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Abstract
Background Bosentan is approved for use in adult patients
with pulmonary arterial hypertension. The primary aim of
the pharmacokinetic modeling was the provision of a systematic guidance for study design and enhanced understanding of pharmacokinetics across the entire pediatric
age range.
Methods A physiologically based pharmacokinetic model
was developed for the pediatric population; starting from
an adult model, the effects of body weight, age, and maturation of relevant metabolizing enzymes were incorporated to extrapolate the pharmacokinetics to children. A
pediatric population pharmacokinetic model was developed to identify relevant covariates.
Results Based on model predictions, a dose of 0.5 mg/kg
led to an exposure distinguishable from a dose of 2 mg/kg,
and an additional blood sampling time point at 2 h (the
predicted time of maximum concentration) allowed more
precise estimation of bosentan exposure in children. The
lower exposure observed in children compared with adults
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could be explained by maturation-related changes in
clearance. Clinical data confirmed the model predictions.
Conclusions Maturational changes in drug clearance and
developmental changes in body weight were identified as
key elements of bosentan pharmacokinetics in pediatric
patients. Estimating bosentan exposure using physiologically based and population pharmacokinetic modeling and
simulation supported dose selection in pediatric patients.
Model-based exposure estimates helped in reducing the
number of the youngest pediatric patients to be studied.
Pharmacokinetic models can provide a systematic guidance
for study design and enhanced understanding of pharmacokinetics across the entire pediatric age range.

Key Points
The development of bosentan for use in pediatric
patients was strategically supported by modeling and
simulation of the pharmacokinetics of bosentan. The
effects of maturation of relevant metabolizing
enzymes and other relevant covariates were captured
in physiological and population pharmacokinetic
models.
Maturational changes in drug clearance and
developmental changes in body weight were
identified as key elements of bosentan
pharmacokinetics in pediatric patients. The
quantification of these effects provided systematic
guidance for understanding of pharmacokinetics
across all ages, resulting in dose selection and a
reduction in the number of the youngest patients to
be studied.
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1 Introduction
Pulmonary arterial hypertension (PAH) is a chronic orphan
disease that involves vasoconstriction and remodeling of
pulmonary arterial walls leading to increased pulmonary
vascular resistance, right ventricular hypertrophy, and, ultimately, right heart failure and death [1, 2]. PAH belongs to
the pre-capillary pulmonary hypertension group and is
defined as mean pulmonary arterial pressure C25 mmHg at
rest measured during right-heart catheterization (RHC),
pulmonary wedge pressure B15 mmHg, and pulmonary
vascular resistance [3 Wood units [3]. In children, PAH is
similar to the adult disease regarding pathophysiology and
response to PAH treatments [4] with, however, a poorer
prognosis than for adults when left untreated [5, 6].
Bosentan is a dual endothelin-1 receptor antagonist and
was the first oral drug marketed for PAH. In the European
Union, bosentan (TracleerTM) is indicated to improve
exercise capacity and symptoms in patients with PAH of
World Health Organization (WHO) functional class III and
benefits have also been seen in patients with WHO functional class II PAH [7]. In the US, bosentan is approved for
the treatment of PAH (WHO Group 1) to improve exercise
ability and to decrease clinical worsening [8].
Bosentan pediatric development started with BREATHE-3
(Bosentan Randomized Trial of Endothelin Antagonist
Therapy), a multicenter pharmacokinetic study conducted to
determine the appropriate dose regimen in patients aged 3–15
years [9]. Over 12 weeks, pediatric patients received bosentan
film-coated tablets of 31.25, 62.5, or 125 mg twice daily (bid)
determined by their bodyweight category (10–20,[20–40, or
[40 kg), corresponding approximately to a 2 mg/kg dose and
reflecting the approved adult dose of 125 mg bid. Despite a
generally lower bosentan exposure compared with adults,
pediatric patients showed improved hemodynamic variables
that were assessed as an exploratory endpoint [9].
The second pediatric study, FUTURE-1 (pediatric
FormUlation of bosenTan in pUlmonary arterial hypeRtEnsion), was designed to investigate the pharmacokinetics of
bosentan following administration of a 32-mg dispersible
formulation in patients 2–12 years of age [10]. The results

