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Abstract

Background and Objective The tacrolimus concentration within peripheral blood mononuclear cells may correlate better
with clinical outcomes after transplantation compared to concentrations measured in whole blood. However, intracellular
tacrolimus measurements are not easily implemented in clinical practice. The prediction of intracellular concentrations based
on whole-blood concentrations would be a solution for this. Therefore, the aim of this study was to describe the relationship
between intracellular and whole-blood tacrolimus concentrations in a population pharmacokinetic (popPK) model.
Methods Pharmacokinetic analysis was performed using non-linear mixed effects modelling software (NONMEM). The
final model was evaluated using goodness-of-fit plots, visual predictive checks, and a bootstrap analysis.

Results A total of 590 tacrolimus concentrations from 184 kidney transplant recipients were included in the study. All tac-
rolimus concentrations were measured in the first three months after transplantation. The intracellular tacrolimus concentra-
tions (n = 184) were best described with an effect compartment. The distribution into the effect compartment was described
by the steady-state whole-blood to intracellular ratio (Rypg.1c) and the intracellular distribution rate constant between the
whole-blood and intracellular compartments. Lean body weight was negatively correlated [delta objective function value
(AOFV) —8.395] and haematocrit was positively correlated (AOFV = — 6.752) with Ryp.;c, and both lean body weight and
haematocrit were included in the final model.

Conclusion We were able to accurately describe intracellular tacrolimus concentrations using whole-blood concentrations,
lean body weight, and haematocrit values in a popPK model. This model may be used in the future to more accurately predict
clinical outcomes after transplantation and to identify patients at risk for under- and overexposure.
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1 Introduction

In most transplant centres around the world, tacrolimus is
prescribed as part of the immunosuppressive therapy after
kidney transplantation to prevent rejection. Although the
introduction of tacrolimus has improved both graft and
patient survival, the drug has some limitations [2]. As
tacrolimus is known to have a narrow therapeutic range
and a high variability between patients in its pharmacoki-
netics, doses are adjusted based on whole-blood pre-dose
concentrations to ensure adequate exposure to the drug
(i.e. therapeutic drug monitoring; TDM) [2]. However, in
clinical practice, rejection and drug-related toxicity still
occur when tacrolimus whole-blood concentrations are
within the therapeutic range [3—5]. Theoretically, tacroli-
mus concentrations at the target site might better reflect
tacrolimus’ immunosuppressive effect than tacrolimus
concentrations in whole blood. As tacrolimus exerts its
effect via the inhibition of calcineurin within lympho-
cytes, peripheral blood mononuclear cells (PBMCs) have
been suggested to be a better matrix to monitor tacrolimus
exposure [6, 7].

In recent years, several research groups have investi-
gated intracellular tacrolimus measurement after trans-
plantation. Their studies have revealed poor to moderate
correlations between PBMC and whole-blood tacrolimus
concentrations [8—14], which may be explained by a num-
ber of factors that affect the correlation between tacroli-
mus in whole blood and PBMCs, such as ABCBI genotype,
age, haematocrit, plasma protein concentrations, sex, and
time after transplantation [13, 15, 16]. This poor correla-
tion indicates that whole-blood tacrolimus exposure can
differ from tacrolimus exposure at the target site. Since
intracellular tacrolimus concentrations have been associ-
ated with both the occurrence and the grade of rejection in
liver transplant recipients [14], tacrolimus measurement at
the target site and adjusting the tacrolimus dose based on
the intracellular concentration might improve tacrolimus
treatment.

Although intracellular tacrolimus monitoring poten-
tially can identify patients at risk for rejection, intracel-
lular tacrolimus measurement is not easily implemented in
clinical practice. The method is time consuming, and the
pre-analytical work-up is complex. The development of a
population pharmacokinetic model (popPK) can overcome
some of these practical issues. A popPK model incorporat-
ing variables affecting the tacrolimus distribution makes
it possible to predict a patient’s intracellular tacrolimus
concentration based on the patient’s whole-blood concen-
tration. This can reduce the number of intracellular tacroli-
mus concentrations that have to be measured. Moreover,
a popPK model might enable the identification of patients
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with high or low intracellular to whole-blood tacrolimus
concentration ratios, and thus a deviant tacrolimus distribu-
tion. This would make it possible to adjust the whole-blood
target concentration based on the patient’s characteristics
and simulated intracellular tacrolimus concentrations.
This approach may eventually further personalize tacroli-
mus treatment after transplantation. The aim of this study
was to describe the relationship between intracellular and
whole-blood tacrolimus concentrations in renal transplant
recipients.

