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studies in adult and paediatric liver, kidney and heart transplant patients receiving

cation of significant covariates, was developed using NONMEM.

Results: Overall, 23,176 tacrolimus concentration records were obtained from
408 patients. A 2-compartment model with first-order absorption and elimination
described the concentration-time profiles. Tacrolimus absorption rate was 50%
slower with PR-T vs IR-T. Tacrolimus apparent oral clearance was 44.3 L/h in
Whites and 59% higher in Asians. Tacrolimus central volume of distribution was
108 L in males and 55% lower in females; trough concentrations were similar
between formulations. Tacrolimus relative bioavailability was similar between for-
mulations (geometric mean ratio PR-T:IR-T 95%, 90% confidence intervals: 89%,
101%). Asians had 83% and 51% higher relative bioavailability than Whites and
Blacks, respectively, for IR-T and PR-T. Whites had 49% and 77% higher relative
bioavailability than Blacks for PR-T and IR-T, respectively. Blacks had 52% lower
relative bioavailability than Whites and Asians for IR-T and PR-T. Type of organ
transplanted and patient population (adult/paediatric) did not have a significant
effect on tacrolimus pharmacokinetics.

Conclusions: This population pharmacokinetic model described data from trans-
plant recipients who received IR-T and/or PR-T. Tacrolimus trough concentrations
and relative bioavailability were similar between formulations, supporting 1 mg:1 mg

conversion from Prograf to Advagraf/Astagraf XL in clinical practice.
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1 | INTRODUCTION

Preventing graft rejection is one of the most important challenges fac-
ing clinicians in organ transplantation, and patients are generally
required to adhere to lifelong immunosuppression. Tacrolimus is the
cornerstone of immunosuppressive therapy for the prophylaxis and
treatment of allograft rejection in liver, kidney and heart transplanta-
tion. The prolonged-release formulation of tacrolimus comprises a
single, daily morning dose, providing a simpler treatment option than
the twice-daily, immediate-release formulation.*?

Following oral administration, immediate-release tacrolimus is
rapidly absorbed compared with prolonged-release tacrolimus (time
to reach maximum plasma concentration of 2.9 vs 5.0 hours, follow-
ing liver transplantation).® Tacrolimus is extensively distributed in the
body, as indicated by a large steady-state volume of distribution,
with a 20:1 distribution ratio of whole blood/plasma concentra-
tions,! and is highly bound to plasma proteins (approximately 99%),
predominantly serum albumin (ALB).2>* Metabolism of systemically
available tacrolimus occurs in the liver, primarily by cytochrome
P450 3A4 (CYP3A4) and CYP3AS5, with predominantly faecal elimi-
nation.>®> However, there is also evidence of presystemic gastroin-
testinal metabolism in the intestinal wall by CYP3A4 and CYP3AS5,
which reduces the oral bioavailability of tacrolimus.>® After conver-
sion from immediate- to prolonged-release tacrolimus, mean sys-
temic exposure to tacrolimus (area under the concentration-time
curve [AUC]) with the prolonged-release formulation is approxi-
mately 10% lower than the immediate-release formulation at equiv-
alent doses.®® However, following dose adjustment, exposure is
similar at steady state.”*?

Tacrolimus administration is complicated by a narrow therapeutic
range, and inter- and intrapatient pharmacokinetic (PK) variability.1?
Tacrolimus trough concentrations are monitored to guide dose adjust-
ment, as trough concentration is highly correlated with tacrolimus
AUC and subsequently clinical outcomes.*®'* The relationship
between tacrolimus trough concentrations and AUC is similar
between prolonged- and immediate-release tacrolimus in both liver
and kidney transplant patients;'>¢ therefore the same therapeutic
drug monitoring approach can be used with both formulations. Tacro-
limus whole-blood trough concentrations are generally maintained
within the range of 5-20 ng/mL.%’

Several studies have characterized the PK of immediate-release
tacrolimus;*®2! however, there are few population PK studies charac-
terizing the PK of both immediate- and prolonged-release formula-
tions.?? This modelling study was undertaken to characterize the
population PK of immediate- and prolonged-release tacrolimus in
liver, kidney and heart transplant recipients, as well as identify the
demographic and covariate factors that have a significant influence on
tacrolimus PK.

What is already known about this subject
e Tacrolimus is a mainstay of immunosuppressive therapy
after solid-organ transplantation.

e Tacrolimus is available as twice-daily, immediate-release
(IR-T) and (PR-T)

formulations.

once-daily, prolonged-release

e Tacrolimus has a narrow therapeutic range, with target

whole blood trough concentrations of 5-20 ng/mL.

e Tacrolimus trough concentrations are highly correlated
with drug exposure and, consequently, with clinical

transplant outcomes.

e Few population pharmacokinetics studies have
characterized the pharmacokinetics of both immediate-

and prolonged-release tacrolimus.