showed that doubling the bosentan dose from 2 to 4 mg/kg bid
did not result in an increase in exposure. In 2009, based on
BREATHE-3 and FUTURE-1 results, the European Commission approved a line extension for bosentan dispersible
tablets 32 mg for use in children above 2 years of age [11]. The
FUTURE-3 study subsequently investigated whether
increasing the dosing frequency from 2 mg/kg bid to three
times a day (tid) would result in increased drug exposure in
patients from 3 months to 12 years of age.
Consequently, the development of pharmacokinetic
models was triggered by the need for determination of
appropriate doses for new efficacy studies in persistent
pulmonary hypertension of the newborn [12] (PPHN) or in
chronic PAH (FUTURE-4 [13, 14] and -5, respectively) as
well as the fulfillment of health authority (HA) requirements or interactions with HAs.
Two models were developed, a physiology-based pharmacokinetic (PBPK) model and a population-pharmacokinetic (PopPK) model. The PBPK model allowed predicting
drug concentrations and variability among children as a
function of maturation (i.e., age) and body weight while the
PopPK model enabled data-driven understanding of bosentan pharmacokinetics in the pediatric population based on
data from the FUTURE-3 study. Adequately capturing the
maturation of pediatric patients with PAH provided essential
contributions towards the efficient pediatric drug development program of bosentan. Both models supported arguments for interactions with HAs to extend the availability of
the dispersible formulation in PAH patients below 2 years of
age and enhanced the overall pharmacokinetic characterization in pediatric PAH patients.

2 Methods
2.1 Studies and Pharmacokinetic Data
Data from multiple clinical studies in healthy adult subjects
and pediatric patients were used for the analyses (Table 1).
The FUTURE-3 population pharmacokinetic modeling
data set comprised 52 patients (12 out of 64 were excluded

Table 1 Studies used for bosentan modeling
Study number
or acronym

Route, dosing regimen

Number of subjects, study
population

Clinicaltrials.gov study number
and/or references

Data use

B-162287

IV, single dose

64 healthy subjects

[36]

PBPK

AC-052-106

PO, single dose

16 healthy subjects

[37]

PBPK

B-159037

PO, multiple ascending doses od

24 healthy subjects

[38]

PBPK

FUTURE-1

PO, 2 mg/kg bid

11 pediatric PAH patients

NCT00319267, [10]

PBPK

FUTURE-3

PO, 2 mg/kg bid or tid

64 pediatric PAH patients

NCT01223352

PopPK

bid twice daily, IV intravenous, PAH pulmonary arterial hypertension, PBPK physiology-based pharmacokinetics, PO oral, PopPK population
pharmacokinetics, tid three times daily
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for protocol violations or implausible data). Each patient
provided a pharmacokinetic profile with six samples at
steady state. Of the 52 patients, 14 were below 2 years of
age.
2.2 Physiologically Based Pharmacokinetic (PBPK)
Modeling

In PPHN, the acute condition requires a prompt treatment
effect. The exposure on the first days of treatment is therefore
of particular interest. Since the physiological changes during
the first days of life are pronounced, further simulations were
performed for doses of 1 and 2 mg/kg to support dose
selection for the FUTURE-4 study in PPHN patients.
2.3 Population Pharmacokinetic (PopPK) Modeling

