
ORIGINAL RESEARCH ARTICLE

A Limited Sampling Strategy to Estimate Exposure of Everolimus
in Whole Blood and Peripheral Blood Mononuclear Cells in Renal
Transplant Recipients Using Population Pharmacokinetic
Modeling and Bayesian Estimators

Ida Robertsen1 • Jean Debord2,3 • Anders Åsberg1,4 • Pierre Marquet2,3 •
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Abstract

Background and Objective Intracellular exposure of ever-

olimus may be a better marker of therapeutic effect than

trough whole blood concentrations. We aimed to develop

pharmacokinetic population models and Bayesian estima-

tors based on a limited sampling strategy for estimation of

dose interval exposures of everolimus in whole blood and

peripheral blood mononuclear cells (PBMCs) in renal

transplant recipients.

Methods Full whole blood and PBMC concentration–time

profiles of everolimus were obtained from 12 stable renal

transplant recipients on two different occasions, 4 weeks

apart. The dataset was treated as 24 individual profiles and

split into a development dataset (n = 20) and a validation

dataset (n = 4). The pharmacokinetic model was developed

using non-parametric modeling and its performances and

those of the derived Bayesian estimator were evaluated in

the validation set.

Results A structural two-compartment model with first-

order elimination and two absorption phases described by a

sum of two gamma distributions were developed. None of

the tested covariates (age, sex, albumin, hematocrit, fat-free

mass and genetic variants such as CYP3A5*1, ABCB1 hap-

lotype,PPARA*42,PPARA*48, andPOR*28) were retained

in the final model. A limited sampling schedule of two whole

blood samples at 0 and 1.5 h and one PBMC sample at 1.5 h

post dose provided accurate estimates of the area under the

plasma concentration–time curve (AUC) in comparison with

the trapezoidal reference AUC (relative bias ± standard

deviation = - 3.9 ± 10.6 and 4.1 ± 12.3% for whole blood

and PBMC concentrations, respectively).

Conclusion The developed model allows simultaneous and

accurate prediction of everolimus exposure in whole blood

and PBMCs, and supplies a base for a feasible exploration

of the relationships between intracellular exposure and

therapeutic effects in prospective trials.

Key Points

A novel population pharmacokinetic model allowing

a joint determination of everolimus in whole blood

and peripheral blood mononuclear cells (PBMC) has

been developed.

Bayesian Estimators were developed based on a

limited sampling strategy using only two whole

blood and one PBMC sample to accurately predict

whole blood and intracellular exposure of

everolimus.

The model offers an opportunity to explore the

relationship between intracellular everolimus

exposure and the clinical effect in prospective trials.
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1 Introduction

The immunosuppressive drug everolimus prevents rejec-

tion through inhibition of the mammalian target of rapa-

mycin (mTOR) activity within lymphocytes [1].

Everolimus is characterized by a narrow therapeutic range

and a high intra- and inter-individual variability similar to

the calcineurin inhibitors (CNIs). Therapeutic drug moni-

toring (TDM) is therefore recommended for everolimus

and, due to its high distribution in erythrocytes, trough

whole blood concentrations are usually used for dose

individualization [2]. Since the immunosuppressive site of

action for everolimus is inside the lymphocyte, it has been

hypothesized that the drug concentration in this target

compartment would be more directly related to the war-

ranted immunosuppressive effect than whole blood con-

centrations [3].