What this study adds
e Although tacrolimus absorption rates differed between
the immediate- and prolonged-release formulations,
interpatient tacrolimus

variability in trough

concentrations was similar, as was relative bioavailability.

e Racial differences in relative bioavailability were noted
(Asians>Whites>Blacks),

formulation.

independent of tacrolimus

e The results support a 1 mg:1 mg conversion factor for
switching patients from immediate-release tacrolimus
(Prograf) to prolonged-release tacrolimus (Advagraf or
Astagraf XL) in clinical practice.

2 | METHODS

2.1 | Patients and studies

Data were obtained for liver, kidney and heart transplant recipients
from 8 Phase Il studies with immediate-release tacrolimus (Prograf,
Astellas Pharma Ltd, Chertsey, UK) and prolonged-release tacrolimus
(Advagraf or Astagraf XL, Astellas Pharma Europe BV, The Nether-
lands)*1>23-28 (Table 1). The data presented here were derived from
the internal databases of each Phase Il study; 6 studies assessed
tacrolimus PK in stable transplant recipients converted from
immediate- to prolonged-release tacrolimus.*>23-2” Of these, 3 studies
assessed adult kidney transplant recipients (02-0-131, FG-506E-12-
02, and FJ-506E-KT01),*>?%2% 1 assessed adult liver recipients
(02-0-152),%° 1 assessed paediatric (mean age 9 years) liver recipients
(03-0-160)?” and 1 assessed adult heart recipients (FG-506-15-02).2°
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TABLE 1 Brief summary of tacrolimus phase Il clinical studies

Study protocol

number Population Patients Type of study PKAS/FAS, n®

02-0-131%° Adult Stable kidney transplant Conversion from immediate- to prolonged- 57 (PPS)/68
release tacrolimus

FG-506E-12-02° Adult Stable kidney transplant Conversion between immediate- and 60/69
prolonged-release tacrolimus

FJ-506E-KT01%* Adult Stable kidney transplant (Japanese) Conversion from immediate- to prolonged- 35/37
release tacrolimus

02-0-152%° Adult Stable liver transplant Conversion between immediate- and 51 (PPS)/70
prolonged-release tacrolimus

FG-506-15-02%¢ Adult Stable heart transplant Conversion from immediate- to prolonged- 45/85
release tacrolimus

03-0-160%7 Paediatric Stable paediatric liver transplant Conversion from immediate- to prolonged- 17/19
release tacrolimus

FG-506E-12-01* Adult Primary kidney transplant Comparative study of prolonged- vs 66/119
immediate-release tacrolimus

FG-506-11-0128 Adult Primary liver transplant Comparative study of prolonged- vs 77/129

immediate-release tacrolimus

2Contains previously unpublished study data. FAS, full-analysis set; PKAS, pharmacokinetics-analysis set; PPS, per-protocol set.

The other 2 studies compared the PK profile of immediate- and
prolonged-release tacrolimus in de novo kidney or liver transplant
recipients (FG-506E-12-01 and FG-506-11-01, respectively).12® Full
details of the methodology used in these studies have been reported
previously.11:1>23-28

The study protocols were reviewed and approved by the institu-
tional review board or independent ethics committee of participating
institutions, and the studies were conducted in accordance with Good
Clinical Practice regulations and the Declaration of Helsinki. Written
informed consent was obtained from each patient (or legal guardian)

prior to enrolment,t11>23-28

2.2 | Tacrolimus blood collection and assay in
pharmacokinetic studies

Samples to assay tacrolimus whole-blood trough concentrations
were collected throughout the PK treatment period. On the days of
PK assessment, blood samples were collected before oral administra-
tion of immediate- (first dose) or prolonged-release tacrolimus, and
0.5,1,2,3,4,6,8,12, 12.5, 13, 14, 15, 16, 18, 20 and 24 hours post
dose. The sampling strategies used across the studies were similar,
with an intraday precision of 2.4-7.9%, and an interday precision of
3.0-12.1%.

At each PK sampling time point, >1 mL of whole blood was col-
lected, and samples frozen at —20°C until analysis. Concentrations of
tacrolimus were determined in whole blood (ethylenediaminetetra-
acetic acid anticoagulant) using high-performance liquid chromatogra-
phy (LC) with tandem mass spectrometry (MS/MS), with the exception
of study FJ-506E-KTO1, which utilized an immunoassay. Briefly, inter-
nal standard (FR900520) and tacrolimus were extracted from whole

blood using protein precipitation followed by solid phase extraction.