Human PBPK models are based on physiological properties of the body and physicochemical properties of the
compound. The models consist of compartments representing actual tissue and organ spaces taking into account
their physical volumes. The drug appearance in and elimination from the different compartments is described by
mass balance equations, and model parameters include
physiological and drug-specific parameters. In vitro predictions for distribution and elimination are utilized [15].
The bosentan human PBPK model for adult and pediatric subjects was developed using the software PK-Sim
and simulations for different age groups were performed
using MoBi [15].
Bosentan-specific metabolism and elimination processes
were included into the model by adjusting in vitro data to
in vivo conditions: bosentan is metabolized by the cytochrome P450 isoenzymes (CYP) 2C9 and 3A4 and hepatic
uptake is mediated by two members of the organic aniontransporting polypeptide (OATP) transporter family,
OATP1B1 and OATP1B3 [16, 17]. In addition, bosentan
triggers auto-induction of CYP3A4 upon multiple dosing,
resulting in reduced steady-state exposure (compared with
exposure obtained after single dose). Auto-induction was
modeled as an additional factor on the CYP3A4 clearance
and quantified by estimating a corresponding model
parameter based on observed data.
After confirming that the adult PBPK model predictions were in line with the observed adult pharmacokinetic
data from intravenous (IV) and per os (PO) administration, the model was extended to children by scaling
physiology and clearance processes considering ontogeny
and activity of bosentan-relevant enzymes (CYP3A4 and
CYP2C9) and age-dependent protein binding. Information
regarding the age dependency of the relevant anthropometric (height, weight) and physiological parameters
(blood flows, organ volumes, binding protein concentrations, hematocrit, cardiac output) in children was gathered
from literature [18].
Simulations for steady-state conditions were conducted
for selected ages (1, 2, 4, 6, 8, 10, 14, 18 years) and doses.
Samples of 1000 pediatric patients in each age group were
simulated to identify the second dose (in addition to 2 mg/
kg) to be used in the planned FUTURE-5 efficacy study to
obtain exposure distinguishable between doses for chronic
PAH patients.

PopPK models were developed with pharmacokinetic data
from the study FUTURE-3. Non-linear mixed effects
modeling was employed using the software Monolix [19].
Technical details are provided in online supplement 1 (see
electronic supplementary material).
The inclusion of covariates (age, body weight, and dosing
regimen) was based on statistical testing. The inclusion of
body weight as a covariate was to assess if it contains information in addition to the bodyweight-based dosing
scheme (mg/kg). The model was estimated with one covariate
added on one parameter at a time. Based on the likelihoodratio test statistic that follows a Chi-square (v2) distribution,
the covariate was declared significant if the change in objective function value (OFV) was significant (decrease in OFV
[3.84 for 1 degree of freedom with 1-p = 0.05).
The full model was obtained by adding all statistically
significant covariates to the base model. Backward elimination was used to reduce the full model: the covariate that
would lead to the smallest increase in OFV if omitted from
the model was determined. If the difference in OFV was
\7.88 (based on the likelihood-ratio test for one degree of
freedom with 1-p = 0.005), the covariate was removed
from the model. This procedure was repeated until all
remaining covariate terms were statistically significant.
The model was qualified by comparing simulations from
the model to observed data (goodness-of-fit plots and
visual-predictive checks, VPCs). Model development was
conducted based on interim pharmacokinetic data from 49
children (including nine aged \2 years) and re-fitted with
final data from 52 children (including 14 aged \2 years).

3 Results
3.1 PBPK Modeling
3.1.1 Adult PBPK Model
The PBPK model for bosentan included hepatic clearance
processes via CYP3A4 and CYP2C9, hepatic uptake processes via OATP1B1/1B3 [16], and physiological and
clearance changes with age (maturation). The healthy adult
model showed that the observed plasma concentration data
after IV, single PO, and multiple PO dosing could be
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adequately characterized (Fig. 1). Therefore, the PBPK
model was considered suitable for subsequent scaling of
clearance and simulation of the pediatric population.
3.1.2 Pediatric PBPK Model
Firstly, the adult PBPK model was scaled to selected ages of
the pediatric population with clearance predictions using the
clearance scaling module in PK-Sim. Comparing simulated
plasma concentration–time profiles for 2-, 6-, and 10-year-old
children with 2 mg/kg bid at steady-state (with auto-induction) to the observed plasma concentration–time profiles in
FUTURE-1 (mean age of 6 years, range 2–11 years) after
2 mg/kg bid showed that the concentrations predicted by the
pediatric PBPK model adequately match the observed plasma
concentration data (Fig. 2). The model predicts higher maximum concentrations than observed. However, concentration
data are not available for the predicted time of maximum
concentration at approximately 2 h. The variability in the data
from the FUTURE-1 study is generally large, presumably due
to the age range of 2–11 years with an average age of 6 years.
Subsequently, all age ranges were simulated, including
clearance scaling and between-subject variability. The
simulations are based on the full PBPK model and 1000

