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ABSTRACT

The drugs buprenorphine, fentanyl and nicotine are frequently applied for the
treatment of pain and smoking cessation, respectively. However, several phar-
macokinetic (PK) characteristics are still unclear in both adult and particularly
pediatric patients, calling for more research in this field. Here, physiologically
based pharmacokinetic (PBPK) modeling represents a valuable tool to enhance
the understanding of a drug’s PK which may lead to optimization in dosing
regimens and pharmacotherapy.

Thus, this work aimed to gain insights into the PK of buprenorphine and fentanyl
as well as to investigate nicotine brain tissue concentrations by leveraging PBPK
modeling. Additionally, the ability of PBPK modeling to predict plasma concen-
trations and PK parameters in pediatric populations of different age groups was
studied.

For this purpose, PBPK models of the three drugs were built and evaluated with
clinical data from adult patients. Buprenorphine and fentanyl models were ex-
trapolated to successfully predict mean and individual plasma concentration-time
profiles and PK parameters in children, full-term neonates and preterm neonates.
Furthermore, the nicotine PBPK model was applied to simulate and evaluate
brain tissue concentrations and was extended to model the positive chronotropic
effect of nicotine.

In conclusion, the work provides new insights into the PK of buprenorphine,
fentanyl and nicotine and supports the use of PBPK modeling to predict a drug’s
PK in pediatric patients.
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ZUSAMMENFASSUNG

Die Arzneistoffe Buprenorphin, Fentanyl und Nikotin werden hdufig in der
Schmerztherapie bzw. zur Raucherentwéhnung eingesetzt, wahrend einige ihrer
pharmakokinetischen (PK) Eigenschaften weiterhin unerforscht sind. Ein besseres
Verstandnis der PK dieser Arzneistoffe konnte Anreize zur Therapieoptimierung
in erwachsenen und pédiatrischen Patienten geben. Die Physiologie-basierte phar-
makokinetische (PBPK) Modellierung besitzt das Potential, hierbei entscheidend
zu helfen und offene Fragestellungen zu beantworten.

Ziel dieser Arbeit war es, neue Erkenntnisse iiber die PK von Buprenorphin und
Fentanyl sowie iiber Nikotinhirnkonzentrationen zu erlangen. Zudem wurden
die pradiktiven Eigenschaften der PBPK Modellierung fiir padiatrische Patienten-
populationen untersucht.

Hierfiir wurden PBPK Modelle fiir Buprenorphin, Fentanyl und Nikotin mit Da-
ten von erwachsenen Patienten entwickelt und evaluiert. Anschlieffend wurden
die Modelle fiir Buprenorphin und Fentanyl auf padiatrische Patientengrup-
pen extrapoliert und Plasmakonzentrations-Zeit-Profile sowie PK Parameter von
Kindern, Neu- und Frithgeborenen erfolgreich vorhergesagt. Das Nikotin PBPK
Modell wurde fiir Simulationen von Hirnkonzentrationen verwendet und um
den positiv chronotropen Effekt von Nikotin erweitert.

Schlussfolgernd liefert die Arbeit neue Erkenntnisse tiber die PK von Bupre-
norphin, Fentanyl und Nikotin und bekriftigt die Verwendbarkeit der PBPK
Modellierung, die PK eines Arzneistoffs in pddiatrischen Patienten vorherzusa-
gen.
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Part I

INTRODUCTION AND AIMS

This part introduces the concept and applications of physiologi-
cally based pharmacokinetic (PBPK) modeling and elaborates
on the challenges in pediatric drug development and phar-
macotherapy. Subsequently, an overview of model-informed
drug discovery and development (MID3) in pediatrics and the
prospects of PBPK modeling in this field is provided. Finally,
this part depicts the workflow for pediatric PBPK modeling,
introduces the three investigated drug compounds, buprenor-
phine, fentanyl and nicotine, and presents the aims of this work.






INTRODUCTION

1.1 PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING

The field of PBPK modeling has emerged over the past decades with applications
ranging from drug-drug interaction (DDI) assessments, study design optimization
and dose selection to predictions of pharmacokinetics (PK) in special populations
(e.g., pediatrics), thereby reducing the need for animal studies, justifying clinical
trial designs and obviating specific clinical investigations [6-10].

PBPK modeling is also leveraged to generate knowledge and hypotheses on PK
properties including liberation, absorption, distribution, metabolism and excretion
(LADME) mechanisms [6, 11] as well as to simulate tissue-specific concentrations,
increasing the understanding of the behavior of drugs [6, 10, 12, 13]. Moreover,
PBPK models can be expanded to physiologically based pharmacokinetic/phar-
macodynamic (PBPK/PD) models, allowing the investigation not only of drug
exposure but also drug effects [10, 12, 13].

