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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AlM

The aim of this study was to develop a PK/PD model to assess drug-drug
interactions between dabigatran and P-gp modulators, using the example of
clarithromycin, a strong inhibitor of P-gp.

METHODS

Ten healthy male volunteers were randomized to receive in the first treatment
period a single 300 mg dose of dabigatran etexilate (DE) and in the second
treatment period 500 mg clarithromycin twice daily during 3 days and then
300 mg DE plus 500 mg clarithromycin on the fourth day, or the same
treatments in the reverse sequence. Dabigatran plasma concentration and

WHAT THIS STUDY ADDS ecarin clotting time (ECT) were measured on 11 blood samples. Models were
built using a non-linear mixed effect modelling approach.
RESULTS

The best PK model was based on an inverse Gaussian absorption process with
two compartments. The relationship between dabigatran concentration and ECT
was implemented as a linear function. No continuous covariate was associated
with a significant decrease in the objective function. The concomitant
administration of clarithromycin induced a significant change only in DE
bioavailability, which increased from 6.5% to 10.1% in the presence of
clarithromycin. Clarithromycin increased peak concentration and AUC by 60.2%
and 49.1% respectively.

CONCLUSION

The model proposed effectively describes the complex PK of dabigatran and
takes into account drug-drug interactions with P-gp activity modulators, such
as clarithromycin.
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Introduction

Dabigatran etexilate (DE) is an anticoagulant drug used for
the prevention of venous thromboembolism after ortho-
paedic surgery and for the long term prevention of stroke
in patients with atrial fibrillation [1, 2]. DE is a synthetic,
orally administered prodrug that is rapidly converted into
the active drug,dabigatran, by a serum esterase.|t exerts its
activity by direct competitive inhibition of thrombin. DE
has a bioavailability of 6.5% due to a complex absorption
process [3], necessitating first, an acid environment for dis-
solution and second, active transport by P-glycoprotein
(P-gp) [3, 4]. P-gp-mediated transport through the entero-
cyte, from the basolateral to the apical side, could be
involved in the excretion of DE in the gut. Dabigatran is not
metabolized by the cytochrome P450 enzyme system and
80% of the dose administered is directly excreted by the
kidneys [3, 5]. In clinical practice, dabigatran can be given
as a fixed dose without monitoring.

Compared with other anticoagulant drugs, such as
vitamin K antagonists, dabigatran has a low potential for
drug-drug interactions. However, it is a substrate for P-gp
and its reflux can be modulated by other drugs. P-gp
inducers and inhibitors can, respectively, decrease or
increase its bioavailability. An increase in dabigatran area
under the concentration vs. time curve (AUC), ranging
from near 50% to over 200%, has been reported after
co-administration of amiodarone, ketoconazole, quinidine
or verapamil [5]. Some of these drug-drug interactions are
strong enough to warrant contraindications or precau-
tions for use. Other interactions involving P-gp modulators
might also be clinically relevant and necessitate dose
adjustments, possibly based on drug monitoring.

The aim of this study was to develop a PK/PD model to
assess drug—drug interactions between dabigatran and
P-gp modulators, using clarithromycin, a strong inhibitor of
P-gp, as an example.

Methods

Study design

This was a single centre,randomized, open label study with
a two-way crossover design (clinical trial.org registration
no.:NCT01385683).The protocol complied with the princi-
ples of the declaration of Helsinki (2002 version) and those
of Good Clinical Practice established by the International
Conference on Harmonization. It was approved by the
French regulatory authority (AFSSAPS) and the local Ethics
Committee.

Participants

Ten healthy male Caucasian volunteers aged from 18 to 35
years, were included in the study after a complete physical
examination and laboratory tests.To be included, subjects
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had to have normal coagulation test results with respect to
the following parameters: platelet count, international nor-
malized ratio, activated partial thromboplastin time (aPPT)
and fibrinogen level. Volunteers with renal insufficiency,
hepatic insufficiency or a peptic ulcer,and those who pre-
sented a lesion at risk of bleeding or had undergone
surgery during the month preceding the study, were
excluded. Subjects with known hypersensitivity to DE or
clarithromycin, or who had taken any medicine during the
week before the study were also excluded. Written
informed consent was obtained from each volunteer
before inclusion in the study and genetic analysis.