Compounds of interest were eluted from the solid phase cartridge
with methanol and then dried under a stream of nitrogen (40°C).
The residue was reconstituted with 50:50 (v/v) acetonitrile:water
and injected onto the LC/MS/MS system, where separation occurred
on a reversed phase high-performance LC column, and was detected
with positive electrospray ionization MS/MS. This method was vali-
dated for tacrolimus determination in whole blood. Peak area ratios
standard) fitted to a

1/concentration least squares linear regression analysis to calculate

(compound/internal were weighted
the line of best fit from the data. The equations of the calibration
curves were then used to calculate the concentrations of tacrolimus
in the whole blood samples from their measured peak area ratios.

The lower limit of quantitation was 0.1 ng/mL.

2.3 | Population pharmacokinetic analysis

2.3.1 | Software

All models were developed in NONMEM?’ version 7.3 within a
Windows environment using gFortran Compiler (ICON Development
Solutions, Ellicott City, MD, USA). SAS version 9.3 (SAS Institute Inc.,
Cary, NC, USA), R version 3.3.1 (The R Foundation), and S-plus version
8.2 (TIBCO Corporation, Seattle, WA, USA) were used for modelling
and simulation, data preparation, graphical analysis, model diagnostics,
and statistical summaries. XPOSE4 and Perl-speaks-NONMEM®°
(Department of Pharmaceutical Bioscience, Uppsala University,
Sweden) was used for model diagnostics, model evaluation, and auto-
mated procedures (if needed). All available PK data (as previously
described) from the 8 studies were included in the analysis. The
with

interpatient and residual random effects method in NONMEM was

first-order conditional estimation interaction between
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employed for all model runs. The NONMEM code for the final PK
model is shown in Supporting information Appendix A.

2.3.2 | Base model development

Initially, exploratory data analyses of individual whole-blood tacroli-
mus concentrations were constructed by study and formulation to
qualitatively explore the suitability of different base PK models.
Zero-order absorption and 1- and 2-compartmental models with dif-
ferent absorption assumptions were tested. The interpatient variability
and necessary interoccasion variability were modelled as a lognormal
distribution. Residual variability was assessed for different assays,
using residual error models, including additive, proportional, and com-
bined (i.e. additive and proportional) models, and a residual additive
error model with log-transformed tacrolimus concentration data.

Model development and selection were driven by the data and
were based on goodness-of-fit indicators.>! These included compari-
sons based on the minimum objective function value (OFV), successful
minimization, completion of the covariance step (if possible), precision
and plausibility of parameter estimates, and adequate goodness of fit
based on visual inspection of diagnostic plots (e.g. observed vs pre-
dicted concentrations, conditional weighted residual vs predicted con-
centration or time, correlations of interpatient random effects). In
addition, the condition number of the correlation matrix of the param-
eter estimates (i.e. the ratio of the largest to smallest eigenvalues) was
assessed to ensure values <1000. Values >1000 could be indicative of
an ill-conditioned model. At the end stage of base model development,
the stability of the base model was tested by varying the initial esti-
mates of the parameters by 10-15%.

2.3.3 | Covariate analysis

Covariate analysis was based on the previously developed parsimoni-
ous base model, and included covariates that affect population mean
PK parameters, with hypothesis testing of statistical significance. PK
parameter-covariate relationships were preceded by exploratory
graphical analysis of the posterior Bayes estimates of random effects
produced by the POSTHOC step of NONMEM vs all available covari-
ates. Stepwise regression was used for the covariate analysis, with for-
ward selection and backward elimination of covariates. First, the
effect of each covariate was examined in a univariate manner by
adding 1 covariate at a time to the base model. The covariate that
resulted in the greatest statistically significant decrease in the value
of the objective function was added to the base model, and the proce-
dure was repeated stepwise until all significant covariates were
included.

Once all covariate relationships for the PK parameters had been
defined from the forward selection step, backward elimination of the
covariates was performed one-by-one to determine if any covariates
should be removed from the full model. The model for each relevant
parameter-covariate relationship was prepared and tested using a
stepwise covariate model approach implemented in Perl-speaks-

NONMEM. Stepwise forward or backward comparisons, based on
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the likelihood ratio test and a prespecified level of significance, were
made across nested multivariate models, each expressing different
covariate-parameter combinations. According to the likelihood ratio
test, the difference in -2 log likelihood from nested models was
assumed to be asymptotically X2 distributed with degrees of freedom
(df) equal to the difference in the number of model parameters. Signif-
icance of covariate effect was determined at a = 0.001 (or 10.8 of
change in NONMEM OFV with df = 1) at the forward selection and
backward elimination steps.