The relationship between intracellular and whole blood

concentrations of the immunosuppressive drugs has been

reported in several publications [4–11]. These studies were

performed in small cohorts of patients and usually reported

the correlation between whole blood and intracellular

trough concentrations without the development of popula-

tion pharmacokinetic (popPK) models. For the CNIs [cy-

closporine (ciclosporin) and tacrolimus], only a weak

relationship between intracellular and whole blood con-

centrations has been reported [4, 5, 7, 12], whereas for the

mTOR inhibitors (sirolimus and everolimus), the correla-

tion between the two compartments appears to be stronger

(coefficient of determination[0.56). However, only lim-

ited data exist for these drugs [9–11]. A few studies have

also attempted to investigate the association between

intracellular concentrations of CNIs and clinical endpoints

such as acute rejection episodes [4, 8]. In these studies, a

significantly lower intracellular exposure of cyclosporine

and tacrolimus was associated with a higher risk of acute

rejection. These results are encouraging and have con-

tributed to the increased interest of monitoring immuno-

suppressive drugs in their target compartment. However,

monitoring intracellular concentrations is time-consuming

and technically challenging compared to the standard TDM

of whole blood concentrations as it requires isolation in

fresh blood and purification of the cells of interest. For

practical reasons, peripheral blood mononuclear cells

(PBMCs) are generally used as the biological matrix to

determine the drug concentration in the target compart-

ment. In addition, intracellular concentration measurement

requires an analytical method of sufficient sensitivity and

an accurate cell counting system to relate the concentra-

tions obtained to the number of cells. Due to these ana-

lytical constraints, the full pharmacokinetic profile

measured as area under the plasma concentration–time

curve (AUC) to determine the PBMC drug exposure is

challenging. However, the a posteriori Bayesian estimation

method allows estimation of AUC using popPK models

associated with a limited number of samples.

The aim of this study was (1) to develop, using a non-

parametric modeling approach, a popPK model allowing a

joint determination of whole blood and PBMC concentra-

tions of everolimus; and (2) to build Bayesian estimators

(BE) based on a limited sampling strategy (LSS) allowing

adequate AUC estimations of everolimus both in whole

blood and in PBMC.

2 Materials and Methods

2.1 Patients

Whole blood and PBMC concentrations of everolimus

were available from a previous study conducted at the Oslo

University Hospital, Rikshospitalet (Oslo, Norway) [13].

Twelve-hour pharmacokinetic profiles from 12 stable renal

transplant recipients obtained on two different occasions

(4 weeks apart) were included in the present analysis

(n = 24 pharmacokinetic profiles). The population, study

design, and immunosuppressive protocol have been

described in detail previously [9, 13]. In brief, stable renal

transplant recipients receiving everolimus, mycophenolate,

and corticosteroid-based immunosuppression were inclu-

ded in an open-label, prospective study where the primary

aim was to investigate a potential drug–drug interaction

between everolimus and the lipid-lowering drug rosuvas-

tatin [13]. Samples for both whole blood and PBMC

pharmacokinetic profiles were collected before adminis-

tration of everolimus (C0) and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6,

8, 10, and 12 h after drug intake on both occasions. All

patients were genotyped for CYP3A5*3, CYP3A4*22,

POR*28, PPARA*42, PPARA*48, and ABCB1 variants

(1236C[T, 2677G[T, 3435C\T), as previously described

[9, 13]. The study was performed in accordance with the

Declaration of Helsinki, and written informed consent was

obtained from all the patients before inclusion. The study

was approved by the Regional Committee for Medical and

Health Research Ethics and by the Norwegian Medicines

Agency (EudraCT number: 2011-005212-29). The study is

registered in ClinicalTrials.gov (NCT01524601).

2.2 Isolation of Peripheral Blood Mononuclear Cells

(PBMCs) and Drug Analysis

PBMCs were isolated from freshly collected whole blood

using LeucoSepTM tubes (Greiner Bio-One, Frickenhausen,

Germany) as previously described [9]. Samples were

drawn in pre-chilled tubes, placed immediately on ice, and
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the whole isolation procedure was performed at 4 �C to

avoid passive diffusion of everolimus from the PBMCs.

Cell counting was performed (10 ml) on a Beckman

Coulter Counter� (Beckman Coulter, Brea, CA) applying a

diameter range from 5 to 15 mm. An accurate volume of

the cell suspension was transferred to a microcentrifuge

tube. After centrifugation, the supernatant was removed

and the pellet was stored at - 70 �C until liquid chro-

matography–tandem mass spectrometry (LC–MS/MS)

analysis. The concentrations of everolimus in PBMC were

normalized to 106 cells. Both whole blood and PBMC

concentration of everolimus were determined with a vali-

dated LC–MS/MS assay, as previously described [9, 14].

2.3 Pharmacokinetic Modeling

Modeling was performed using the non-parametric adap-

tive grid approach implemented in R software (Pmetrics

version 1.5.0) [15]. Data were randomly split into a

development dataset (n = 20 profiles) and a validation

dataset (n = 4 profiles). Splitting into respective group was

based on a simple randomization table, assuming all 24

pharmacokinetic profiles to be independent from one

another. In the initial model development phase, different

models to describe the absorption phase of everolimus

were investigated and compared, including a two-com-

partment model with first-order absorption and lag time as

well as gamma distributions.