Treatment procedure

Following screening, volunteers were randomized 1:1 to
receive either first DE alone and then a combination of DE
and clarithromycin, or first the combination treatment and
then DE alone.The two treatment periods were separated
by a 6 day washout period. In the DE treatment period,
each volunteer received, at time zero (t0:07.30 h),a 300 mg
oral dose of DE (two Pradaxa® 150 mg capsules; Boe-
hringer Ingelheim, Ingelheim, Germany). During the DE
plus clarithromycin treatment period, volunteers received
on the first 3 days 500 mg clarithromycin (Zeclar®, 500 mg
tablet, Abott France, France) twice daily (at 09.00 h and
18.00 h). On the 4™ day they received 300 mg of DE plus
500 mg of clarithromycin at t0 (07.30 h).The clarithromycin
administration regimen was chosen on the grounds of its
relevance to clinical practice. DE was administered with
300 ml water (150 ml immediately, then 150 ml 30 min
later) to subjects in a semi-supine position after an over-
night fast of at least 8 h.Standardized meals were served at
12.00 h and 18.00 h.

Sample collection and analysis

For pharmacokinetic (PK) and pharmacodynamic (PD)
analysis, 5 ml blood samples were drawn in tubes at 0,
0.5,1,1.5,2,3,4,6,8,10 and 23.5 h after DE administration
for measurement of plasma concentrations of dabiga-
tran. All analyses were performed on venous blood
samples collected by venipuncture, using whole blood
collected in citrate tubes for PD and heparinized tubes for
PK analysis.

Dabigatran plasma concentrations were determined
using the validated liquid chromatography-tandem mass
spectrometry method [6]. The intra- and inter-day preci-
sion values were below 11.3% and accuracy was within
93.8% and 108.8%. The lower limit of quantification was
2ugl™.

The anticoagulant effect of dabigatran was measured
by an ecarin clotting time (ECT) assay, as described by
Nowak [7]. The intra- and inter-day precision values were
below 2.5%.ECT is the reference coagulation test for analy-
sis of dabigatran’s anticoagulant effect [8].
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Model development and evaluation

Data analysis was performed using MONOLIX non-linear
mixed-effects modelling software (version 4.12, release 2;
INRIA - Institut National de Recherche en Informatique et
en Automatique, France) [9]. The stochastic approximation
expectation maximization algorithm combined with the
Markov chain Monte Carlo simulation procedure was used
to estimate the maximum likelihood of the model. The
parameters of the model were assumed to be log-normally
distributed in the population studied.

We fitted the PK and PD data to the model to try to
identify the mechanism of the interaction. Modelling was
performed in several steps.The first step consisted in iden-
tifying the structural PK model for dabigatran without
clarithromycin. The second step comprised the estimation
of PK/PD parameters and relevant covariates. The third
step consisted in testing the inter-occasional variability
(I0V) on the full data set (with and without clarithromycin).
Finally, drug-drug interaction was investigated applying
the categorical covariate ‘concomitant treatment’ to model
parameters.In our study, we set the population mean value
of DE bioavailability when administered alone at 6.5%, as
we had no pharmacokinetic data for DE injected intrave-
nously [3].

Pharmacokinetic model As drug-drug interaction cer-
tainly occurs at the absorption level, the main issue in
model development was to determine the most relevant
absorption process. Zero order, first order and inverse
Gaussian absorptions were tested. The inverse Gaussian
absorption process was implemented as follows:

MAT —(t-MAT)?
fa () = DF .| ————— x @ 2CV2MATt
A Prravee

where f,(t) represents the quantity of DE that passes into
the central compartment during the time interval dt, D is
the dose administered at time t, F is the bioavailability, MAT
is the mean absorption time and CV? is the relative disper-
sion of absorption time [10, 11]. This type of absorption
process is well suited to test interactions based on a
change in bioavailability and has already been used to
model the mechanism of P-gp inhibition [12].

One and two compartment models were tested for the
structural component of the model.

Pharmacodynamic model A linear relationship, previously
described in population model analysis, and an
Emax model were evaluated to describe the relationship
between the concentration of dabigatran and its effect [8].

Covariate model Body mass index, weight, lean body
weight, size, age and creatinine clearance [calculated using
the Modification of Diet in Renal Disease (MDRD) and
Cockcroft-Gault equations] were tested as continuous

covariates on absorption and structural parameters. The
concomitant administration of clarithromycin, was
included as a categorical covariate in the absorption
model in order to test the presence of an interaction
between dabigatran and clarithromycin:

In(0;) =In(We, )+ Po; X Clari+mg, + Yo, x Clari

where 6; is one of the population parameters, lgis the
typical value of the parameter 8;, Bgis the covariate effect,
Clari is equal to 1 during the clarithromycin plus DE treat-
ment period and 0 during the DE alone period, Ngis the
inter-patient variability in the absence of clarithromycin,
and 7Ygis the increase in inter-patient variability in the
presence of clarithromycin.