2 Materials and Methods
2.1 Study Design and Data Collection

All patients included in this study received a kidney trans-
plantation in the Erasmus MC and participated in a ran-
domized controlled clinical trial (Dutch National Trial
Registry number NTR2226) [1]. Only patients with avail-
able whole-blood and intracellular tacrolimus concen-
trations measured at three months post-transplantation
were included in this analysis. Patients with an intracel-
lular sample with a red level >2 were excluded from the
analysis (more information is provided in the section on
intracellular tacrolimus measurement below). Patients
were treated with oral twice-daily tacrolimus (Prograft,
Astellas Pharma, Leiden, the Netherlands) in combination
with mycophenolic acid, prednisolone and basiliximab as
induction therapy. For tacrolimus, TDM was applied by
trained transplant physicians to achieve concentrations of
10.0-15.0 ng/ml in weeks 1-2, 8.0-12.0 ng/ml in weeks
3—4, and 5.0-10.0 ng/ml after week 4 post transplanta-
tion. Dose administrations, patient characteristics and
clinical chemistry results were retrieved from the study
database. As described previously [1, 16], biopsy-proven
acute rejection (BPAR) was registered up until the third
post-operative month. For cause, kidney transplant biopsies
were reviewed in a blinded fashion by two independent
pathologists and were graded according to the 2013 Banff
classification of renal allograft rejection [17].

Genotyping of the ABCBI 1199G>A (rs2229109),
ABCBI 3435C>T (rs1045642), CYP3A4%*22 15389C>T
(rs35599367), and CYP3A5*3 6986G>A (1s776746) single-
nucleotide polymorphisms (SNPs) was performed according
to standard laboratory procedures in an ISO15189-certified
laboratory as described earlier [16]. DNA was extracted
from peripheral-blood leucocytes using a Blood DNA kit
(Qiagen, Courtaboeuf, France), after which genotyping was
performed using TagMan Assay reagents for allelic discrimi-
nation (Applied Biosystems, Courtaboeuf, France) with an
Applied Biosystems 7900 thermal cycler.
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Body composition parameters were calculated according
to the following formulas:

— Body mass index (BMI)
e BMI = (weight in kg)/(height in m)>.
— Ideal body weight (IBW) [18]

e Female: IBW =49 + [(length in cm — 152) X 0.39]
x 1.7

e Male: IBW =52 + [(Iength in cm — 152) X 0.39] X
1.9.

— Lean body weight (LBW) [19]

e Female: LBW = 1.07 X weight in kg — 148 X (weight
in kg/height in cm)?

e Male: LBW = 1.1 X weight in kg — 128 X (weight in
kg/height in cm)?.

— Body surface area (BSA) [20]

e BSA= \/(height in cm X weight in kg/3600).

The Ethics Review Board of the Erasmus MC provided a
waiver for the Medical Research Involving Human Subjects
Act for this study (Medical Ethical Review Board number
2017-1029).

2.2 Tacrolimus Concentration Measurement

Tacrolimus concentrations in whole blood were determined
by two immunoassays: the antibody-conjugated magnetic
immunoassay (ACMIA) on a Dimension platform (Sie-
mens Healthcare, NV, The Hague, the Netherlands) and the
enzyme-multiplied immunoassay technique (EMIT; Siemens
Healthcare NV), as described previously [1]. ACMIA and
EMIT immunoassays demonstrated a high correlation (r =
0.97) [1].

For the intracellular concentrations, peripheral blood
mononuclear cells (PBMCs) were isolated using a Ficoll
separation technique, as previously described [16, 21]. To
determine the presence of erythrocytes, which could affect
the measured tacrolimus concentration, the redness of the
sample was rated on a scale from 0 to 8 by visual inspection
(Supplementary Fig. S1). Samples with a red level above
2 were excluded from this study to avoid an effect of the
presence of erythrocytes. Tacrolimus concentrations in
PBMCs were analysed using a validated liquid chromatog-
raphy—tandem mass spectrometry (LC-MS/MS) method in
an ISO15189-certified laboratory. Intracellular PBMC con-
centrations were calculated using the PBMC cell count and
average cell volume [22].