The impact of baseline demographic characteristics, including
weight, body mass index, lean body mass, age, race, sex, population
(adult vs paediatric) and type of organ transplanted (kidney vs liver vs
heart) were determined for tacrolimus absorption (absorption rate
constant [K,]; relative bioavailability [F1]), volume of distribution (cen-
tral, V; peripheral, V,), and elimination parameters (clearance [CL]).
Race was self-reported using standardized 7-category classification
(Asian, White, Black, American-Indian or Alaskan native, or native
Hawaiian or other Pacific islander). It should be noted that Asian
patients in this analysis represent a heterogeneous population com-
prising Japanese, Chinese and other Far East groups. Given the
involvement of the liver in tacrolimus metabolism, alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST), ALB and total
bilirubin were also evaluated as liver-function-related covariates for
tacrolimus absorption, distribution, and elimination. Race was coded
as a 3-category covariate in the analysis: White, Black or Asian. Covar-
iates related to patient renal function were not evaluated in the
current analysis because urinary excretion accounts for <2% of the
tacrolimus dose.? The relationship between continuous covariates
(COV) and the typical value of PK parameters (TVP) was primarily

modelled using power models:
TVP = swp*(COV/TypicaI,COV)**ecov

O1ve and Bcov are the fixed-effect parameters and Typical_COV
represents the approximate median of the general population. The
relationship between categorical covariates (CAT) and the typical

value of PK parameters was modelled as a linear proportional model:
TVP = eTvp*(l-‘reCAT*CAT)

O1vp and OcaT are fixed-effect parameters and CAT represents the
categorical covariates, which could be equal to 1 or 0, dependent on
the category of the covariates. The lower-bound value for 8car was
constrained to be >-1.

2.3.4 | Model evaluation

The final full covariate model was evaluated using study-stratified
non-parametric bootstrap and prediction-corrected visual predictive
checks (pcVPCs).3%23 For the non-parametric bootstrap procedure,
1000 replicate bootstrap data sets were obtained by random resam-
pling using the patient as the sampling unit, with replacement from
the original data set, and were fitted with the same model to obtain

parameter estimates for each replicate. There were 491 runs with
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minimization terminated and 8 runs with estimates near a boundary,
which were skipped. Empirical 95% confidence intervals (Cls) were
constructed by obtaining the 2.5%" and 97.5%" percentiles of the
resulting parameter distributions for those bootstrap runs with suc-
cessful convergence. The final model parameter estimates were com-
pared with the bootstrap median parameter estimates to evaluate the
final model performance. The predictive performance of the final
model was assessed with pcVPC. Simulation of 1000 new data sets
was carried out using the final model with the estimated fixed- and
random-effects model parameters. As the tacrolimus dose was differ-
ent in each patient, the pcVPC was based on dose-normalized concen-
trations. The concentration-time profiles were plotted for the 50t
percentile and the 5™ and 95™ percentiles (presenting the 90%
prediction interval) of the simulated data and were overlaid with
observed data.

2.3.5 | Model simulation

The final model for tacrolimus with estimated fixed- and random-effects
parameters was applied to simulate tacrolimus trough concentrations
under different covariate scenarios in order to determine whether any
covariates retained in the final model had a significant impact on tacro-
limus trough concentrations. The reference was the normal value of the
covariate against which the covariate effect was assessed. Tacrolimus
trough concentrations (12 and 24 hours post-dose for immediate- and
prolonged-release tacrolimus, respectively) for 500 patients were simu-
lated for immediate-release (5 mg, twice daily) and prolonged-release
tacrolimus (10 mg, once daily) at steady state. Parameter estimates
included only interpatient variability. Overall, 500 patients were re-
sampled from the observed data to provide a plausible combination of
covariate values. The impact of each covariate was summarized using
box plots. Liver function groups were categorized with AST as normal
(25 1U/L), with mild elevation (100 IU/L), and with moderate elevation
(400 1U/L), fixing ALB to a normal value of 39 g/L; or were categorized
with ALB as normal (39 g/L) or hypoalbuminaemia (20 g/L), fixing AST
to a normal value of 25 IU/L.

3 | RESULTS

Overall, 23,176 tacrolimus concentration records were obtained from
408 patients. The baseline characteristics for patients in the final PK
data set are summarized in Table 2. The study included 276 males
and 132 females with a median (range) age of 48 years (5-71 years;
17 patients were paediatric) and body weight of 74 kg (18.5-
148.5 kg). White (n = 340), Black (n = 24) or Asian (n = 44) were the

only self-reported races in the data set.