These applications are of great interest in drug research and development (R&D)
since efficiency in R&D has declined over the past decades due to numerous
challenges that impede the approval of new drug therapies [14-16]. Hence, sup-
portive tools to enhance decision-making in R&D, to facilitate productivity and
ultimately to improve drug therapy in both adult and pediatric patients are
required [11, 16, 17]. Here, pharmacometric approaches have been established
to support model-informed drug development (MIDD) and their use has been
encouraged by regulatory agencies [8, 17-19]. Pharmacometrics can be defined
as the science of developing and applying “mathematical models of biology,
pharmacology, disease, and physiology used to describe and quantify interactions
between xenobiotics and patients, including beneficial effects and side effects
resultant from such interfaces” [20] and comprises various approaches including
PBPK modeling [20, 21].

In general, PBPK models are based on three major components: (a) system-specific
properties (e.g., organ sizes, organ-specific blood flow rates and tissue compo-
sitions), (b) drug-specific properties (e.g., lipophilicity, plasma-protein binding
affinity and enzymatic stability) and (c) the structural model that consists of
compartments and subcompartments, representing the anatomic arrangement of
tissues and organs [12, 22, 23]. In addition, system- and drug-specific properties
are combined to drug-biological properties such as tissue partition coefficients or
fraction unbound, which are dependent on both organism and drug compound
characteristics [23].

These PBPK model components are used for parametrization of an ordinary differ-
ential equation system to describe the LADME mechanisms of drug compounds
[12]. With that, PBPK models build a mathematical mechanistic framework for
the characterization and prediction of drug concentrations and the respective
PK [24].
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Detailed knowledge on drug properties is key for successful PBPK simulations
[12]. Therefore, available data of various sources including information from in
vitro assays (e.g., microsomal or recombinant enzyme assays), in silico methods
(e.g., estimation of membrane permeability and tissue distribution) and in vivo
studies (e.g., plasma concentration data) combined with in vitro-in vivo extrapola-
tion techniques are integrated [10, 12, 25]. Additionally, information on the drug
product (e.g., formulation properties) and clinical trial conditions (e.g., dose and
dosing regimen) are required for PBPK model simulations [23].
System-dependent properties of PBPK models are parameterized based on physi-
ologic and anatomic knowledge such as information on organ sizes and blood
flow rates [12]. These properties can be informed by research results and large
databases (e.g., from the International Commission on Radiological Protection
[26]) and are generally separated from the drug-specific properties [12, 27-30].
This separation enables the assessment of covariates (e.g., organ impairment
or enzyme abundance) as well as the extrapolation from adult to pediatric pa-
tient populations based on changes of system-specific parameters and LADME
characteristics, provided that the relevant anatomic and physiologic information
is available [10, 12, 24, 30-32]. In addition, the setup allows the investigation
of intrinsic (e.g., age, disease and genetics) as well as extrinsic (e.g., diet and
co-medication) factors that may influence system- and drug-specific components
and, thus, the LADME processes of a drug [27]. Figure 1.1 depicts a schematic
overview of the PBPK model components.
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Figure 1.1: Overview of the PBPK model components. The upper part shows data sources,

system-specific, drug-specific and drug-biological components, information
on formulation properties and study protocol as well as intrinsic and ex-
trinsic factors influencing model components. The lower left part depicts
an exemplary PBPK model structure including organs/tissues and blood
flows. Organs and tissues can be further subdivided into vascular (plasma
and RBC), interstitial and intracellular space (lower right part). Information
and data from [2, 12, 22, 23, 27]. The structural model and subcompartmental
structures were adapted from Kovar et al. [2], distributed under the terms
and conditions of the Creative Commons Attribution (CC BY 4.0) license
(http:/ / creativecommons.org/licenses/by/4.0/). Here, rectangles represent
compartments, arrows denote in-/outflows, blue circles depict drug com-
pounds, orange circles represent plasma proteins and blue crescents represent
enzymes. GIT: gastrointestinal tract, RBC: red blood cells.
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The development of mechanistic in silico models to predict tissue partition coeffi-
cients based on drug compound and organism properties has been a key factor
to facilitate the development of whole-body PBPK models [6, 12]. The in silico
models enable the estimation of drug tissue distribution without conducting
sophisticated preclinical tissue distribution studies [6, 12, 33—35]. However, it
should be noted that partition coefficients in PBPK models that were developed
without measured tissue concentration data might not necessarily reflect reality
[12]. Thus, PBPK model predictions of specific tissue concentrations may require
in vivo tissue data to inform and refine the models [12, 36, 37].

Knowledge gaps on physiologic properties such as enzyme and transporter abun-
dances as well as uncertainties regarding model input parameters, among others,
can lead to erroneous PK characterization of a drug [38, 39]. In turn, inaccurate
PBPK model predictions can indicate model misspecifications such as wrong
model assumptions or missing model components and should be investigated
[12]. Hence, besides model building, PBPK model development comprises thor-
ough model evaluation in an iterative “learn, confirm, and refine” approach [12].
Here, the complementation of in vitro and in silico data with observed in vivo data
(e.g., plasma concentrations and renal excretion data) from clinical studies can
help to optimize PBPK models [12, 40]. The evaluated and refined PBPK model
can then be used for the intended purpose such as dosing simulations or the
assessment of DDI scenarios [12].