2.3 Pharmacokinetic Modelling

Pharmacokinetic analysis was conducted by non-linear
mixed effects modelling using NONMEM® version 7.4.4
(ICON Development Solutions, Ellicott City, MD, USA).
Pirana (version 2.9.9), PsN® (version 4.9.0) and R (ver-
sion 4.0.1) were used for data management and graphical
diagnostics.

2.3.1 Structural Model

A population model describing the pharmacokinetics of
tacrolimus in whole blood was first developed [23]. This
previously published two-compartment model with first-
order absorption and linear elimination from the central
compartment was used as a reference model from which
further structural models were developed [23]. Subsequently,
intracellular concentrations were added to the dataset and
linked to the structural model. As only one pre-dose con-
centration was available per patient, no information about
the changes in intracellular concentration over time were
available. We assumed a fast equilibrium between whole-
blood and intracellular concentrations without saturation at
higher concentrations, based on previous observations [21].
Structural models with both fixed and estimated parameters
and models with and without mass transfer were tested to
describe the intracellular compartment. As the intracellular
data were obtained from the same patients and samples as
the whole-blood model, initially the individual parameters
for the whole-blood structural model were used. An addi-
tional error for the intracellular concentrations was added
because of the different sample preparation.

2.3.2 Covariate Model

Covariates were selected based on their known or theo-
retical relationships with tacrolimus pharmacokinetics and
theoretical plausibility. The following demographic, disease,
and genetic characteristics were evaluated as potential model
covariates: weight [total body weight (TBW), lean body
weight (LBW), ideal body weight (IBW), body mass index
(BMI), and body surface area (BSA)], sex, age, haematocrit,
albumin, and ABCBI genotype polymorphisms (3435C>T
and 1199G>A). The relationship between covariates and
inter-individual variability (IIV) was first investigated graph-
ically and then further tested in a univariate analysis. Covari-
ates that significantly improved the model (p < 0.05) were
added to the full model. A backward elimination process
was then performed, with statistical significance indicated
by p <0.001.
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Continuous covariates were normalized to the population
median values and incorporated as power model functions;
see Eq. 1 below. Categorical covariates were transformed to
binary covariates and incorporated as shown in Eq. 2 below.

cov; Oeov
6; :epopx(coV ) (1)
ei = 6pop X ecovCOVi' (2)

Here, 6, is the individual-model-predicted pharmacoki-
netic parameter (i.e. the WB:IC ratio) for an individual with
covariate value cov;, 8., is the population estimate for that
parameter, cov,, represents the median covariate value, and
0.,y 18 the covariate effect. In the equation for categorical
covariates, cov; is either 1 or 0.

2.3.3 Model Selection and Evaluation

Model selection was based on minimum objective function
value (OFV) parameter precision, error estimates, eta shrink-
age values, and visual inspection of the goodness-of-fit plots.
The validity of the final model was evaluated using bootstrap
(by simulating 200 datasets) and visual predictive checks
(VPCs, by simulating 1000 datasets) and then generating the
95% prediction intervals from these simulations.

2.3.4 Simulations

To give an illustration of the effect of the significant covari-
ates found in the covariate analysis, deterministic simula-
tions were performed. Whole-blood and intracellular tacroli-
mus pre-dose concentrations at steady state were simulated
for the values of the 10th, 50th, and 90th percentiles of a
specific covariate while keeping the other covariates similar
to the population median.

2.4 Statistical Analysis

All analyses were performed with R (version 3.5.3). Each
categorical variable is described as the number of cases
with the proportion. Each continuous variable with a non-
parametric distribution is described as the median with the
interquartile range (IQR). The Mann—Whitney U test was
used to compare non-parametric continuous variables.