3.1 | Base model

After testing the performance of different structural models, a
2-compartment disposition model with first-order elimination, first-

order absorption and an absorption lag time provided the best fit for

TABLE 2 Summary of population demographics by study®

All

FG-506E-12-02'>  FJ-506E-KT01% 02-0-152%° FG-506-15-02%¢ 03-0-160% FG-506E-12-01'! FG-506-11-01%®

02-0-131%°

Parameter

48 (5-71)
74 (18.5-148.5)

51 (26-65)
79 (40-142)

45.5 (21-65)
72 (42-115)

9 (5-13)
31.8 (18.5-62.2)

52 (32-68)
85.5 (62-137)

33 (20-55)
85.5 (50.9-136.8)

56 (30-65)
60 (42.2-77.1)

43.5 (20-64)
74.5 (56-119)

47 (22-71)

Median weight (range), kg 80.6 (45.4-148.5)

Median age (range), yr

Sex, n

276
132

58

19

44

22

39

29

22

21

42

38
19

Male

12

14

18

Female

Race, n
White
Black

340

24

44

77

66

11

41

49

51

45

11

35

Asian

2Contains previously unpublished study data.



LU ET AL

the immediate- and prolonged-release tacrolimus whole-blood
concentration-time profiles. The model was parameterized in terms
of apparent oral clearance (CL/F), apparent intercompartmental clear-
ance (Q/F), apparent central volume of distribution (V./F), apparent
peripheral volume of distribution (V,/F), K, and absorption lag time
(Lag). For immediate- and prolonged-release tacrolimus formulations,
the data supported different K, but comparable interpatient variability
for K,. Interpatient variability was estimated for all structural PK
model parameters except Lag, and the interoccasion variability was
also estimated for relative bioavailability between immediate- and
prolonged-release tacrolimus. Different residual error models were
tested, and the residual additive error model with the log-transformed
tacrolimus concentration data was found to best describe the data.
Diagnostic plots for the base model showed adequate fit to the data,
with no apparent trends of residuals over time or model predictions

(data not shown).

3.2 | Covariate model

Changes in OFV for key iterative models are shown in Supporting infor-
mation 1. Results from the final model indicated that the absorption rate
of prolonged-release tacrolimus was 50% slower than the immediate-
release formulation. Tacrolimus CL/F was 44.3 L/h in Whites and 59%
higher in Asians. Due to the lack of precision of the effect of Black race
on tacrolimus CL/F, this parameter was not included in the final model.
The effect of log-transformed AST (LAST) on the clearance of tacrolimus
was modelled as a power model normalized at 3.15 IU/L. The model
predicted that if LAST increased by about 2.7-fold, CL/F would
decrease by about 30% (exp™°%8), V/F would increase by about 5.6-
fold (exp*”3), V,/F would decrease by about 60% (exp 9%, and F1
would increase by about 2.1-fold (exp®’4). If ALB increased by about
2.7-fold, both V./F (exp*©%) and F1 (exp®%) would increase by about
2.8-fold. V. of tacrolimus in females was 55% less than in males.

The inclusion of covariate effects on tacrolimus PK all resulted in
statistically significant decreases in OFV compared with the base
model (p < 0.001). The type of organ transplanted (kidney vs liver vs
heart) had no significant effect on principal PK parameters. As only
4.2% of the studied population were paediatric, there was insufficient
power to evaluate the impact of population (adult vs paediatric) on
tacrolimus PK. The final population PK model was described by the

following equations:

Apparent oral clearance (CL/F) =
44.3 % (1 4 Brace * RACE) * (LAST/3.15) 0318
Apparent central volume of distribution (V./F) =
110 # (1 + Oy * SEX) 5 (ALB/39)1% « (LAST/3.15)*73
Apparent peripheral volume of distribution (V,/F) =
3180 % (LAST/3.15) %%
Relative bioavailability (F1) =
1 % (1+Bace * RACE) * (1= (1 = Bormuiation) * FORMULATION)
#(ALB/39)1% « (LAST/3.15)%7
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Posthoc analysis of the empirical Bayes estimates for relative bio-
availability showed limited clinical difference between formulations:
the geometric mean ratio for prolonged-release:immediate-release
tacrolimus was 95% [90% Cl: 89%, 101%]). However, subgroup
analysis relative  bioavailability
(Asians>Whites>Blacks). Asians had 83% (90% Cl: 59%, 210%) and
51% (90% Cl: 32%, 74%) higher relative bioavailability than Whites
and Blacks, respectively, for both prolonged- and immediate-release
tacrolimus. Whites had 49% (90% Cl: 128%, 175%) and 77% (90%
Cl: 51%, 208%) higher relative bioavailability for both prolonged-
and immediate-release tacrolimus, respectively, than Blacks. Blacks
had 52% (90% ClI: 43%, 59%) lower relative bioavailability than Whites
and Asians for both prolonged- and immediate-release tacrolimus.

revealed racial differences in

All parameter estimates were identified with good precision, as
standard errors of the parameter estimates were <50% of the esti-
mated value. Goodness-of-fit plots (Figure 1) indicated a good fit of
the model for most data where the observed tacrolimus concentra-
tions satisfactorily matched the predicted population concentrations
(PRED) or individual PRED. The distribution of the conditional
weighted residuals was unbiased with respect to time or population
predictions.