A two-compartment model with whole blood and

PBMC as the first and second compartment, respectively,

and a double gamma distribution to describe the absorption

into compartment one was investigated [16, 17]:

f ðtÞ ¼ FD½rf1ðtÞ þ ð1 � rÞf2ðtÞ�;

where f(t) is the absorption rate, F is the bioavailability

factor, D is the administered dose, r is the fraction of dose

which transits via the first absorption route, and f1 and f2
are the probability density functions of the two gamma

distributions, such as:

fiðtÞ ¼
1

CðaiÞ
baii t

ai�1 expð�bitÞ

where ai and bi are the parameters of the distributions

(i = 1 or 2) and C is the classical gamma function.

The drug amounts in the two compartments are given by

Eq. 12 in the Electronic Supplementary Material, as

follows:

xðtÞ ¼ 1

a� b
a� k21 k21 � b
�k12 �k12

� �
ðIa � f ÞðtÞ
ðIb � f ÞðtÞ

� �

where x(t) is the vector of drug amounts in the two com-

partments, a and b are the apparent rate constants for the

distribution and elimination phases, k12 and k21 are the

transfer rate constants between the two compartments;

(Ik 9 f)(t) denotes the convolution product of the expo-

nential function Ik(t) = exp(–kt) with the rate function f(t),

where k = a or b.

The theoretical concentrations C1(t) and C2(t) in the two

compartments are computed by dividing the amount in the

respective compartment by the corresponding volume of

distribution.

The measured whole blood concentration C1obs(t) was

directly compared with the theoretical concentration C1(t),

and the measured PBMC concentration C2obs(t) was set to

be proportional to the theoretical concentration C2(t):

C2obs tð Þ ¼ qC2 tð Þ:

where q is a proportionality factor, which is necessary

because the two-compartment model defines the volume of

distribution V2 so that the mean steady-state concentrations

in the two compartments are equal, which of course is not

necessarily the case with the observed concentrations. This

model is described in detail in the Electronic Supplemen-

tary Material.

For the error model, in order to weight the concentra-

tions by the reciprocal of their variances in the fitting

process we used a polynomial error of the following form

for both the whole blood concentrations and PBMC

concentrations:

SD ¼ 0:1 þ 0:1 � conc,

where SD is the standard deviation of the concentration and

conc is the measured everolimus concentration.

Additionally, we allowed Pmetrics to fit an additive term

k, so that concentrations were weighted as follows:

1= SD þ kð Þ2

where k is representative of additional noise.

Model selection was based on comparison of the Akaike

information criterion (AIC) and minimization of the bias

and imprecision of the individual predictions versus

observations. Associations between individual pharma-

cokinetic parameters and different covariates were exam-

ined by multiple linear regression and graphical

examination in the development dataset. Total body

weight, age, sex, albumin, hematocrit, fat-free mass, as

well as different genetic variants that may influence ever-

olimus pharmacokinetics including CYP3A5*1,

CYP3A4*22, ABCB1 haplotype (1236C[T, 2677G[T,

3535C[T), PPARA*42, PPARA*48, and POR*28 were

investigated as covariates. Since only one of the patients

had the CYP3A4*1/*22 variant, this genotype was not

investigated in the current study. If a significant association

was observed (p\ 0.01) between the pharmacokinetic

parameter and covariates, they were introduced in the

model. The covariates were normalized to the population
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median values, with continuous covariates modelled using

the following general equation:

hi ¼ hpop �
covi

covm

� �hcov

where hi is the individual model-predicted pharmacokinetic

parameter for an individual with covariate value covi, hpop

represents the population central tendency for the phar-

macokinetic parameter h, covm represents the population

median value of the covariate, and hcov represents the

covariate effect. The importance of each covariate was

evaluated by comparing AIC, imprecision, and bias of the

model with or without the covariate of interest.

Diagnostic plots were drawn for the final model with

individual predictions versus observed concentrations and

weighted residues versus observed concentrations. Since

different dosages were used in the study, the internal

evaluation of the final model was performed using the

prediction-corrected visual predictive checks (pcVPCs).

The pcVPCs were based on 1000 Monte-Carlo simulations.

In a pcVPC, the variability coming from binning across

independent variables is removed by normalizing the

observed and simulated dependent variable based on the

typical population prediction for the median independent

variable in the bin [18]. The observed data were overlaid

on the prediction intervals and compared visually.