Fig. 1 Adult physiology-based pharmacokinetics (PBPK) model
predictions (colored lines) and observed concentration–time data
(means ± standard deviations per time point, vertical lines) after

simulated children. These simulations were performed to
assess if distinguishable steady-state exposures between the
two doses of 0.5 and 2 mg/kg can be achieved. The results
show that the exposures separate; the middle 50% of
exposures (25th to 75th percentile indicated by the range of
boxes) do not overlap (Fig. 3).
The pediatric PBPK model predicted lower exposure
(area under the concentration–time curve from zero to
infinity [AUCinf]) to a single dose of bosentan of 2 mg/kg
in the pediatric population above 1 month of age compared
with adults (Fig. 4), primarily caused by higher clearance
(CLnorm). These predictions are in accordance with data in
FUTURE-1 in which only approximately half of the
exposure was reached compared with adult study data [10].
The PBPK model expanded to the pediatric population
was able to adequately predict observed data in the pediatric
population (in the age range 2–11 years) and to explain
observed differences to adults. The simulations of different
age ranges and doses provided meaningful exposure predictions: 0.5 and 2 mg/kg bid administration of bosentan led
to distinguishable exposures across the different age groups
with only slight overlap between doses. For neonates, a dose
of 2 mg/kg would result in exposures similar or slightly
higher compared with 2 mg/kg in adults (Fig. 4).

a intravenous (i.v.) dosing (50 mg), b single oral (p.o.) dosing (125
mg), and c multiple oral dosing of bosentan (500 mg daily [q.d.])
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Fig. 2 Physiology-based pharmacokinetics (PBPK) model-based
simulation results: means (colored lines) and prediction intervals
(colored areas), and FUTURE-1 data (means ± standard deviations

Fig. 3 Comparison of exposure
at steady state after bosentan 0.5
or 2 mg/kg twice daily in a
pediatric population simulated
from the physiology-based
pharmacokinetics (PBPK)
model, stratified by age. AUC
(0–24) area under the
concentration–time curve from
0 to 24 h

per time point after 2 mg/kg twice daily, dots and vertical lines) for
ages a 2 years, b 6 years, and c 10 years
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Fig. 4 Age-dependence of a area under the concentration–time curve from 0 to infinity (AUCinf) and b dose-normalized clearance (CLnorm) after
a single bosentan dose of 2 mg/kg, relative to adults

Fig. 5 Structural population
pharmacokinetics model. CL/F
apparent total body clearance
(L/h), kt transfer rate constants
(1/h), tlag absorption lag time (1/
h), ka absorption rate constant
(1/h), V/F apparent volume of
distribution (L), km metabolism
rate constants (1/h)

3.2 PopPK Modeling
The PopPK model is illustrated in Fig. 5. The final model
contained four covariate effects: dosing regimen on the
absorption rate constant ka, the apparent total body clearance (CL/F), and the transfer rate constant kt1, and body
weight on CL/F. The model qualification of the final model
including covariates showed that the model adequately
fitted the observed data. Technical details are provided in

online supplement 1 (see electronic supplementary
material).
Simulations from the model show that the concentration–time profile is dependent on body weight (Fig. 6).
Children with higher body weight receive higher total
doses based on 2 mg/kg. On the other hand, children with
higher body weight have higher clearance: the parameter
for the body weight effect on clearance was estimated at
0.0419 such that the estimated clearance for a body weight
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Fig. 6 Summary of simulations
for bosentan (2 mg/kg twice
daily) by body weight (blue
lines/circles medians, green
lines/circles 5th and 95th
percentiles)