In regulatory submissions, PBPK modeling has primarily been used for DDI
assessments (period 2008-2017) [9]. However, the highest growth rate in recent
publications on PBPK modeling could be observed in the field of special popula-
tions that includes the application in pediatrics [7]. This interest may be due to
the fact that many drugs are scarcely studied in children, particularly in full-term
and preterm neonates [41—47]. In addition, ethical and logistic challenges, that
are often unique to pediatric populations especially newborns, [48-53] impede
the conduct of clinical trials, resulting in difficulties in drug development and
pharmacotherapy in pediatrics [44].

These difficulties in pediatric drug development and drug therapy, the prospect
of MID3 to streamline new drug product approvals as well as the potential of
PBPK modeling to mechanistically investigate and predict the PK of drugs in
both adult and pediatric patients are outlined in the following sections. Moreover,
the three drugs investigated in this work, buprenorphine, fentanyl and nicotine,
as well as corresponding treatment issues and ambiguities in PK characteristics
are introduced.

1.2 CHALLENGES IN PEDIATRIC DRUG DEVELOPMENT AND DRUG THERAPY

Drug therapy in pediatric patients poses a huge challenge since many drugs
approved for the treatment of adults are hardly investigated in pediatric patient
populations and consequently, off-label use is a prevalent phenomenon [41—47].
In a recent study, over 95% of patients in neonatal intensive care units received at
least one off-label drug [46].

A triggering factor for the difficulties traces back to the 1960s, when the thalido-
mide tragedy occurred, leading to increased regulatory requirements for new



1.3 MODEL-INFORMED DRUG DISCOVERY AND DEVELOPMENT IN PEDIATRICS

medications [44]. Regulatory interventions comprised extended investigations of
drug candidates including well-controlled, scientific clinical trials as prerequisite
for drug approvals and were introduced to protect patients from ineffective and
unsafe medications [44]. However, in the sequel, children were rarely included
in clinical studies, resulting in a lack of information on safety, effectiveness
and labeling for pediatric populations [44, 54]. As a consequence, the pediatric
pharmacologist Harry Shirkey noted that pediatric patients were becoming “ther-
apeutic orphans” [55, 56], which was supported by later reviews of Wilson [54,
57] and Gilman [58].

Subsequently, various efforts were pursued to enhance pediatric clinical pharma-
cology and to support pediatric clinical trials including preparation of reports
and guidances on the evaluation of medications in pediatric patients [44, 59, 60].
While these approaches did not directly lead to an increased fraction of approved
drugs for pediatric use [44, 54, 58], they set the scene for several regulatory acts
in the United States (US) and Europe including the Best Pharmaceuticals for Chil-
dren Act (BPCA), the Pediatric Research Equity Act (PREA) and the Paediatric
Regulation [44, 61-63]. As a result, the Committee on Drugs of the American
Academy of Pediatrics noted over 8oo pediatric labeling changes in the US until
2014 [64].

However, as indicated, despite these advances, major challenges in pediatric drug
development, drug therapy and off-label use remain in various therapeutic areas
such as pain management and antibiotic therapy [41, 45, 64—69]. Ethical, logistic
and financial hurdles including enrollment and dosing difficulties impede the
conduct of pediatric clinical studies, particularly in neonates [11, 49-53]. Hence,
many drugs have not been studied properly, adequate drug formulations may
not exist and reliable information on therapeutic decision-making is scarce in
pediatrics [49, 51, 52]. This calls for innovative approaches to close knowledge
gaps and to support the investigation, development and approval of medicines
for pediatric patients [11, 49, 50, 70]. Here, pharmacometric modeling approaches
can be leveraged to enhance decision-making, optimize clinical trial design and
ultimately improve drug therapy [11, 32, 49, 70-72].

1.3 MODEL-INFORMED DRUG DISCOVERY AND DEVELOPMENT IN PEDI-
ATRICS

Clinical pharmacology studies in pediatric patients that aim to investigate the PK,
PD and safety of a drug are often difficult to conduct [11, 49-53]. Here, MIDD
offers a valuable tool to increase success rates of pediatric clinical trials, informing
study design and assisting in various areas of pediatric drug development [9, 11,
50, 53, 70].