2.4 Development of Bayesian Estimators

The final model obtained from the development dataset

was used to determine the best LSS using the multiple

model optimal sampling function (MMopt) weighted for

AUC included in Pmetrics. This sampling algorithm

chooses the sample times which minimize the risk of

misrepresenting the patient as the wrong set of support

points in the model, i.e. estimating the wrong set of phar-

macokinetic parameters for the patient [19]. We investi-

gated different numbers of optimal samples (n = 1, 2, or 3)

for both whole blood and PBMC, restricted to a sampling

time between zero and 4 h after dose administration for

practical reasons. Our goal was to minimize the number of

PBMC samples while still ensuring accurate estimates of

the patients’ whole blood and PBMC AUC of everolimus.

The predictive performance of the BEs developed using

different LSS was evaluated in the validation dataset by

comparing the inter-dose AUC from time zero to 12 h

(AUC12) obtained using the LSS to the reference AUC12

obtained using the linear trapezoidal method applied to the

full pharmacokinetic profiles. A calculation of the root

mean square error (RMSE), relative bias, and number of

profiles from the ± 20% interval compared with the ref-

erence AUC12 was performed. The LSS with a combination

of the lowest relative bias and RMSE (\ 15%) and zero

patients outside of the ± 20% interval in both whole blood

and PBMC was considered to be best.

3 Results

3.1 Structural Model Development

The characteristics of the patient population used for the

model are shown in Table 1.

A structural two-compartment model with whole blood

and PBMC everolimus concentrations as the first and

second compartment, respectively, two absorption phases

described by a sum of two gamma distributions into the

whole blood compartment, and first-order elimination from

the whole blood compartment described the data well. The

gamma distribution model was superior to the other

absorption model (first-order absorption with lag time)

Table 1 Patients’ characteristics at baseline and genotype frequen-

cies (n = 12)

Characteristics Mean (range)a

Age (years) 64 (40–76)

Gender (male/female) (n) 5/7

Body mass index (kg m-2) 26 (21–40)

Time after transplantation (years) 3.0 (1.0–38)

P-Creatinine (lmol l-1) 95 (62–176)

Hematocrit (%) 42 (35–51)

Albumin (g l-1) 43 (38–45)

Everolimus dose (mg day-1) 2.25 (1.00–4.00)

Genotype frequencies (n)

CYP3A5*3

*3/*3 10

*1/*3 2

POR*28

*1/*1 9

*28/*28 3

PPARA*42 G[A

GG 3

GA 8

AA 1

PPARA*48 A[G

AA 7

AG 4

GG 1

ABCB1 haplotypeb

TTT 3

No TTT 9

aUnless otherwise specified
b1236C[T, 2677G[T, 3435C\T
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tested in the initial development phase both in terms of AIC

(1604 versus 1081 for the first-order absorption with lag

time model and gamma distribution model, respectively)

and individual predictions (data not shown). The final

model had 19 support points where each support point is a

vector of estimates for each parameter value, and of the

probability of the combination of these values. There can

be at most one support point for each subject in the study

population. The population pharmacokinetic parameters

are presented in Table 2. The median (range) whole blood

AUC12 was 72.0 (50.4–134.8) lg h l-1 and median

apparent clearance estimated as AUC12/dose was 14.7

(7.4–39.7) l h-1. The two best and the two worst fits of

individual pharmacokinetic profiles in the development

dataset using all time points for whole blood and PBMC

concentration prediction of everolimus are presented in

Fig. 1. Individual predicted pharmacokinetic profiles for all

patients in the development dataset are presented in Elec-

tronic Supplementary Material Fig. 1.

3.2 Covariate Investigation and Internal Validation

Total body weight was significantly associated with the

scale of the first gamma law, b1 (p = 0.00995)

corresponding to a faster absorption [as mean absorption

time (MAT) = a/b, if b increases, MAT decreases]. How-

ever, its introduction in the model worsened the AIC and

did not improve the model predictions. None of the other

covariates tested, including the selected polymorphism in

genes coding for enzymes/transporters involved in distri-

bution and metabolism of everolimus, were significantly

associated with any pharmacokinetic parameters. The

individual predicted versus observed plots for whole blood

and PBMC concentrations are shown in Fig. 2. The

regression coefficient of determination (R2) was 0.97 and

0.89 and the slopes were 1.01 [95% confidence interval

(CI) 0.98–1.04] and 1.08 (95% CI 1.03–1.13) for the whole

blood and PBMC concentrations, respectively. There was

no major bias and the weighted residuals were homoge-

neously distributed over the concentration range for both

whole blood and PBMC concentrations (Fig. 2).