3.3 | Model evaluation

The median values of parameters and 95% Cls obtained from the con-
verged bootstrap runs for tacrolimus are presented in Table 3. The
median values of parameters were in close agreement with the popu-
lation estimates in the final models, suggesting that the NONMEM
parameter estimates of the model were unbiased.

Results from the dose-normalized pcVPC analysis with the final
parameter estimates in the tacrolimus PK model are shown in
Figure 2. The pcVPC analysis suggests that the models can predict
the distribution of observed tacrolimus concentrations for both
immediate- and prolonged-release tacrolimus. The calculated median
(based on 1000 simulated data sets) represented the trend of the
observed data. There were 295 (1.3%) and 522 (2.3%) data points
below and above the prediction intervals, respectively. Most observed
concentrations were within the 95% prediction interval, indicating that
the predicted variability did not exceed the observed variability.

3.4 | Model simulation

Simulations were undertaken to compare trough concentrations for all
identified covariates (Figure 3A-C). Tacrolimus trough concentration
was lowest for Blacks and highest for Whites, and similar with
prolonged- vs immediate-release tacrolimus. There was no observed
difference in trough concentration between males and females. Most
tacrolimus trough concentrations from both formulations were within
the clinical therapeutic window (5-20 ng/mL). Tacrolimus trough
increased with greater AST activity and increasing ALB concentra-
tions; however, trough concentrations of immediate- and prolonged-
release tacrolimus mostly fell below the therapeutic window when

hypoalbuminaemia was present in Blacks, Whites or Asians
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FIGURE 1 Basic goodness-of-fit graphs for the final tacrolimus population pharmacokinetics model. A, Observed vs population predicted
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of identity or horizontal line, and the green line is the locally estimated scatterplot smoothing line
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TABLE 3 Parameter estimates of the final tacrolimus population pharmacokinetic covariate model

BRITISH 1699
B PHARMACOLOGICAL
SOCIETY

Parameter Value Eta-shrinkage, %° %CV Bootstrap median (n = 501) Bootstrap 95% ClI (n = 501)
CL/F, L/h 443 - 3.43 44.154 41.47, 47.48
Asian race on CL/F 0.59 - 16.53 0.573 0.394, 0.791
AST on CL/F -0.318 - -44.97 -0.329 -0.6804, -0.0515
V./F, L 110 - 10.55 109.958 87.78, 134.31
Sex on V./F -0.446 - -15.63 -0.444 -0.56, -0.29
AST on V./F 1.73 - 27.92 1.702 0.55, 2.54
ALB on V./F 1.03 - 41.17 0.936 0.087, 1.782
Q/F, L/h 131 - 5.42 129.886 119.29, 143.85
V,/F, L 3180 - 7.39 3163.63 2756.26, 3709.92
AST on V,/F -0.945 - -16.19 -0.937 -1.275, -0.647
K, h? 0.375 - 4.48 0.375 0.341, 0.404
Prolonged-release 0.499 - 3.61 0.498 0.465, 0.535
tacrolimus on K,
F1 1.51 - 2.96 1.505 1.44, 1.58
Asian race on F1 0.25 = 41.6 0.242 0.03, 0.43
Black race on F1 -0.433 - -10.83 -0.431 -0.52, -0.32
AST on F1 0.74 = 26.89 0.726 0.228, 1.085
ALB on F1 1.04 - 19.33 1.024 0.568, 1.439
ALAG1 0.44 - 1.17 0.439 0.427, 0.452
IPV-CL, % 30.9 29 7.32 30.98 26.08, 35.78
IPV-V,, % 106 9.4 576 105 93.1,117.8
IPV-Q, % 39.3 29 12.07 38.47 28.55, 48.06
IPV-V,, % 99 15.8 4.55 98.79 89.61, 109.5
IPV-K,, % 35.5 31.7 6.63 34.93 29.83, 39.87
IPV-F1, % 30.5 35 11.05 30.98 23.17, 38.9
BOV-F1, % 59.9 - 3.84 59.75 55.59, 64.19
RV1? % 21.1 - 2.57 21.1 20.3, 22
RV2?, % 15.8 - 5.51 15.8 14.2,17.6
Epsilon-shrinkage, %" 6.9 — — = —

?Residual variability was parameterized by the fixed-effect parameter (0) for different assays.

PEta- and epsilon-shrinkages were estimated only for covariates included in the final model. Interpatient variability and residual variability were expressed
as %CV; %CV was expressed as 100 x (standard error of the estimate/point estimate). Median and 95% Cl were estimated from non-parametric bootstrap

estimates stratified by study.

