1(figure 4).
[

Table 5: Comparison of 95% confidence intervals estimate by SE of bootstrapping and Jackknife estimate
Parameter
Ktr
VC= θ1x (BW /72)θ2
VP
CL

Bootstrap resampling
Mean
SE
3.85
0.01
85.1
0.45
300 (Fixed)
22.6
0.08

95% CI
3.82 - 3.87
84.23 - 86.02
22.44 - 22.77

Jackknife estimation
Mean
SE
3.72
0.03
77.04
1.49
300 (fixed)
22.83
0.75

95% CI
3.65- 3.80
74.08-79.99
21.33 - 24.33

Fig. 4: Correlation of predicted inter dose area under the curve (AUC) of Tacrolimus versus reference AUC obtained by the trapezoidal method
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The method provided accurate estimation of AUC, although a slight
over prediction of AUC (bias 0.71%). A very satisfactory precision
was observed (RMSE 4.53%).

rules, correlation coefficient between the two new doses was
0.99 (figure 5-a). MAP-BE suggested similar doses to those
proposed using all concentrations in 19 out of 20 patients
(Figure 5-b), with a bias of -0.52% and a good precision of
estimate for D new (4.32%).

Using a target AUC of 120 µg*h/mL and comparing doses
calculated by the MAP-BE and those obtained by trapezoidal

5a

Fig. 5a: Correlation between doses calculated by the MAP-BE and those obtained by trapezoidal rules using a target AUC of 120 µg*h/mL

5b

Fig. 5b: Distribution of residual doses between MAP-BE suggested dose and those obtained by trapezoidal rules.
Difference less than 0.5 mg in 19 out of 20 patients with a bias of -0.52% and a good precision of estimate for Dnew (4.32%)
DISCUSSION
The population pharmacokinetics of Tacrolimus in adult renal
transplant recipients showed wide variability. So it is not possible to
use a standard Tacrolimus dose as an empiric predictor of
concentration in such population. Tacrolimus population
pharmacokinetic modeling study reported here allows us to
determine factors that influence its pharmacokinetic. Pop PK
parameters were used then to develop bayesian estimation for an
individual adjustment.

We have developed in this study a population pharmacokinetics
model for Tacrolimus in a Tunisian population of renal transplant
patients. Our model was developed using full pharmacokinetic
profiles (10 concentrations: from pre-dose to 12 h post-dose) and
consisted on a two compartment model with Erlang distribution
with three delay compartments, to describe the absorption phase.
Tacrolimus pharmacokinetics models reported previously were
essentially based on a one compartment without lagtime [4, 15] or
two compartment models without [6] and with a lag time [16, 3].
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Models with transient compartments were described recently [7, 5,
and 16]. Our population was well described by the Erlang
distribution. In fact, the addition of transient compartments to the
two compartment model showed an important decrease of the
objective function value and a better estimation of pharmacokinetic
parameters comparing to the other tested models. In this study only
bodyweight was identified as a covariate influencing the apparent
central volume of distribution. It explained a part of the
interindividual variability of the central volume of distribution and
led to its improvement (between subject variability decreased from
28 to 7.7%). We observed as a result a linear increase of the VC in
according to the bodyweight. This is probably explained by the
increase of the Tacrolimus fixed fraction. Woillard et al 2011
reported that bodyweight was a significant covariate and might
contribute to the differences in VC/F, but it does not included in
their final model as it was not significant enough. In previous studies
hematocrit and CYP3A5 genetic polymorphism were reported as the
frequent covariates influencing the apparent clearance [4-7, 17-18].
In our study hematocrit did not affect the model and CYP 3A5
polymorphism was not analyzed because of the little number of
included patients (n = 20).
In our study, the population estimated values of Clearance was 22.6
L/h (BSV = 41.83%). This value was close to those reported in other
studies caring out population pharmacokinetic analyses on renal
transplant recipients [4-6, 15]. Mean population central volume of
distribution in our population was 84.2 L (BSV% = 7.69%), this
parameter was influenced by body-weight. The same result was
described by Nayoung Han et al, 2012 [6] regarding covariate but
the value of volume of distribution was very larger than ours, it was
716 L. Christine E Staatz et al, 2002 [4] and Jean Baptiste Woillard et
al [7] reported also a large volume of distribution, they were
respectively 2080 L and 486 L. Peripheral volume of distribution
was 300 L (BSV = 0%). Khaled Benkali et al [5] reported a peripheral
volume of 500 L and no between subject variability was attributed.
Jean Baptiste Woillard et al [7] reported a peripheral volume of 271
L with a BSV of 60%. The constant rate of absorption Ktr in our
population was 3.77 h-1 (BSV= 11.66%). Similar values were
previously reported [5,7]. In this study we report a low additive and
residual errors of 0.71 ng/ml and 16%, respectively. This error
model was reported by Khaled Benkali et al [5] they report additive
and residual errors of 1.6 ng/ml and 9%, respectively.
Evaluation of the model is recommended before its use in other
patients. In fact, in our model a good precision of estimation for
population pharmacokinetics parameters was observed. The
residual standard errors (RSEs) were 9.28%, 14.37%, and 11.76
respectively for Ktr, VC and CL. Intercompartmental clearance Q,
RSE was greater than 40% indicating a miss precision in estimation
of this parameter. This is probably due to the high between subject
variability in Q, BSV was 100% and none of the tested covariables
affects this parameter significantly.
Analysis of plots (Figure 2) indicates a good correlation between
observed concentrations and respectively individual predicted
concentration and predicted concentration. Plot of distribution of
residual concentration (RES) versus predicted concentration
indicate a misspecification of the final model especially for high
predicted concentrations (> 20 ng/ml). This may be due to the
limited number of kinetics profiles.
Results of the model validation confirmed that the estimates of
parameters values were consistent and stable because the 95% CI
calculated on the basis of SE of the NONMEM estimate, the
bootstrapping and jackknife method were similar.
Most transplant centers adjust the dose of Tacrolimus to reach or
maintain a defined trough level range. However, there are conflicting
data about the correlation between trough levels and AUC0-12. In our
population, we found a reasonable squared correlation coefficient
(r² = 0.63) between trough levels and Tacrolimus AUC 0-12 similar to
those described previousl [19, 21]. In fact, Jorgensen K et al, and
Braun F et al, they found an r² equal to 0.60 and 0.85 respectively.
Others report a poor correlation (r² < 0.50) [22-23]. This difference
may be due to at least three factors, including differences in sample
sizes, type of correlation tests used, and time interval after