The relative bias ± SD (RMSE) between observed

concentrations and concentrations estimated using the final

model was: - 0.19 ± 9.62% (9.60%) for the whole blood

concentrations and - 0.14 ± 16.5% (16.5%) for the

PBMC concentrations. The performance of the model was

evaluated with a pcVPC is shown in Fig. 3. The normal-

ized observed data adequately overlaid the 90% prediction

intervals of the simulations for both whole blood and

PBMC concentrations.

3.3 Relationship Between Everolimus

Concentrations in Whole Blood and PBMCs

The model predicted, after an appropriate amount of time,

that the concentrations C1 and C2 in the two compartments

became proportional. This is exemplified in Fig. 4, which

shows the time course of the two concentrations and the

relationship between them. The relationship between the

two concentrations became linear after about 24 h when

C1\ 0.5 lg l-1.

3.4 Limited Sampling Strategy

The popPK parameters obtained from the development

dataset were used as priors for the development of the BE

in the validation dataset. Table 3 (and Electronic Supple-

mentary Material Fig. 2) shows the results of the different

types of LSS tested (with different numbers and combi-

nations of samples), based on the results of the MMopt

algorithm. The BE derived from the final model and based

on whole blood and PBMC samples obtained at 0, 1.5, and

3 h after dose administration (LSS 9) provided the best

combination of estimates for both the whole blood and

PBMC everolimus AUC12 in the validation dataset. Using

only whole blood samples (0, 1, and 3 h), the estimated

Table 2 Pharmacokinetic parameters for everolimus using a non-

parametric approach

Parameter wMedian Bootstrapped 95% CI CV (%)

k10 (h-1) 0.07 0.05–0.08 43.2

V1 (l) 269 223–373 40.2

C01 (mg l-1)a 4.1 3.8–4.8 22.3

C02 (mg l-1)b 5.7 5.1–7.8 81.8

k12 (h-1) 4.3 3.4–5.0 20.7

k21 (h-1) 8.7 5.9–9.5 23.6

a1 9.7 7.0–16.9 72.6

b1 (h-1) 5.8 4.9–8.6 54.6

a2 4.3 3.9–5.5 45.2

b2 (h-1) 0.03 0.02–0.27 234

r 0.40 0.29–0.42 55.2

q 0.30 0.21–0.31 44.3

a1, b1, a2, and b2 shape and scale of the two gamma distributions

describing the absorption process in the first compartment, CI confi-

dence interval, CV coefficient of variation, k10 elimination rate con-

stant, k12 and k21 rate constant between the compartments, PBMC

peripheral blood mononuclear cell, q a proportionality factor between

the observed PBMC concentration and the concentration estimated by

the model [C2obs (t) = q C2(t)], r fraction of dose absorbed in the first

compartment following the first gamma function, V1 volume in

compartment 1, wMedian weighted median
aC01 is the model-estimated whole blood trough concentration for a

theoretical dose of 1000 mg
bC02 is the model-estimated PBMC trough concentration normalized

to 106 cells for a theoretical dose of 1000 mg
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PBMC everolimus AUC12 (LSS 2) was worse with a

RSME of 26.7% and two of four patients fell outside

the ± 20% range. Finally, BE based on an LSS of two

whole blood samples at 0 (C0) and 1.5 h (C1.5) and one

PBMC sample at 1.5 h (C1.5) (LSS12) provided an esti-

mation of AUC12 with a relative bias ± SD of

- 3.9 ± 10.6 and 4.1 ± 12.3% for whole blood and

PBMC everolimus AUC12, respectively (Table 3, Elec-

tronic Supplementary Material Fig. 2). This LSS was

considered to be satisfactory due to the low number of both

whole blood and PBMC samples needed to provide esti-

mates with RSME\15% and zero patients outside the ±

20% interval in both matrices.

4 Discussion

In the current study we developed (1) a popPK model for

jointly modeling the whole blood and PBMC concentra-

tions of everolimus; and (2) a BE based on an LSS using

only two whole blood (C0 and C1.5) and one PBMC (C1.5)

sample to accurately predict everolimus whole blood and

PBMC exposure in renal transplant recipients.