ALAG1, absorption lag time; ALB, albumin; AST, aspartate aminotransferase; BOV, between-occasion variability; Cl, confidence interval; CL, clearance; CL/
F, apparent oral clearance; CV, coefficient of variation; F1, relative bioavailability; IPV, interpatient variability; K,, absorption rate; Q, intercompartmental
clearance; Q/F, intercompartmental oral clearance; RV, residual variability; V., central volume of distribution; V,,, peripheral volume of distribution; V./F,

apparent central volume of distribution; V,/F, apparent peripheral volume of distribution.

(Figure 3C). Interpatient variability in tacrolimus trough concentrations
was similar with the immediate- and prolonged-release formulations
throughout the simulations (Figure 3D).

4 | DISCUSSION

In this analysis, a 2-compartmental model with first-order elimination,

first-order absorption, and an absorption lag time adequately

described the PK of immediate- and prolonged-release tacrolimus in
kidney, liver and heart transplant recipients. Prolonged-release tacroli-
mus had slower absorption than immediate-release tacrolimus, and
clearance of tacrolimus was 59% higher in Asians than Whites. The
PK of tacrolimus was similar between adult and paediatric populations
in this study, and there was no effect of organ type; however, tacroli-
mus bioavailability differed between races. Interpatient variability in
tacrolimus trough concentrations was similar for the immediate- and

prolonged-release formulations.
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FIGURE 2 Prediction-corrected visual predictive check graphs based
on the final tacrolimus population pharmacokinetics model. The solid
red line represents the median observed plasma tacrolimus
concentration, and the semi-transparent red field represents a
simulation-based 95% CI for the median. The observed 5" and 95t
percentiles are presented with dashed red lines, and the 95% Cls for
the corresponding model predicted percentiles are shown as
semitransparent blue fields. The observed plasma concentrations are
represented by blue circles. Cl, confidence interval

Typically, the estimated absorption rate of prolonged-release
tacrolimus was 50% slower compared with immediate-release tacroli-
mus, due to the extended-release properties of the prolonged-release
formulation. However, the absorption rate of prolonged-release tacro-
limus showed similar variability (35.5%) to immediate-release tacroli-
mus. The absorption phase was similar across transplanted organ
type, and between adult vs paediatric patients. During the first 6 weeks
after transplantation, paediatric kidney transplant recipients require
higher tacrolimus weight-normalized starting doses than adults.®*
Although 1 PK study of stable paediatric liver transplant recipients
converted from immediate- to prolonged-release tacrolimus was
included in this analysis,?’ there were only 17 paediatric patients in
the study, compared with 391 adult patients. As such, there may be
insufficient power to detect a significant age effect on principal PK
parameters (CL, K,, V., V,, and F1).

Following absorption, the median steady-state volume of distribu-
tion was 3290 L for males and 3241 L for females, indicating that
tacrolimus is extensively distributed in the body. Notably, while
interpatient random variability and between-occasions variability in
the final model was moderate for most PK parameters, apparent
volume of distribution exhibited large variability, estimated to be
approximately 100%. The reason for this is unclear, but it may warrant
further investigation.

Tacrolimus V. was higher with increased vs lower concentrations

of AST or ALB, which is consistent with tacrolimus usually being highly

bound to plasma proteins, predominantly serum ALB.* Other con-
founders that could affect the level of bound tacrolimus include the
haematocrit value.>> The positive correlation between AST and V.
and the negative correlation between AST and V,, could be due to
decreased hepatic clearance, indicated by elevated blood values of
AST. As systemically available tacrolimus is cleared by hepatic metab-
olism, elevated AST could result in reduced tacrolimus clearance.
Indeed, the covariate search identified this effect of AST on tacrolimus
clearance.

A bioequivalence-type comparison of the posthoc empirical
Bayes estimates for relative bioavailability between immediate- and
prolonged-release tacrolimus revealed limited differences. This
supports current clinical practice to convert from twice-daily,
immediate-release tacrolimus (Prograf) to once-daily, prolonged-
release tacrolimus (Advagraf or Astagraf XL) on a 1 mg:1 mg total-
daily-dose basis, with continuous trough concentration monitoring to
ensure adequate drug exposure. Notably, bioequivalence analyses
revealed racial differences in the relative bioavailability of tacrolimus,
with Asians having greater relative bioavailability than Whites, who
had greater relative bioavailability than Blacks. This suggests, paradox-
ically, that some Asian patients may have lower tacrolimus dose
requirements than Whites, while Blacks may need higher doses than
Asians and Whites.