The covariates were added to the model in accordance
with the procedure described elsewhere [13].This involved
a forward inclusion step and a backward elimination step.
A decrease in the objective function of at least 3.84 was
required to identify a significant covariate.

Model evaluation Model evaluation and selection was
based on visual inspection of goodness of fit plots, the
precision of parameter estimates and a decrease in objec-
tive function. The goodness of fit was established by
plotting the population predictions of the model vs. obser-
vations, the individual predictions vs. observations,and the
normalized prediction distribution errors (NPDE) vs. time
[14]. The visual predictive check (VPC) was generated by
simulating 1000 times the parameters of the 10 subjects.
The ability of the model to describe the observations was
evaluated by inspection of the distribution of the simu-
lated concentrations. Finally, the median parameter values
and the 90% prediction interval of the VPC replicates were
compared with the observations comprising the original
dataset.

Results

Population description

All the subjects completed the study and were included in
the PK and PD analyses. The median age (range) was 22
(18-33) years, median height 180 (175-188)cm and
median weight 75 (64-82) kg. With regard to laboratory
data, median aPPT (range) was 1.04 (0.9-1.15) s, median
plasma fibrinogen concentration 2.25 (1.6-3)gl™” and
median plasma creatinine concentration 77 (72—
95) umol I,

Population PK model

The best absorption model was that based on an inverse
Gaussian absorption process. This was associated with
the best objective function value (758.6), first order and
zero order absorption processes being associated with
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Table 1

Values of pharmacokinetic and pharmacodynamic parameters

Population
mean (% RSE)

Interpatient
SD (% RSE)

Absorption model parameters
MAT 1.65 (4) 0.0722 (16)
cv 0.622 (5) 0.152 (5)
F 0.065 (fixed) 0.386 (13)
[ 0.101 (1.4) 0.725 (12.7)
Disposition model parameters
Ve 48.3 (12) 0.105 (41)
Vp 68.7 (6) -
Q 20.6 (8) -
CL 14.8 (7) -
Effect model parameters
ECTo 31.3 (1) -
K 0.435 (6) 0.178 (6)
Error model
Gconcentration,additive 4.65 (1 6) -
Gconcentrationproportional 0.105 (1 1) -
GECT,proportional 0.078 (5) -

*Bioavailability in presence of clarithromycin. RSE, relative standard error.

objective function values of 959.5 and 946.7, respectively
(on the basis of a two compartment structure).

The parameters defining the two compartment struc-
ture of the model were the clearance (CL), the inter-
compartmental clearance (Q), and the central and
peripheral compartments (V. and V, respectively). Random
effect was tested only on V. and absorption parameters (F,
CV? and MAT). No covariance was found between the
parameters CL and V.. Inter-individual variability was esti-
mated for MAT, CV?, F and V.. Residual variability was best
described using a combined (additive plus proportional)
error model. The values of these parameters are shown in
Table 1.

None of the continuous covariates tested (weight, body
mass index, body surface area, creatinine clearance) was
associated with a significant decrease in the objective
function.

Population PK/PD model

The best PK/PD model corresponded to a linear relation-
ship between dabigatran concentration and its anticoagu-
lant effect, based on the ECT, implemented as follows:

ECT = K X CDabi X ECT()

where Kis a proportionality coefficient, ECTy is the baseline
ECT value and Cpabi the plasma concentration of dabigat-
ran. Random effect was tested only on K.The error model
was proportional. The values of these parameters are pre-
sented in Table 1.
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No relevant IOV was estimated on the PK and PD model
parameters.

Testing the interaction

The administration of clarithromycin induced a significant
change only in the bioavailability of DE. The population
mean value of F increased from 6.5% (pre-set value; range
2.8-12.1) to 10.1% (4.1-26.9) in the presence of clarithro-
mycin, the inter-individual variability of F increasing from
0.386 to 0.725 (CV%). The modification of the absorption
rate of dabigatran and its variability in the presence of
clarithromycin is illustrated in Figure 1. The impact of clari-
thromycin on peak concentration was an increase of 60.2%
from (median, min-max) 174.4 ug I"' (92.3-310.0) without
clarithromycin to 279.4 ug I”' (71.6-782.1) with clarithro-
mycin. On AUC, an increase of 49.1% was observed from
1220.5 ug ™" h (586.5-2227.2) without clarithromycin to
1820.4 ug I h (521.0-5000.2) with clarithromycin.