3 Results
3.1 Patient Characteristics

Out of the 237 patients included in the original trial by
Shuker et al. [1], 184 kidney transplant recipients were
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Table 1 Patient characteristics

Characteristic N =184
Age, years (median, IQR)* 57 (46-64)
Donor
Living related 72 (39.1%)
Living unrelated 112 (60.9%)
HLA mismatch
<4 97 (52.7%)
>4 87 (47.3%)

Co-medication
Glucocorticoids

185 (100%)

Calcium channel inhibitors 23 (12.5%)

Body weight (kg)° 80.0 (69.2-92.0)
Body mass index (kg/m?)° 25.9 (23.7-29.5)
Body surface area (m?)° 1.97 (1.80-2.14)
Ideal body weight (kg)° 68.3 (61.6-74.2)
Lean body weight (kg)° 60.9 (53.8-66.9)

Fat mass (kg)b 23.2 (20.3-27.8)
Laboratory measurements®
Haematocrit (1/1) 0.34 (0.31-0.38)

Creatinine (umol/l) 135 (109-171)

Albumin (g/1) 43 (40-46)
Genotype
ABCBI 3435C>T (n) (%)
CC 42 22.8
CT 88 47.8
TT 44 239
Unknown 10 5.4
ABCBI 1199G>A (n)
GG 156 84.7
GA 12 6.5
AA 2 1.1
Unknown 14 7.6
CYP3A4%*22 (n)
Carriers 20 10.9%
Non-carriers 155 84.2%
Unknown 9 4.9%
CYP3A5*1 (n)
Carriers (expressers) 41 22.3%
Non-carriers (non-expressers) 143 77.7%

Total number of samples per patient (median, range)
2 (1-10)
1(1-1)

Whole-blood samples
Intracellular samples

At the time of transplantation; ® presented as the median and IQR
over the first three months after kidney transplantation for continuous
variables

included in the present study. A total of 53 patients were
excluded, because no intracellular tacrolimus concentration
(n =36) was available at month 3 post-transplantation, there
were missing data (n =8), or the red level of the intracellular
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samples was above 2 (n =9; Supplementary Fig. S2). A total
of 590 tacrolimus concentrations (intracellular concentra-
tions, n = 184, whole-blood concentrations, n =406) from
184 kidney transplant recipients were included in the study.
For a complete overview of the patient and clinical character-
istics, see Table 1. Their median age at time of transplanta-
tion was 57 years (IQR 46-64) and the median weight was
80.5 kg (IQR 68.8-92.1). Over a three-month period, the
median serum creatinine concentration was 137 umol/L (IQR
110-183) and haematocrit was 0.34 (0.31-0.37).

Out of the 184 patients, 10.9% were carriers of
the CYP3A4%*22 allele and 22.3% were carriers of the
CYP3A5*] allele. Moreover, 47.8% of the patients were
heterozygous for the ABCBI 3435C>T SNP, 22.8% were
homozygous for 3435CC, and 23.9% were homozygous for
the 3435T allele. For 5.4%, the genotype was unknown.
In the case of the ABCBI 1199G>A SNP, 6.5% were het-
erozygous for 1199GA, 84.8% were homozygous for GG,
1.1% were homozygous for AA, and the genotype was
unknown for 7.6% of the patients. The ABCBI 3435C>T
genotype was in Hardy—Weinberg equilibrium (p > 0.05),
but ABCBI 1199G>A genotype was not (p =0.04956).
However, only two patients were homozygous for the vari-
ant allele (1199AA), and with expected counts below five,
the chi-square approximation may be incorrect.

3.2 Structural Model

The model previously developed by Andrews et al. [23] was
extended with an intracellular compartment. The intracel-
lular concentrations of tacrolimus were best described by a
pharmacokinetic model with an effect compartment without
mass transfer from the central compartment (Fig. 1). The dis-
tribution into the effect compartment was described by the
steady-state whole-blood to intracellular ratio Ry .- and the
intracellular distribution rate constant between the whole-
blood and intracellular compartments (Kyg ;) (Fig. 1 and
Eq. 3). Final parameter estimates are presented in Table 2.
As only pre-dose intracellular concentrations were available,

Fig. 1 Population pharmacoki-
netic model with intracellular
compartment. CL clearance, F
bioavailability of oral tacroli-

Model Andrews et al.

Kyp.1c could not be estimated accurately. Therefore, Ky 1
was fixed at 0.9, indicating a fast equilibrium between
whole-blood and PBMC concentrations. Ryg.;c was 14100,
indicating that, on average, there was a 14-fold higher con-
centration in the PBMCs compared to that in whole blood,
with a large IIV of 38.9%.

dAic A,
—— = Kyp_jc X Ryp.jc X v Age)s 3)

dt .
where A, is the amount in the intracellular PBMC com-
partment, A_ is the amount in the central whole-blood com-
partment, and V_ is the volume of distribution of the central
compartment.