The median everolimus apparent clearance estimated

from our model (14.7 l h-1) was consistent with the value

reported in a previously published popPK model of ever-

olimus in renal transplant recipients (17.9 l h-1) [20]. The

estimated mean AUC was approximately twofold higher

than the AUC estimates from our study, but this is likely

due to the different target ranges used for dose individu-

alization between the two studies [20]. A model in heart

transplant recipients reported a lower apparent clearance of

everolimus (3.33 l h-1) [21]. However, co-administration

of cyclosporine, which is known to influence everolimus

pharmacokinetics, a different patient population, and dif-

ferences in modeling in this study are probably the reasons

for the observed discrepancies.

To the best of our knowledge, no popPK model with an

associated LSS to predict AUC values both in whole blood

and at the target site (i.e. within PBMCs) has been reported

to date for any of the immunosuppressive drugs used after

solid organ transplantation. The ability to model PBMC

concentrations based on sparse blood sampling offers an

opportunity to explore the relationship between PBMC

exposure and the clinical effect in prospective trials, and is

also highly relevant for all immunosuppressive drugs. In

the model developed from the present study, a linear

relationship is drawn between the inter-dose AUC in whole

blood and in PBMCs at steady state. In most of the pre-

vious published studies, simple linear relationships

between whole blood and PBMC trough concentrations of

the immunosuppressive drugs are reported and exhibit

weak correlations [3]. However, in our model, a linear

relationship between drug concentrations in the two com-

partments is applicable, but only after the first dose and

during the elimination phase when the influence of the

alpha exponential becomes negligible.

Developing an LSS based on a combination of a total

three samples limited to the first 4 h post-dose seems to be

a good compromise between the precision of the parameter

estimates and a possible implementation in routine practice

or clinical trials. It was, as expected, not possible to use our

model to estimate the PBMC exposure accurately using

only the whole blood concentrations. This indicates that

intracellular monitoring is worth investigating as a poten-

tial alternative to standard whole blood monitoring of

Fig. 1 The two best (a, b) and

two worst (c, d) individual

predicted profiles in the

development dataset for

everolimus concentrations in

whole blood and in peripheral

blood mononuclear cells

(PBMCs). The black lines are

the model predicted curves

using all timepoints. The light

grey crosses are the observed

PBMC concentrations and the

black crosses are the observed

whole blood concentrations of

everolimus
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everolimus. The timepoints in our proposed LSS is in

agreement with previous studies conducted in heart or renal

transplant recipients, which showed an accurate estimation

of everolimus inter-dose AUC values using only two blood

samples (C0 and C2) [20, 22].

Although TDM has contributed to optimize clinical

outcomes, transplanted patients still experience acute

rejection episodes and toxicity despite trough whole blood

drug concentrations in the target range [23]. Monitoring

drug concentrations at the target site, i.e. in lymphocytes,

has therefore been investigated as an alternative method to

Fig. 2 Diagnostic plots: individual predicted whole blood and

peripheral blood mononuclear cell (PBMC) concentrations as a

function of observed whole blood (a) and PBMC concentrations (b),

population predicted whole blood and PBMC concentrations as a

function of observed whole blood (c) and PBMC concentrations (d),

and weighted residuals as a function observed whole blood (e) and

PBMC concentrations (f)
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monitor the effect and toxicity of the immunosuppressive

drugs [3]. Most of the studies published regarding this topic

have focused on the relationship between whole blood and

intracellular drug trough concentrations [5–7, 9, 10]. As the

everolimus concentrations in whole blood and PBMC have

previously been shown to be associated, the usefulness of

intracellular monitoring for this drug has been questioned

[24]. However, only limited data from small cohorts are

available and it is still unclear if intracellular concentra-

tions could serve as better surrogate markers than current

blood TDM [24]. The potential interest of intracellular

concentrations would significantly increase if a relationship

with a clinical endpoint, such as acute rejection or drug

toxicity, could be established [4, 8], and the clinical sig-

nificance of intracellular immunosuppressive drugs mea-

surement therefore needs to be evaluated in large

prospective trials. Due to the analytical constraints asso-

ciated with intracellular measurements, it has been a

challenge to implement it in a routine setting or large

clinical trials. This can now be overcome by using the LSS

that we have developed in our study which may make it

easier to investigate the relationships between PBMC

everolimus exposure and clinical outcomes (e.g.,

rejections).