Whether Asians need lower doses of tacrolimus than Whites and
Blacks in order to achieve therapeutic concentrations has not been
explicitly examined in clinical studies. In this study, the tacrolimus
clearance was higher in Asians than in Whites, which could result in
lower tacrolimus exposure-related trough concentrations in this popu-
lation; however, it should be considered that the Asian population in
this study was a heterogeneous group of Japanese, Chinese and Far
East patients. Moreover, in a previous PK modelling study of tacroli-
mus in Asian liver transplant recipients, the estimated CL/F was
18.4 L/h,®® which is lower than the clearance observed for Whites in
our study (44.3 L/h). This indicates the need for further studies to con-
firm the dose requirements for Asian compared with White patients.3

Lower relative bioavailability of tacrolimus in Blacks is consistent
with earlier reports that African-Americans require higher doses of
tacrolimus in order to achieve therapeutic drug concentrations.%”3¢
Tacrolimus is extensively metabolized by CYP3A4 and CYP3AS5,
with CYP3A5 polymorphism expressed at a higher frequency in
African-Americans,>® which could be responsible for the estimated
racial effect. Presystemic metabolism by gastrointestinal CYP3A4
and P-glycoprotein (P-gp) has also been implicated in limiting oral
bioavailability of tacrolimus. Conceivably, Blacks might express
higher concentrations of P-gp in the gut and intestine, thereby
decreasing tacrolimus bioavailability;*® however, in the current study,
CYP3A4 and P-gp variants were not included as covariates. In a retro-
spective study that formed part of the immediate-release tacrolimus
development programme, simulated trough concentrations of tacroli-
mus were lower for Black vs White kidney transplant recipients, and
Blacks required higher immediate-release tacrolimus doses to attain
similar trough tacrolimus concentrations to those in Whites.*? Similar

findings were reported for a subset of heart transplant patients
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FIGURE 3 Simulated tacrolimus trough concentration for all covariates identified. A, Tacrolimus trough concentration stratified by race (White,
Black, Asian), tacrolimus formulation (immediate-release tacrolimus, prolonged-release tacrolimus) and sex (male, female). B, Tacrolimus trough
concentration stratified by aspartate aminotransferase (normal = 25 |U/L, mild elevation = 100 IU/L, moderate elevation = 400 IU/L), race, sex and
tacrolimus formulation. C, Tacrolimus trough concentration stratified by albumin, race, sex and tacrolimus formulation. D, Interpatient variability in
tacrolimus trough concentrations (concentration immediately prior to dosing across multiple doses) for immediate- and prolonged-release
tacrolimus. The shaded grey area represents the therapeutic window for tacrolimus trough concentrations (5-20 ng/mL). The box, solid line, and
whiskers represent the interquartile range, median, and 5%/95™ percentiles, respectively, of simulated tacrolimus trough concentrations

receiving immediate-release tacrolimus-based therapy in an observa-
tional parallel-group study.*®

In the current simulations, patients were converted from
immediate-release (Prograf) to prolonged-release (Advagraf or Astagraf
XL) tacrolimus on a 1 mg:1 mg total-daily-dose basis. The final model

predicted that overall median tacrolimus trough concentrations were

similar and within the therapeutic window with both formulations,
supporting the 1 mg:1 mg conversion factor between immediate-
and prolonged-release tacrolimus recommended in clinical practice.?
There was no significant effect of sex on tacrolimus trough concen-
tration; indeed a sex effect was only identified for V. in this study.
concentrations increased with elevated

Tacrolimus  trough
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concentrations of AST due to decreased clearance. However, in the
presence of hypoalbuminaemia, trough concentrations were outside
the therapeutic window with both formulations, irrespective of race.
This suggests that dose adjustments may be required for patients
with hypoalbuminaemia.

It is not possible to explain why sex had an effect on volume of dis-
tribution, whereas weight did not. However, haematocrit and time
after transplant are considered important covariates affecting tacroli-
mus PK, and a limitation of the study was the lack of inclusion of these
covariates in the model. A further limitation was the observed high
variability of the data and large size of the sample across different
studies, which reduced the ability of the VPC for the model to predict
the 5™ and 95 percentiles.

In conclusion, the tacrolimus population PK model adequately
described the tacrolimus PK data observed in transplant recipients. Of
the assessed covariates, the PK of immediate- and prolonged-release
tacrolimus was only affected by race, sex and liver function. The model
confirmed that patients can be converted from immediate-release
(Prograf) to prolonged-release (Advagraf or Astagraf XL) tacrolimus on
a 1 mg:1 mg total-daily-dose basis, and showed that the population
studied achieved clinical tacrolimus trough concentrations within the
therapeutic range. However, for safety, it is important that following
conversion from immediate- to prolonged-release tacrolimus, trough
concentrations should be monitored and dose adjustments made to

maintain exposure on an individual patient basis.
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