3.3 Covariate Model

The univariate analysis with a p threshold of 0.05 resulted
in five significant covariates (TBW AOFV = —6.362; LBW
AOFV = —8.395; IBW AOFV = —-8.405; BSA AOFV =
—7.998; haematocrit AOFV = —6.752; Table 3). After back-
ward elimination with a lower threshold of 0.001, only LBW
and haematocrit remained in the final model (for a full list
of the covariates tested, see Table 3). LBW was positively
correlated and haematocrit negatively correlated with the
WB:IC ratio (Eq. 4). The addition of LBW and haematocrit
to the model decreased the IIV from 41.8 to 38.9%.

1.01
Ryp.ic = 14100 (M) x (

Haematocrit )_1‘22
59.5

034 X exp(e).

@
3.4 Model Evaluation

Standard goodness-of-fit plots (Fig. 2) showed no major
deviations except for a small underprediction at higher con-
centrations. The VPC of the final model showed good pre-
dictive performance over the whole range of each covariate

New model

. k

mus, K, absorption rate con- ? e .
stant, Ky ¢ distribution rate Q1/F : 1
constant, Q inter-compartmental Peri > 1 :
h pheral Central Wsisizs R 1
clearance, Ry ;¢ ratio between compartment compartment | ___Wweic: Tweic __,1 Intracellular ]
whole-blood and intracellular (V2/F) (V1/F) : compartment :
tacrolimus, Tlag lag time, V; 1 1
central compartment, V, periph- :_ _____ oo 1

eral compartment 1

CL/F : Kwe-ic
¥
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and over the entire range of whole-blood concentrations
(Fig. 3). In the bootstrap results (Table 2), the medians of the
estimated parameters were within the 95th percentile range.

3.5 Simulations
The whole-blood and intracellular tacrolimus concentrations

were simulated for different values of the covariates that
were included in the final model (Fig. 4; Supplementary

Table 2 Parameter estimates of

Table S1). The simulations with different values of haema-
tocrit (10th percentile: 0.28 L/L; 50th percentile: 0.34 L/L;
90th percentile: 0.43 L/L) showed a higher WB:IC ratio for
higher haematocrit values. Since LBW was calculated based
on the patient’s body weight, and the patient’s body weight
also determines the patient’s BSA, which was included in the
model of the whole-blood tacrolimus concentration, we used
different values of body weight to simulate the LBW effect.
With higher body weight (10th percentile: 58.5 kg; 50th

Parameter Structural model Final model Bootstrap estimate (95% CI)
the base model, ﬁnal model, and (shrinkage) (shrinkage)
bootstrap analysis
Tpe" (h) 0.38 0.38 0.38
k(b 3.58 3.58 3.58
CL/F* (1h™) 23.0 23.0 23.0
V/F () 692 692 692
Q,/F* (1h™) 11.6 11.6 11.6
V,/F* (1) 5340 5340 5340
Kwgac® 0.9 0.9 0.9
Rwg.ic 12900 14100 14023 (12595-15633)
Covariate effect on CL?
CYP3A5*] 1.63 1.63 1.63
CYP3A4%22 0.80 0.80 0.80
Haematocrit (117" -0.76 -0.76 -0.76
Creatinine (pmol 1’1) -0.14 -0.14 -0.14
Albumin (g 1" 0.43 0.43 0.43
Age (years) —-0.43 -0.43 -043
BSA (m?) 0.88 0.88 0.88
Covariate effect on V*
Lean body weight 1.52 1.52 1.52
Covariate effect on Ryp.c
Lean body weight - 1.01 1.002 (0.56-1.54)
Haematocrit - —-1.22 —1.21 (=196 to —0.42)
1V (%)
CL? 38.6 38.6 38.6
V2 49.2 49.2 49.2
A\ 53.0 53.0 53.0
0! 78.7 78.7 78.7
Ryp.1c 42.8 [31] 38.9 [33] 37.3 (21.7-52.5)
10V (%)
CL/F* 13.6 13.6 -
Residual variability
Proportional WB 0.611 0.611 0.584 (0.292-0.874)
Proportional IC 0.202 0.184 0.179 (0.139-0.210)
Additive IC 37 36.8 36.1 (20.5-46.4)
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*Fixed parameter. Whole-blood model parameter values were fixed at individual values using the previ-
ously reported model of Andrews et al. [23]; therefore, RSE, shrinkage, and bootstrap estimates are not

reported.