of 4 kg is exp(0.0419 9 4) 9 1.78 = 2.1 L/h while the
estimated clearance for a body weight of 32 kg is
exp(0.0419 9 32) 9 1.78 = 6.8 L/h. Thus, an 8-fold difference in absolute dose (based on 2-mg/kg dosing) corresponds to a 3.2-fold difference in exposure.
Body weight and age are highly correlated, in particular
in children, and both covariates showed significant influence on the pharmacokinetics of bosentan during individual covariate testing. During backward deletion, age was
removed from the model and body weight resulted as the
covariate that can better explain differences in pharmacokinetics in children, in line with previous findings
(BREATHE-3 [9] and FUTURE-1 [10]) and the PBPK
model for bosentan.
3.2.1 Comparison of Interim Pharmacokinetic Analysis
with PBPK Model Predictions
Interactions with HAs triggered an interim analysis of
FUTURE-3 data. The pharmacokinetics of bosentan in
children below 2 years of age were analyzed in two different ways: by non-compartmental analysis and by simulations of the interim PopPK model considering the typical
body weight of 1- and 2-year-old children. These results
were then compared with PBPK-based simulations at the
same ages (Fig. 7). The observed daily exposures in children below 2 years of age (as well as the simulations based
on the interim PopPK model) were in line with the simulations based on the PBPK model. The range of exposures
predicted by the PopPK model is larger, possibly due to
reduced organ function in children with PAH compared

with healthy children used for PBPK simulation. The
overlap in predicted exposures indicates that the PBPK
model accurately predicted bosentan exposure in children
below 2 years of age.

4 Discussion
Treatment of pediatric PAH is largely based on evidence
from adult studies and on expert opinion [12], typical for a
limited patient population. PAH represents a truly rare
disease, acknowledged as an ‘orphan disease’ by HAs.
Other practical problems for conducting randomized controlled clinical trials (RCCTs) include difficulty to retain
pediatric patients in trials, lack of short-term endpoints
appropriate for the entire pediatric age range, and lack of
well-defined treatment targets [20].
Furthermore, PAH is a disease with poor prognosis,
meaning pediatricians start using PAH-specific therapies as
soon as they are approved in adults, thus hampering the
conduct of pediatric RCCTs, especially if they are placebocontrolled. This held particularly true for bosentan when in
2001 it became the first PAH-specific drug available as an
oral formulation. Investigation of bosentan in pediatric
PAH additionally became more challenging when the US
Food and Drug Administration (FDA) discouraged the use
of hemodynamic changes as assessed by RHC to be an
appropriate endpoint in children due to RHC-associated
risks [21, 22]. RHC is acknowledged by both the medical
community and HAs as important in guiding treatment
strategies [23] and efforts have been made to establish its
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Fig. 7 Comparison of
FUTURE-3 interim
pharmacokinetic results with
PBPK model results. AUC
(0–24) area under the
concentration–time curve from
0 to 24 h, b.i.d. twice daily,
PBPK physiology-based
pharmacokinetics, PopPK
population pharmacokinetics

optimal risk/benefit ratio [24, 25]; however, it is meanwhile
considered by the FDA to be associated with an unacceptably high risk if performed solely for study-related
purposes [22].
The selection of pediatric doses was therefore based on
scaling of exposure: doses were to be determined such that
pediatric patients would experience exposure similar to
adult patients. Based on a generally similar pathophysiology of adult and pediatric PAH, the pharmacokinetic
scaling approach proved to be a viable alternative.
Model-based extrapolations from adult to pediatric
patients have shown impactful results [26]. Model-predicted physiologically-based drug clearance [27, 28] and
organ function [29] are key components to scaling from
adults to children. These PBPK models are based on
physicochemical properties of the molecule and physiological properties of the human body [30, 31], allowing for
extrapolation to children prior to collection of pharmacokinetic data.
PopPK modeling instead fits a model to observed data.
Both approaches have advantages and disadvantages: the
pharmacokinetic predictions from the PBPK model are
based on physiology and physicochemical drug properties
and are thus not driven by observed data. Therefore, the
PBPK predictions might not be in line with the observed
data, but PBPK models are acceptable if the predictions are
within two-fold of the observed data [32–35]. On the other
hand, the PopPK model was developed to describe the
observed data without use of physiology and physicochemical properties of the drug. Both applications in the
bosentan pediatric program confirmed that data are