The term MIDD describes “the application of a wide range of quantitative models
in drug development to facilitate the decision-making process” [19]. In general,
these applications build upon existing knowledge and comprise dose selection
based on the “exposure-matching” principle, providing supportive evidence for
efficacy, model-based dosing, bridging between populations and label recommen-
dations, among others [8, 11, 17-19, 71]. With that, MIDD can help to reduce the
number of study participants or even obviate the need for specific clinical trials,
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decreasing time and costs in the drug development process and thus holds the
potential to address various challenges in a wide range of phases [8, 11, 17-19, 71].
Over time, both the term “MIDD” and the concept have evolved [14, 16, 19, 73,
74]. MIDD, which focuses on the drug development process, has been extended
to the drug discovery phase in MID3 [17, 75].

The US Food and Drug Administration (FDA) guidance for industry on “Clini-
cal Investigation of Medicinal Products in the Pediatric Population” from 2018
suggests the use of MID3 in the design of pediatric clinical studies, optimization
of dosing strategies, maximizing knowledge generation from clinical trials and
leveraging available information to bridge knowledge gaps and avoid unnecessary
studies [70]. These applications include the extrapolation of existing information
from other populations (adults and/or pediatric populations) to the pediatric
patient population of interest in order to propose initial dosing recommendations
[9, 11, 70]. Moreover, Bi and colleagues have recently demanded the use of MIDD
in every stage of all pediatric drug development programs [11]. Here, differ-
ent pharmacometric approaches such as population pharmacokinetic modeling,
allometric scaling as well as PBPK modeling can be leveraged [9, 11].

1.4 CHALLENGES IN PHARMACOKINETIC PREDICTIONS FOR PEDIATRIC
PATIENTS

Pediatric populations including adolescents, children, infants, full-term and
preterm neonates differ enormously both in obvious categories such as size
and age but also in the maturation of various processes affecting the disposition
of drug compounds (e.g., enzymatic metabolism) [9, 42]. These anatomic and
physiologic differences result in higher body-weight corrected clearances (CL)
in infants and young children compared to adults for many drugs [76, 77]. In
contrast, the PK and thus dosing in adolescents is often similar to that of adult
patients [78, 79], while CL in neonates is often immature [76, 80]. This matter has
led to summarizing statements of Oostenbrink and de Wildt stating that “Kids
are no little adults and not all kids are the same” [81] or Anderson and Holford
who concluded “children are small adults, neonates are immature children” [8o].
In adolescents and older children, allometric scaling [25, 82] has been shown
to provide accurate CL predictions and can be a useful pharmacometric tool to
predict and investigate drug PK [11, 79, 83]. However, for infants and neonates,
when rapid maturational changes occur, that affect drug metabolism, distribution
and excretion processes, standard allometric scaling with the commonly applied
exponent of 0.75 reaches its limits, calling for more mechanistic approaches [79,
83-85]. Mahmood and colleagues introduced body weight-dependent exponents
and age-dependent exponents (ADEs) in allometric scaling, that were superior to
a fixed exponent of 0.75 [86, 87]. Yet, predictions with body weight-dependent
allometric exponents require substantial amount of data in pediatric patients [86,
87] and assessments of ADEs revealed decisive limitations for CL predictions
of certain drugs such as ibuprofen (9.5-fold overprediction of CL) or morphine
(3.6-fold overprediction of CL) in preterm neonates [86, 87].

One reason for such mispredictions might be the complex nature of enzyme
maturation: Although admittedly oversimplified, a review by Hines concluded
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that drug metabolizing enzymes can be categorized into three different groups
[88]: One group of enzymes — containing the largest clinically relevant cohort
of Cytochrome P450 (CYP) enzymes including CYP1A2, CYP2Cg9, CYP2D6 and
CYP3A4 [89] — is barely expressed in the fetus while showing rising expression
levels in the first one to two years after birth [88]. The second group of enzymes
shows fairly constant levels of expression throughout gestation (e.g., CYP3A5
and Sulfotransferase (SULT) 1A1) [88]. Finally, the third group of metabolizing
enzymes, which includes CYP3Ay, the major fetal form of CYP3A [90], exhibits
its highest expression levels in the fetus but is silenced within the first two years
after birth [88]. Figure 1.2 exemplarily depicts three enzyme ontogeny profiles of
the described groups as implemented in the PBPK modeling software PK-Sim®
[28, 91].
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Figure 1.2: Ontogeny profiles of (a) CYP3A4, (b) CYP3A5 and (c) CYP3A7 in the liver as
implemented in the PBPK modeling software PK-Sim® [28, 91]. Black lines

depict population geometric mean ontogeny, blue areas depict the geometric
population standard deviation. Age represents postmenstrual age in years.

As a result, depending on which metabolizing enzymes, transporters and other
disposition mechanisms are involved in a drug’s PK, elimination of different drugs
changes at different rates and, hence, CL predictions in infants and neonates be-
come complex [77]. For instance, significant changes in CL may even occur within
a single week after birth (approximately 3-fold increase for sildenafil), requiring
immediate dose adaptations [92]. The complexity is aggravated by the matter, that
not only developmental changes but also various internal and external factors can
impact drug CL, for example, disease state or co-medication [93, 94]. Additionally,
PK predictions of solely the parent compound might represent an oversimpli-
fication: Some drugs are prodrugs that require bioactivation (e.g., omeprazole
[95]), some drugs have active metabolites with similar pharmacological activity
(e.g., morphine [96, 97]) and others are metabolized to toxic side-products (e.g.,
acetaminophen [98]) — all potentially impacted by the maturation of metabolizing
enzymes as well as internal and external factors [77].