CL clearance, CYP cytochrome P450, F bioavailability of oral tacrolimus, /IV inter-individual variability,
IOV inter-occasion variability, K, absorption rate constant, Ky ;- distribution rate constant, Q inter-com-
partmental clearance, Ry, ratio between whole-blood and intracellular tacrolimus, T}, lag time, V; cen-
tral compartment, V, peripheral compartment
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Table 3 Covariate analysis

Covariate AOFV Covariate effect Included after forward Included after
inclusion backward elimi-
nation
Haematocrit —6.752 —0.906 Yes Yes
Albumin —0.001 —0.0143 No No
Weight —6.362 0.514 Yes No
LBW —8.395 0.787 Yes Yes
IBW —8.405 1.07 Yes No
BSA —7.998 0.955 Yes No
Sex —0.537 0.916 No No
Age -0.792 0.126 No No
ABCBI 1199G>A
AA —-0.474 0.702 No No
GA -0.107 1.06 No No
GG —0.537 0.916 No No
ABCBI 3435C>T
CC —3.431 0.817 No No
CT —-2.515 1.15 No No
TT —-0.011 1.01 No No

OFYV objective function value, LBW lean body weight, IBW ideal body weight, BSA body surface area

percentile: 78.9 kg; 90th percentile: 102 kg), the WB:IC
ratio decreased.

3.6 Rejection

Out of the 184 patients, 16 (8.7%) developed BPAR within
the first three months after kidney transplantation. Bor-
derline rejection was diagnosed in five patients (2.7%),
and rejection was presumed in four patients (2.1%) (these
patients were treated, but rejection was not histologically
confirmed). In one patient, the rejection status was unknown,
and the other 157 patients remained rejection free. No sta-
tistically significant differences in the Ryp.;c Were observed
between patients with (n =16) and without (n =158) BPAR
[median 14371 (IQR 13060-17937) versus 12274 (IQR
10708-15159); p =0.086; Fig. 5].

4 Discussion

In the present study, a popPK model with an intracellu-
lar compartment was developed for the immunosuppres-
sant tacrolimus in kidney transplant recipients. The model
included LBW and haematocrit as covariates affecting the
ratio between the whole-blood and intracellular tacrolimus
concentrations.

Tacrolimus is an immunosuppressant with a narrow
therapeutic range and a high inter-patient variability in its
pharmacokinetics. Assuming that tacrolimus concentra-
tions at the target site correlate better with clinical outcomes

than whole-blood concentrations (which, however, remains
unclear from previous studies [8, 14, 16, 24]), identifying
patients with a high or low whole-blood to intracellular con-
centration ratio is important to avoid adverse drug-related
clinical outcomes. A popPK model with an intracellular
compartment might help in predicting the tacrolimus con-
centration at the target site and identifying patients with
a particularly high or low exposure within lymphocytes,
based on whole-blood tacrolimus concentrations. Moreover,
popPK models can provide dosing advice for reaching a cer-
tain intracellular target exposure. Currently, no dose recom-
mendations can be provided, as the intracellular tacrolimus
target levels have not been defined. As stated in the Sect. 1,
based on its mechanism of action, a correlation between
intracellular tacrolimus concentrations and the efficacy of
tacrolimus can be expected. However, so far, only one study
has demonstrated a correlation between intracellular tacroli-
mus concentrations and rejection after liver transplantation
[14]. In the present study, we did include an exploratory
analysis of the correlation between Ry p.;c and rejection,
which did not show a significant correlation. However, our
study was not powered to detect this. Because the lack of
correlation between intracellular concentration and rejection
in previous studies might be attributable to limitations of the
study design and the analytical method, we believe that more
research on the pharmacodynamic effect of the intracellular
concentration is needed. When intracellular target concen-
tration ranges are established, our popPK model could be
used in clinical practice to predict intracellular concentra-
tions based on whole blood measurements. This is of great
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A. Observed versus Predicted values
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Fig.2 Goodness-of-fit plots of the final model. A Observed intra-
cellular tacrolimus concentrations versus predicted intracellular
tacrolimus concentrations. B Observed intracellular tacrolimus con-
centrations versus the individual predicted intracellular tacrolimus

clinical benefit, as measuring intracellular concentrations
is time consuming and the pre-analytical work-up is com-
plex. However, before this can be implemented in clinical
practice, the results of this popPK model will need to be
validated in an external cohort.