transplantation, at which studies were done. For that reason, AUC
monitoring can prevent underexposure or overexposure to
Tacrolimus. However, Full 12 hours AUC sampling is not a realistic
option in daily practice. Bayesian estimation on the basis of limited
number of sampling is the best tool to predict drug concentrations
achieved with specific doses [24]. Thus pharmacokinetic parameters
for each patient become individualized, and influence of population
parameters decreases. Optimally, these techniques also inform the
clinician about the next appropriate dose to maintain or reach the
target drug concentration.
Using population pharmacokinetic parameters of the final model and
on the basis of three blood concentrations measured at 0, 1 and 3h
post-dose, we developed a Bayesian estimator for the estimation of
Tacrolimus AUC0-12. Our Bayesian estimator provided a good
estimation of AUC with a mean bias (ME) equal to 0.71 ± 4.59% and
a precision (RMSE) of 4.59%. Our Bayesian estimator is able to
provide similar doses to those obtained using all the available timepoints (RMSE = 4.32%). The bias between new doses suggested
using full pharmacokinetic profiles and new doses suggested using
only three points was -0.52 ± 4.4 %. Doses suggested were similar in
19 out of 20 patients, with a maximum difference of 0.5 mg.
Tacrolimus dose adjustment in renal transplant patients was
described previously by Antignac et al [7]. They suggest dose
requirements to achieve Tacrolimus target concentration of 10
ng/mL by the development of a Bayesian estimator. Unlike our study
where we have used full pk profiles to develop our Bayesian
estimator, they used only concentration pre-dose.
Dose adjustment using Bayesian estimation is very interesting in
clinical setting but seems to be specific of the analytical assay. So it is
not recommended to develop MAP-BE for a specific assay using
results from a different one. In fact, [25] a difference in dose
recommendations of -0.9 ± 1.1 and -0.7 ± 0.9 mg, between
immunoassay technique and LC-MS/MS was reported in Tacrolimus
dose recommendations in renal transplant patients.
CONCLUSION
A PopPK model and its associated Bayesian estimator providing
good prediction of Tacrolimus exposure have been developed in
Tunisian renal transplant recipients. These tools allow us to
individualize routinely Tacrolimus dosages based on the AUC using
only three concentrations at 0, 1 and 3 hours post dose.
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