Thus, there is a clear need for advanced and thoroughly evaluated mechanistic
approaches to predict and investigate the PK of drugs and their metabolites in
infants, full-term and preterm neonates [99]. Here, PBPK modeling allows the
integration of enzyme and transporter ontogeny as well as of other anatomic and
physiologic changes and represents a helpful tool for investigation of internal
and external factors, optimization of dosing regimens and assistance with the
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development of new drug products, helping to avoid insufficient exposure or
toxicity [32, 81].

1.5 PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING IN PEDI-
ATRIC PATIENTS

As outlined in Section 1.4, drug metabolism in pediatric patients may be affected
by the complex maturation of different drug metabolizing enzymes, but it can
also be influenced by other processes such as age-dependent hepatic blood flow
[100, 101]. In addition, physiologic and anatomic differences between pediatric
and adult patients can impact absorption, distribution and excretion mechanisms
[39, 100, 101]. For example, the composition of gastric fluid in pediatric popula-
tions particularly in neonates differ from the one in adults, affecting absorption
processes of drug compounds [102]. Drug distribution can be altered due to
changes in plasma protein abundance and hence differences in fraction unbound
[103]. Finally, excretion mechanisms in pediatric patients such as renal excretion
via glomerular filtration are subject to age-dependent maturation [101], which
can be integrated in PBPK models [13, 25].

In general, developed PBPK models for drug exposure in adult populations can
be extrapolated to a new target population, scaling all relevant model parameters
to the anatomy and physiology of the population of interest [12, 30]. Hence,
PBPK modeling is prone to be used in pediatric modeling, extrapolating adult
PBPK models, that were built and evaluated with available clinical data, to the
pediatric target population for guidance on dose selection, optimization of study
designs or investigation of a drug’s PK [8, 13, 32, 38]. A modeling workflow to
develop a pediatric PBPK model has been established and presented in several
case studies and reviews [25, 31, 37, 104]. Figure 1.3 exemplifies such a pediatric
PBPK modeling workflow from gathering necessary information and data to
performing model simulations in the pediatric populations of interest.
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Figure 1.3: Overview of a pediatric PBPK model development workflow. * Graphics from

[1, 2]. 2 Adapted from [105]. 3 Ontogeny profiles of CYP3A4 and CYP3A7 in

the liver as implemented in the PBPK modeling software PK-Sim® [28, 91].
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The first step of this workflow represents a thorough examination of the available
information and data [25]. This comprises the collection and evaluation of in
vitro, in silico and in vivo data on drug- and system-specific parameters including
physicochemical properties, anatomic and physiologic parameters, LADME data
as well as PK data accessible from own data bases or via collection and digitiza-
tion of published studies [32, 106].

Subsequently, an adult PBPK model is developed provided that adult PK data for
the drug of interest is available [25, 31, 32]. Extrapolation of an evaluated adult
PBPK model to pediatric populations offers the advantage to establish a thorough
understanding of LADME processes in a relatively homogenous population, be-
fore performing exposure predictions in pediatrics [25, 32]. On the contrary, naive
predictions based on a pediatric PBPK model that has not been extrapolated from
an adult PBPK model feature lower confidence [25, 32].

Hence, if applicable, after gathering and assessing the available data, an adult
PBPK model is built and thoroughly evaluated, a step that is crucial for later
pediatric PBPK model predictions [25, 31, 32]. System- and drug-specific input
parameters required for model building are driven by the model structure, drug
substance, intended model application and route of administration [25]. The
model building process is followed by an iterative process of model evaluation
and model refinement with available clinical PK data according to the learn, con-
tirm and refine paradigm in a “top-down/bottom-up” also called “middle-out”
approach [12, 25, 32, 40, 52, 70, 73].

After adult PBPK model development, system-specific model parameters are
scaled to the pediatric population of interest and ontogeny information are
applied [25]. While drug-specific parameters remain unchanged, some drug-
biological properties might need adaptation (e.g., fraction unbound due to the
aforementioned ontogeny of plasma protein abundance throughout maturation)
[25, 103]. The pediatric PBPK model can then be used to predict drug concentra-
tions and PK parameters in pediatric populations [25]. Here, already available PK
data in pediatrics offer the advantage to evaluate model predictions [25].