Further studies should investigate the influence of

everolimus concentrations in PBMC on pharmacodynamics

targets in the mTOR pathway (i.e. p70 ribosomal S6 kinase

[S6K1]). Indeed, as S6K1 inhibition is considered to be a

good biomarker for monitoring mTOR inhibition [25],

investigations regarding the effect of everolimus concen-

trations in both PBMC and whole blood on measured

p70S6K inhibition or risk of acute rejection/toxicity could

provide relevant results in relation to clinical endpoints.

However, this was not foreseen when we designed our

study and we unfortunately did not collect any relevant

samples to perform p70S6K inhibition measurements.

Model-based simulation can be utilized to explore the

probability of attaining a pharmacokinetic/

Fig. 3 Predicted corrected visual predictive checks for whole blood (a) and peripheral blood mononuclear cell (PBMC) (b) concentrations of

everolimus in renal transplant recipients

Fig. 4 Time course of everolimus concentrations (C) in the two

compartments (a solid line: whole blood concentration (C1), dashed

line: peripheral blood mononuclear cell concentration [C2]) and the

relationship between them (b time progression is indicated by

arrows). C1is concentrations in compartment 1, C2is concentrations

in compartment 2
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pharmacodynamic target and may be useful to increase the

knowledge of the effect/exposure relationship of ever-

olimus. In fact, we did initially plan to perform model-

based simulations to explore the probability of attaining a

pharmacokinetic/pharmacodynamic target based on the

inhibition by everolimus of the p70S6 kinase. However,

after an extensive search of the literature we were not able

to find relevant everolimus IC50 (the half maximal in-

hibitory concentration) value for this target in renal trans-

plant patients (or other solid organ transplantation). Most

of the publications describe the p70S6K inhibition by

everolimus in cancer patients or cancer cell lines, and in

these studies the treatment regimens and everolimus con-

centrations were quite different from those used in trans-

planted patients [25–27].

In agreement with previously published studies using

the gamma distribution model to describe the absorption

process of immunosuppressive drugs, no covariates were

retained in the final model [16, 28, 29]. This is in contrast

to previous popPK models of everolimus described in the

literature where covariates such as ideal body weight and

bilirubinemia have been shown to influence everolimus

pharmacokinetics [20, 21]. Consistent with the previous

observations, polymorphisms in relevant genes coding for

CYP3A5 and ABCB1 did not have an effect on everolimus

pharmacokinetics in the present study [20]. However,

Picard et al. [30] showed in vitro that cytochrome P450

(CYP) 3A4 was a better catalyst of everolimus metabolism

than CYP3A5. Since only one of the patients had

CYP3A4*1/*22, this genotype was not investigated in the

current study.

Since 75% of everolimus is distributed into erythrocytes,

red blood cell contamination in isolated PBMC samples

can influence the concentration measurements [2]. In one

Table 3 Area under the plasma concentration–time curve estimation performance of the Bayesian estimators based on different limited

sampling strategies in the validation dataset

LSS Whole blood PBMC

RSME

(%)

Mean relative

bias ± SD (%)

Number of patients

outside ± 20% range

RSME

(%)

Mean relative

bias ± SD (%)