In the present analysis, LBW was one of the covari-
ates that significantly correlated with the ratio between the
tacrolimus whole-blood and intracellular concentrations.
Including LBW in the model led to a lower inter-individual
variability in Rygp.c, and thus it can explain some of the
inter-patient variability. It also reduced the residual inter-
individual variability in the intracellular tacrolimus concen-
trations. An explanation for the correlation between LBW
and the Ryp.;c might be that leucocyte differentiation, and
thus the PBMC composition, correlates with the patient’s
body composition parameters [25-28], since leptin has been
associated with haematopoiesis and stimulates the appear-
ance of CD34+ cells, the precursor cells for granulocytes
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B. Observed versus individual Predicted values
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and monocytes [26, 29]. Monocytes have a relatively large
intracellular volume compared to other PBMC subsets, so
the total amount of tacrolimus per individual cell may be
higher in these cells compared to other PBMC subsets. As
the intracellular concentration is normalized to the num-
ber of cells, an increase of monocytes might explain the
decreased Ry,p.;c With increasing LBW. Moreover, tacroli-
mus is a lipophilic drug. The fat-free mass may affect the
volume of distribution of tacrolimus, which may in turn
affect its transfer rate into the intracellular compartment.
Finally, the correlation between LBW and Ryp.;c may be
explained by the fact that we modelled the intracellular con-
centrations in an effect compartment without mass trans-
fer. In patients with a higher LBW, this will result in an
underestimation of the intracellular volume and thereby an
overestimation of the intracellular concentration, causing an
increase in Ryp.ic-
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Haematocrit was positively correlated with the WB:IC
tacrolimus concentration ratio. This relationship can be
explained by the high binding capacity of tacrolimus to
erythrocytes [30]. As haematocrit reflects the erythrocyte
concentration, a higher haematocrit might result in a higher
binding capacity, which in turn decreases the shift to the
intracellular compartment. This is also in line with the
results of the study by Han et al. and our previous study in
kidney transplant recipients [13, 16].

ABCBI is an efflux transporter of tacrolimus that is
present on the cell surfaces of lymphocytes. SNPs in the
ABCBI gene may result in altered activity of this transporter

[31, 32], which may in turn affect the distribution of tac-
rolimus over the different compartments [33, 34]. In the
present study, we found no statistically significant effect of
the ABCBI genotypes 3435C>T and 1199G>A on Ryp.ic.
This is in line with a previous study by Han et al. [13] in 213
kidney transplant recipients with stable renal function. In
their study, gender, haematocrit, and time after transplanta-
tion significantly correlated with Ryp.1c, whereas ABCBI
genotype (3435C>T, 2677G>T, or 1236C>T SNP) was not
a significant predictor of Rypg.;c. Moreover, in a pharma-
cokinetic analysis by Tron et al., ABCBI genotype was not
included as significant covariate in the popPK-PD model,
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A.Simulation of tacrolimus WB:IC ratio for different hematocrit values
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Fig.4 Simulations (n =1000) of the tacrolimus WB:IC ratio for dif-
ferent haematocrit values (A) and body composition values (B). The
box represents the 25th percentile, the median (middle line), and the
75th percentile. The upper whisker reaches to the highest value up to
1.5 times the interquartile range (IQR). The lower whisker reaches to

although the ABCB1 2677G>T SNP and the ABCBI hap-
lotype (3435/1236/2677) were significantly associated with
Ryp.ic [12]. Also, other studies have observed a significant
effect of the ABCB1 genotype on the distribution of tacroli-
mus. Those studies reported higher intracellular tacrolimus
concentrations and intra-hepatic tacrolimus concentrations
in patients with the 1199G>A, 3435C>T, 1236C>T, and
2677G>T/A polymorphisms [15, 35].