The use of PBPK modeling in the field of pediatrics has shown a sharp incline
in the past decade: El-Khateeb and coworkers pointed out that the number of
publications on pediatric PBPK modeling rose 5.5-fold in the investigated time
period (2010—2019) [7]. Pediatric PBPK modeling has also gained notable pop-
ularity in regulatory new drug application (NDA) submissions, in which the
second most common application of PBPK modeling was in pediatrics (15% of
applications) [9].

In pediatric drug development, PBPK modeling has been used for planning
“first-in-pediatric” PK studies, optimization of study designs, dose selection and
optimization as well as DDI assessment, among others [31, 32, 38, 39, 99]. In an
update from the FDA on PBPK modeling in regulatory science, Grimstein et al.
outlined that the main use of pediatric PBPK modeling in investigational NDA
submissions was to propose initial dosing recommendations for clinical studies
[9]. To propose a first-in-pediatric PK study dose with modeling and simulation,
the dose can be selected in a way to match the same exposure achieved in the
adult patient population (“exposure-matching” strategy) [11, 25, 107-109]. It
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should be noted, that this strategy yet relies on the assumption of a similar safety
and efficacy exposure-response relationship for pediatric and adult patients [11,
110, 111].

Besides its use in drug discovery and development within the MID3 framework,
PBPK modeling can also be applied to investigate and improve pharmacother-
apies with drugs that are already established on the market [32, 38, 112]. The
integration of increasing physiologic knowledge in PBPK models (e.g., on organ
maturation and ontogeny of metabolizing enzymes) allows investigators to gener-
ate hypotheses, for example on potential mechanisms causing LADME differences
between pediatric and adult patients, and to simulate “what if” scenarios to deter-
mine causes for the altered PK [11, 38, 113]. The development of novel pediatric
PBPK models that are made publicly available can further promote research
activities on the investigated drugs, facilitate model applications in future drug
development programs and thereby support efforts to optimize pharmacotherapy
[11, 30].

However, to achieve a broader and solidified application of pediatric PBPK model-
ing and to make pediatric PBPK modeling a more integral part of drug discovery
and development, further investigations and evaluations of PBPK model predic-
tion performances, particularly for drugs with complex elimination mechanisms,
are needed [13, 32]. Concurrently, many knowledge gaps and ambiguities in drug
therapy of pediatric patients especially in infants and neonates still exist, optimal
dosing regimens remain unclear and adverse drug reactions (ADRs) impede drug
therapy. Here, the development of new PBPK models can help to close knowledge
gaps, support the design of clinical studies and ultimately contribute to a better
drug therapy in pediatric patients [52, 70, 99, 114].

1.6 INVESTIGATED DRUGS: BUPRENORPHINE, FENTANYL AND NICOTINE

Buprenorphine and fentanyl are opioid analgesic drugs widely used in the treat-
ment of moderate to severe pain in populations of different ages [115-120]. While
fentanyl acts as a full agonist on the p-opioid receptor and buprenorphine as a
partial agonist, both show a significantly higher receptor potency compared to
morphine [115, 119, 121]. As such, both drugs are listed in the World Health Or-
ganization (WHO) guideline on cancer pain management from 2018 as potential
opioids for the treatment of pain in adults and adolescents [115].

However, buprenorphine and fentanyl also play a crucial role in the treatment
of various pediatric populations including full-term and even preterm neonates
[47, 117-120]. Depending on indication and patient population, fentanyl is used
intravenously, in rapid-acting sublingual and intranasal formulations as well as
via transdermal patches and represents the opioid drug most often applied in
neonatal intensive care units [119, 120]. The application of buprenorphine in
pediatrics has also become widespread with administration routes ranging from
intravenous and sublingual to transdermal for the treatment of chronic pain as
well as postoperative analgesia [117].

Because pain — caused, for instance, by intubation or mechanical ventilation —
can act as a major stressor, that potentially increases morbidity and mortality in
critically ill newborns, analgesic treatment is commonly introduced in young pe-
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diatric patients [119, 122]. Here, opioids such as fentanyl and buprenorphine play
an essential role [119, 123]. Yet, while fentanyl administration typically results in
an improved dynamic total respiratory system compliance [124], even low doses
of fentanyl can lead to ADRs, in some cases chest wall rigidity, a potentially fatal
ADR, hampering fentanyl pharmacotherapy [125, 126].

Moreover, a review on anesthetic use in newborn infants noted that no definitive
safety has been established for fentanyl in young children [47], while missing
information on PK and PD have been linked to undertreatment of pain in preterm
neonates [127]. Voller et al. just recently found out, that fentanyl CL in preterm
neonates does not only depend on postnatal but also on gestational age [127].
The CYP3A4 metabolic pathway depicts the major route of norfentanyl formation
from the parent compound fentanyl and was also assumed to represent the main
route of fentanyl elimination [116, 128]. Yet, recent studies suggested the presence
of unknown metabolites and metabolizing pathways, which remains under debate
[129, 130].