Number of patients

outside ± 20% range

LSS 1 (C0, C1, C3/C0, C1, C3)a 8.6 - 6.8 ± 6.1 0/4 10.7 5.9 ± 10.3 0/4

LSS 2 (C0, C1, C3/–)b 5.6 - 0.31 ± 6.5 0/4 26.7 3.6 ± 30.6 2/4

LSS 3 (C0, C1, C3/C0)c 8.3 - 2.13 ± 9.2 0/4 26.1 19.7 ± 19.8 2/4

LSS 4 (C0/C0)d 13.6 - 0.11 ± 15.7 0/4 24.2 3.8 ± 27.5 2/4

LSS 5 (C0, C1, C2/C0, C1, C2)e 8.1 - 1.41 ± 9.2 0/4 19.0 12.0 ± 17.0 2/4

LSS 6 (C0, C1, C2/C0, C1)f 10.1 0.07 ± 11.7 0/4 21.2 12.9 ± 19.4 2/4

LSS 7 (C0, C1, C3/C1)g 7.7 1.10 ± 8.9 0/4 13.4 4.8 ± 14.4 1/4

LSS 8 (C0, C1, C3/C0, C1)h 8.5 - 7.2 ± 5.4 0/4 13.2 0.46 ± 15.2 0/4

LSS 9 (C0, C1.5, C3/C0, C1.5, C3)i 9.7 - 3.1 ± 10.6 0/4 7.1 0.36 ± 8.2 0/4

LSS 10 (C0, C1.5, C3/C0, C1.5)j 10.1 - 3.4 ± 10.9 0/4 10.6 3.5 ± 11.5 0/4

LSS 11 (C0, C1.5, C3/C1.5)k 10.2 - 3.6 ± 11.0 0/4 11.3 3.9 ± 12.2 0/4

LSS 12 (C0, C1.5/C1.5)l 9.9 - 3.9 ± 10.6 0/4 11.4 4.1 ± 12.3 0/4

LSS 13 (C0.25, C1.5, C10/C0.25, C1.5, C10)m 8.8 - 5.4 ± 8.0 0/4 17.9 10.2 ± 17.1 1/4

C0 concentration before everolimus administration, Cx concentration at x h, LSS limited sampling strategy, PBMC peripheral blood mononuclear

cell, RSME relative square mean error, SD standard deviation
aLSS 1: 0, 1, and 3 h for both whole blood and PBMC concentrations
bLSS 2: 0, 1, and 3 h for whole blood and zero PBMC concentrations
cLSS 3: 0, 1, and 3 h for whole blood, only pre-dose sample for PBMC concentrations
dLSS 4: only pre-dose for whole blood and PBMC concentrations
eLSS 5: 0, 1, and 2 h for both whole blood and PBMC concentrations
fLSS 6: 0, 1, and 2 h for whole blood and 0 and 1 h for PBMC concentrations
gLSS 7: 0, 1, and 3 h for whole blood and only 1 h for PBMC concentrations
hLSS 8: 0, 1, and 3 h for whole blood and 0 and 1 h for PBMC concentrations
iLSS 9: 0, 1.5, and 3 h for both whole blood and PBMC concentrations
jLSS 10: 0, 1.5, and 3 h for whole blood and 0 and 1.5 h for PBMC concentrations
kLSS 11: 0, 1.5, and 3 h for whole blood and 1.5 h for PBMC concentrations
lLSS 12: 0 and 1.5 h for whole blood and 1.5 h for PBMC concentrations
mLSS 13: 0.25, 1.5, and 10 h for whole blood and 0.25, 1.5, and 10 h for PBMC concentrations
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of the patients included, most of the PBMC samples at one

of the pharmacokinetic profile occasions showed a high

degree of hemolysis. This may have contributed to the

poorly predicted individual PBMC profile shown in

Fig. 1c, as the concentrations of everolimus may have been

falsely high in these PBMC samples.

The strength of our study is the number of rich phar-

macokinetic profiles collected both for whole blood and

PBMC everolimus concentrations. Indeed, it is particularly

difficult to obtain a large number of PBMC samples as it

requires laborious and time-consuming sample handling.

The structural model developed in the present study may be

generalized to apply for the other immunosuppressive

drugs as well. This would obviously imply that a sufficient

dataset describing the pharmacokinetics of the relevant

drug in both matrices is available. Our study also has some

limitations. First, only four pharmacokinetic profiles were

used to validate the predictive performance of the devel-

oped model. Unfortunately, no other external dataset with

everolimus concentrations in PMBC was available, and

further investigations should include validation using data

from a larger cohort of patients with everolimus concen-

trations both in whole blood and PBMC. Secondly, the

patients’ pharmacokinetic profiles for everolimus were

obtained before and after 1 month of treatment with rosu-

vastatin. However, the treatment with rosuvastatin did not

affect either the whole blood or the PBMC pharmacoki-

netics of everolimus [13].

5 Conclusion

We have successfully developed a popPK model and BE

based on an LSS for whole blood and PBMC concentra-

tions of everolimus. This model allows a simultaneous and

accurate determination of whole blood and PBMC expo-

sure of everolimus, and may also provide a good basis for

development of similar models for other immunosuppres-

sive drugs. More knowledge regarding the potential impact

of monitoring concentrations of the immunosuppressive

drugs at their target sites is required and by using our

model, the relationship between PBMC exposure and

therapeutic effect of these drugs may be easier to

determine.
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