Other covariates that have been correlated with Ryp.ic are
gender, total plasma protein concentration, and time after
transplantation [13, 15, 16]. In a previous study in our cen-
tre that included the same patient population, age, albumin,
and haematocrit were significantly associated with Ryp.qc at
month 3 after transplantation in a multivariable regression
analysis [16]. There are a few factors that can explain these
slightly different findings. First, different data were used.
Some patients who were excluded from the previous study
could have been included in the present study, as NONMEM
can take into account differences in the timing of the blood
sample. Second, different methods were used to investigate
the relationship between covariate factors and Ryg.1c (mul-
tivariable linear regression versus non-linear mixed effects
modelling). Third, other covariates were tested and found
to affect the ratio.
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B. Simulation of tacrolimus WB:IC ratio for different lean body weight value
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A possible limitation of this study is that the structural
model is a model without mass transfer. This was chosen
since the volume of the intracellular compartment could
not be estimated. This is due to the fact that the PBMCs
are also part of the central compartment, and only a very
small proportion of this central compartment consists of
PBMCs (0.04%). This mathematical difficulty was over-
come by treating the intracellular compartment as an effect
compartment, for which no volume has to be estimated. This
method for modelling intracellular concentrations has been
described before [36]. However, by not estimating a volume
for the intracellular compartment, there is no correction for
the variation in the number of PBMCs in the measurement.
As the intracellular concentration is described per million
cells, this may also affect Ryg.;c, and may in turn explain
the high variability in Ryp.c. In addition, since we did not
have AUC:s for the intracellular tacrolimus measurements,
we could not reliably estimate the distribution rate constant
(Kwg.1c)- We knew from the literature and previous measure-
ments in other patients that the intracellular concentrations
are in fast equilibrium with the whole blood concentrations
[12]. Therefore, this parameter was fixed, and simulations
for pre-dose concentrations rather than for AUCs were per-
formed. The validity of this estimate was evaluated by a
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BPAR and the predicted tacrolimus Rwb-ic
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Fig.5 Boxplot of the whole-blood to intracellular tacrolimus con-
centration ratio for patients with and without biopsy-proven acute
rejection (BPAR). The box represents the 25th percentile, the median
(middle line), and the 75th percentile. The upper whisker reaches to
the highest value up to 1.5 times the interquartile range (IQR). The
lower whisker reaches to the lowest value up to 1.5 times the IQR.
The dots represent the concentrations that lie further away than 1.5
times the IQR

sensitivity analysis, which showed no significant changes
in final parameter estimates.

A limitation of the present study is that, at the time of the
prospective clinical trial, tacrolimus whole-blood concen-
trations were measured with immunoassays rather than the
more sensitive LC-MS/MS method. However, to take the
variability in this method into account, an additional and
proportional error for the immunoassay is included in the
model for the whole-blood compartment. Second, as tacroli-
mus is largely bound to red blood cells, the presence of red
blood cells can affect the intracellular tacrolimus concentra-
tion that is measured. However, as this effect was not known
at the time of this study, no red blood cell lysing step was
included in the preparation of the intracellular tacrolimus
samples. To minimize the potential effect of the presence
of red blood cells on the intracellular tacrolimus concentra-
tions, samples were excluded based on the visual red level of
the cell pellets. We expect that the small underestimation of
individual intracellular concentrations in the high concentra-
tion range could be an effect of red blood cell contamina-
tion in these samples. The higher variability in the lower

range of concentrations could be a result of imprecision of
the assay in this concentration range. In future studies, it is
recommended that a red blood cell washing step should be
performed in PBMC isolation to purify the sample from con-
tamination with tacrolimus bound to erythrocytes. Finally,
we had only one available intracellular sample per patient.
This might explain the high variability in Ryg.c. For future
studies, it is recommended that multiple intracellular meas-
urements should be included per patient.

5 Conclusion

In conclusion, a population pharmacokinetic model with an
intracellular compartment was developed using data from
184 kidney transplant recipients. LBW and haematocrit
significantly affected the ratio between whole-blood and
intracellular tacrolimus concentrations. A dosing algorithm
with an intracellular compartment could be used to esti-
mate tacrolimus concentrations within lymphocytes based
on whole-blood tacrolimus concentrations and to identify
patients at risk for tacrolimus under- and overexposure at
the site of action.
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