Buprenorphine was identified to be a substrate of various CYP and uridine 5’-
diphospho-glucuronosyltransferase (UGT) enzymes including CYP3A4, CYP3A7y,
CYP2C8, UGT1A1, UGT1A3 and UGT2B7 [131, 132]. As a result, the disposition
of the two opioids buprenorphine and fentanyl is affected by the abundances and
activity of various CYP and UGT enzymes, that in turn are heavily impacted by
maturation processes [91] and potential DDIs [133, 134], many of which have not
yet been investigated.

Hence, despite their routine application for sedation and pain control, treatment
issues and lack of knowledge in the PK of buprenorphine and fentanyl — especially
regarding metabolic and excretion processes — exist, particularly in pediatrics,
and a need for further research to close knowledge gaps has been identified [117,
120, 123, 129, 130, 135].

However, conducting investigational clinical studies are cost- and time-intensive
and accompanied by ethical and logistic challenges, that are often unique to
pediatric populations, especially newborns [48-52, 136]. Here, as described, PBPK
modeling can be a valuable tool to study LADME processes in both adult and
pediatric populations, support and optimize the design of clinical trials and its
use in drug discovery and development is endorsed by the FDA and the European
Medicines Agency (EMA) [9, 13, 22, 31, 52, 137, 138]. As both buprenorphine and
fentanyl are subject to extensive enzymatic metabolism [129, 131, 139-142], mech-
anistic modeling offers the potential to integrate prior knowledge on enzyme
maturation, enzymatic activity and other disposition processes to investigate
untested DDI scenarios and provide new insights into the drug exposure in adult
and pediatric patient populations [6, 9, 12, 22, 23, 30, 38].

Since most of the metabolic enzymes involved in the opioids” elimination are
barely expressed in neonates [91], an unadjusted allometric scaling approach
could lead to biased buprenorphine and fentanyl CL predictions, overestimating
degradation processes and thus underestimating exposure [83, 84]. PBPK mod-
eling can incorporate ontogeny information on enzymes and transporters and
has been shown to be suited for extrapolations of the PK from adults to pediatric
patients including full-term and preterm neonates [9, 23, 30, 52].
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Additionally, some PK data from pediatric patients of different age groups has
been published for both buprenorphine and fentanyl [143-149]. Hence, besides
the aim to close knowledge gaps with regard to buprenorphine and fentanyl PK
and therapy, the general performance of the selected PBPK modeling approach to
predict plasma concentrations and individual PK parameters of various pediatric
age groups can be further evaluated in this work. This assessment could represent
a key component for future research activities as difficulties in pediatric drug
development impede pharmacotherapy especially for young infants and neonates,
calling for innovative approaches to reduce lack of knowledge and to improve
pharmacotherapy.

In general, drug concentrations at the site of action are crucial and determine
drug effects [150]. However, experimental determination of tissue concentrations
can be extremely difficult or not feasible at all [23, 151]. Hence, for pragmatic
reasons, drug concentrations are usually measured from venous blood draws,
although this central compartment does often not represent the site of action, for
example, in case of drugs acting in the central nervous system (CNS) [151]. This
matter also applies for the stimulating effects of nicotine in the CNS [152, 153].
Here, PBPK modeling can be applied for simulation and investigation of drug
tissue concentrations [6, 27, 38, 154].

Nicotine is consumed worldwide primarily through smoking combustible
cigarettes [155]. The WHO attributes over eight million deaths per year — caused
by cardiovascular disease, cancer and pulmonary disease, among others — to
tobacco use [156]. While a majority of smokers intends to quit smoking every
year, the addictive nature of smoking, which is mainly ascribed to the pharma-
cologically active nicotine, results in low quit rates of about 5% [157, 158]. This
calls for intensified research in this field to close knowledge gaps and to improve
smoking cessation strategies like nicotine replacement therapies (NRTs), in which
nicotine itself plays a crucial role [153].

Besides its effects on the CNS, nicotine also leads to an increase in heart rate (posi-
tive chronotropic effect), representing a PD marker that is commonly monitored in
clinical trials on smoking and NRTs [152, 159-161]. Such NRTs including nicotine
gums and nicotine transdermal therapeutic systems aim to mimic nicotine expo-
sure of cigarettes while avoiding exposure to other toxic tobacco ingredients [153].
However, nicotine plasma concentrations might not represent the ideal exposure
marker as nicotine’s main site of action is the brain tissue [152, 153]. Thus, it
would be of particular interest to get further insights into nicotine’s PK regarding
brain tissue levels resulting from different routes of nicotine administration. This
may improve the understanding of nicotine addiction and could lead to the
development of more successful NRT treatment strategies. Here, PBPK modeling
allows the estimation of drug exposure at the target tissue [6, 23, 27, 154] and can
be used in this work to evaluate differences in simulated nicotine brain tissue
concentrations after pulmonary, oral and transdermal nicotine multiple dose
administrations.
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AIMS

This thesis aimed to gain insights into the PK of buprenorphine, fentanyl and
nicotine by leveraging PBPK modeling. In addition, a major objective was to
further explore and enhance the ability and value of PBPK modeling to predict
mean and individual plasma concentration-time profiles as well as PK parameters
in pediatric patients including full-term and preterm neonates. Moreover, the
development of the three parent-metabolite PBPK models should contribute to
a library of publicly available PBPK models that can be further used in future
investigations, promoting research activities on the studied drug compounds.