Model evaluation

The goodness of fit plots for the model (Supporting Infor-
mation Figure S1) show no apparent bias in model predic-
tion except for high concentration and ECT values. The
NPDE was not biased. According to the VPC (Figure 2),
average observed values were well predicted and only
extreme profiles were outside 90% of the simulated values,
showing the good predictive properties of the model.

Discussion

Our study showed that the best model to describe the
pharmacokinetics and pharmacodynamics of dabigatran
in healthy volunteers was a two compartment model with
an absorption following an inverse Gaussian law, associ-
ated with a linear effect model. To the best of our knowl-
edge, this is the first population model developed on the
basis of rich pharmacokinetic and pharmacodynamic data
allowing precise description of the complex mechanism of
absorption of DE. Other population models published
were developed on the basis of patient cohorts receiving
thromboembolism prophylaxis after orthopaedic surgery
or in the context of atrial fibrillation. These models, based
on sparse blood sampling did not allow relevant charac-
terization of the complex absorption of dabigatran DE
[8,15,16].

Concerning methodology, we employed an original
and powerful statistical approach to test for drug-drug
interaction. In contrast to standard bioequivalence appro-
aches, population models are little used, despite their dem-
onstrated superiority for the evaluation of drug-drug
interactions in terms of statistical power to demonstrate
such interactions [17, 18]. These models also permit eluci-
dation of the mechanism underlying the interaction. In
our case, recourse to an inverse Gaussian model allowed
identification of the different stages of the absorption
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Absorption rate of dabigatran with and without clarithromycin.The solid black line represents the median absorption rate of dabigatran without clarithro-
mycin (A) and with clarithromycin (B). The dashed lines indicate the 5% and 95% percentiles
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Visual predictive check.The envelope indicates the 90% confidence interval of simulations.The grey circles represent data obtained without clarithromycin.

The white circles represent data obtained with clarithromycin

phase and consequently precise evaluation of the drug-
drug interaction. This approach has already been success-
fully used to model P-gp inhibition and its effect on the
absorption of digoxin, another P-gp substrate [12].

In our study, clarithromycin increased exposure to
dabigatran (AUC) by more than 50%.This increase resulted
in a proportional prolongation of coagulation time. We
showed that this phenomenon is explained solely by an
increase in bioavailability from 6.5 to 10%. This result illus-
trates perfectly the mechanism involved in the inhibition
of P-gp by clarithromycin.

In another study, evaluating the same interaction, the
authors showed 19 and 20% increases in AUC and Crax,
respectively [5]. This difference may be explained by
the greater interindividual variability in DE bioavailability
observed in the presence of clarithromycin (38.6 vs. 72.5%)

in our study, the effect of clarithromycin differing sub-
stantially from one volunteer to another (Figure 3). This
variability could be explained by genetic factors, such as
polymorphism of the gene coding for P-gp and CES1,
which limits the biotransformation of the drug’s oral etexi-
late form to active dabigatran. In a recent follow-up suba-
nalysis of the RE-LY study (atrial fibrillation treated with
dabigatran etexilate), the authors identified a common
gene variant that seems to influence the bleeding risk
associated with the drug [2, 19]. Their conclusion is that a
genetic polymorphism of ABCB1 (rs4148738) and CES1
(rs8192935) were significantly associated with higher
dabigatran peak concentrations.

In conclusion, the proposed model effectively
describes the complex pharmacokinetics of dabiga-
tran, allowing drug-drug interactions related to P-gp
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Figure 3

Pharmacokinetic profiles of three volunteers. Fit of dabigatran plasma concentration with (solid line) and without (dashed line) clarithromycin. Grey circles
represent data obtained without clarithromycin. White circles represent data obtained with clarithromycin

modulation to be taken into account. Using this model, we
showed that exposure to dabigatran is increased by 50%
in the presence of clarithromycin and is characterized by
substantial variability. In contrast to non-compartmental
analysis, the population analysis approach is an efficient
tool to investigate other drug-drug interactions with

dabigatran concerning P-gp inhibitors, inductors or
substrates.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1

Goodness of fit plots. The grey circles represent data
obtained without clarithromycin. The white circles repre-
sent data obtained with clarithromycin.The solid line indi-
cates the line of identity. The dashed line indicates the
regression line
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