predicted and fitted reasonably well with some limitations:
a plateau in exposure from 2 mg/kg bid to 2 mg/kg tid
dosing could only be incorporated into the model after
having observed the plateau, but it was not predicted based
on physiology and physicochemical drug properties. Both
approaches were employed in the bosentan pediatrics
program: the PBPK model was employed for extrapolation
in the absence of data while the PopPK model helped to
characterize observed data. The models were used in a
complementary fashion.
The models revealed that bosentan exposure in children
2–15 years of age was lower than in adults (BREATHE-3
and FUTURE-1 study), although associated with treatment
benefits similar to adults [6, 9, 10]. The study FUTURE-3
was therefore conducted to understand bosentan pharmacokinetics in children \2 years of age and to investigate
whether increasing the dosing frequency from bid to tid
would result in increased drug exposure. Anticipating the
rarity of the disease, the FUTURE-3 study was set up
ambitiously, involving 45 expert pediatric centers in 20
countries to recruit 64 patients. Initially, half of the patients
were supposed to be\2 years of age. Interim evaluations of
model predictions showed that the predicted pharmacokinetics were consistent with observed data, strengthening
confidence in model predictions. For the European Union,
the Paediatric Committee (PDCO) agreed to a modification
of the Paediatric Investigation Plan that reduced the number of pediatric patients \2 years of age from 30 to 20.
The results of the final PBPK and PopPK modeling of
bosentan in children were in agreement with interim data
and showed that the PBPK predictions for children \2
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years of age were in agreement with the observed data.
They also showed how modeling and simulation can support and impact pediatric clinical development in various
aspects. The PBPK model was in accordance with observed
data from FUTURE-1, a pediatric study that was not used
for model building, and both models were in alignment
with data observed in this study.
Since the PBPK simulations showed that the maximum
concentration is most likely between 1 and 3 h (Fig. 2), an
additional pharmacokinetic sampling point (at 2 h postdose) was proposed in the FUTURE-5 study to better
capture peak concentrations.
Assuming similar efficacy with similar exposure to
bosentan in PAH and PPHN, the investigation of bosentan
in neonates with PPHN was possible without a dedicated
dose-finding study due to accurate dose prediction based on
pharmacokinetic modeling. For clinical development in
neonates, the PBPK simulations showed that 2 mg/kg
yields an exposure slightly higher than exposure in adults
and contributed to the dose selection for the study in
neonates (Fig. 4). However, to limit the risk of underdosing, and as 2 mg/kg was shown to be safe in older
children, the dose of 2 mg/kg was chosen for the neonate
population of FUTURE-4 [13, 14]. The additional consideration of maturation factors was needed for neonates,
and PBPK proved to be a powerful tool to support decision
making in clinical drug development of bosentan in
neonates.
For children [1 year of age, the FDA requested an
additional efficacy study with two doses that would lead to
distinguishable exposure with only slight overlap. The
PBPK simulations showed that doses of 0.5 and 2 mg/kg
would comply with the expectations from the agency
across different age ranges. Based on these simulations, the
study sponsor proposed 0.5 and 2 mg/kg as appropriate
doses to be tested. The FDA agreed to this approach. The
hypothesis could not be tested with FUTURE-5 data. The
study was planned with RHC as primary endpoint. RHC
became unacceptable in pediatric studies for ethical reasons and the FUTURE-5 study was not conducted since an
alternative primary efficacy endpoint could not be developed in time.

5 Conclusion
The presented pharmacokinetic modeling approaches
(PBPK as well as PopPK) had significant influence and
impact on the clinical development of bosentan in the
pediatric population. Dose selection for clinical studies was
supported by estimating the exposure to bosentan and by
improving the protocol design. The pharmacokinetic
models helped in reducing the number of very young

patients required to be tested, strengthened by the robustness of the model to match predictions with observed data.
They also contributed to extending the availability of the
dispersible formulation in PAH patients \2 years of age.
Pharmacokinetic modeling and simulation techniques provided a systematic guidance for study designs and
enhanced understanding of the pharmacokinetics of
bosentan across the entire pediatric age range, contributing
to providing a marketed dispersible formulation in PAH
patients \2 years of age.
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