The aims of this thesis were realized within the scope of the following projects:

PusBricaTtioN I - PBPK MODELING OF BUPRENORPHINE IN ADULT AND PEDIATRIC
PATIENTS:

The aim of Project I was to develop an adult and pediatric parent-metabolite
PBPK model of buprenorphine as well as to investigate the performance
of PBPK modeling to predict the PK in pediatric patients of different age
groups. For this purpose, the objectives were first, to build and evaluate an
intravenous PBPK model of buprenorphine and norbuprenorphine with clin-
ical data from adult patients including a DDI scenario with rifampicin and
data on renal excretion, second, to extrapolate the model to children and
preterm neonates, accounting for age-related differences, and finally, to apply
the extrapolated PBPK model to predict individual plasma concentration-time
profiles of buprenorphine after short and long-term infusions in children and
preterm neonates. Results should be compared to predictions with allomet-
ric scaling approaches. In addition, the assessment of buprenorphine and
norbuprenorphine DDI scenarios with the frequently used perpetrator drugs
clarithromycin and itraconazole, that had not yet been studied clinically, was
planned by leveraging the developed adult PBPK model.

PusricaTtioN II — PBPK MODELING OF FENTANYL IN ADULT AND PEDIATRIC

PATIENTS:

The purpose of Project II was to develop a parent-metabolite PBPK model
of fentanyl and norfentanyl for both adult and pediatric populations to gain
new insights into the PK of fentanyl. Hence, the objectives were first, to build
an intravenous PBPK model of fentanyl and norfentanyl in adults, second, to
evaluate the model using plasma concentration-time profiles including a DDI
scenario with voriconazole and data on renal excretion and finally, to extrapo-
late the model to pediatrics for prediction of mean plasma concentration-time
profiles as well as individual and mean CL parameters in pediatric patients
of different age groups. Further, the developed PBPK model should serve as
a foundation to investigate fentanyl PK in both adult and pediatric patients
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including the investigation of fentanyl plasma concentration peaks potentially
related to the occurrence of the ADR chest wall rigidity in neonates.

PuBLicATION III — PBPK MODELING OF NICOTINE BRAIN TissUE CONCENTRA-

TIONS:

The aim of Project III was to simulate and compare nicotine brain tissue
concentrations and heart rate profiles after pulmonary, oral and transdermal
nicotine intake as well as to demonstrate the applicability of PBPK modeling
to integrate various different routes of drug administration in a single model.
Hence, the development of a PBPK/PD model of nicotine and its major
metabolite cotinine was planned for a non-smoking and a smoking population.
The model should be evaluated with plasma and a brain tissue concentration-
time as well as heart rate-time profiles. Finally, the objective was to apply the
model to evaluate differences in brain tissue concentrations and heart rate
profiles between pulmonary nicotine administration and NRT treatments.
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Abstract: Buprenorphine plays a crucial role in the therapeutic management of pain in adults,
adolescents and pediatric subpopulations. However, only few pharmacokinetic studies of
buprenorphine in children, particularly neonates, are available as conducting clinical trials in
this population is especially challenging. Physiologically-based pharmacokinetic (PBPK) modeling
allows the prediction of drug exposure in pediatrics based on age-related physiological differences.
The aim of this study was to predict the pharmacokinetics of buprenorphine in pediatrics with PBPK
modeling. Moreover, the drug-drug interaction (DDI) potential of buprenorphine with CYP3A4
and P-glycoprotein perpetrator drugs should be elucidated. A PBPK model of buprenorphine
and norbuprenorphine in adults has been developed and scaled to children and preterm neonates,
accounting for age-related changes. One-hundred-percent of the predicted AUC|,q values in adults
(geometric mean fold error (GMFE): 1.22), 90% of individual AUC),g predictions in children (GMFE:
1.54) and 75% in preterm neonates (GMFE: 1.57) met the 2-fold acceptance criterion. Moreover,
the adult model was used to simulate DDI scenarios with clarithromycin, itraconazole and rifampicin.
We demonstrate the applicability of scaling adult PBPK models to pediatrics for the prediction
of individual plasma profiles. The novel PBPK models could be helpful to further investigate
buprenorphine pharmacokinetics in various populations, particularly pediatric subgroups.

Keywords: physiologically based pharmacokinetic (PBPK) modeling; buprenorphine; drug-drug
interaction (DDI); norbuprenorphine; pediatric scaling; pharmacokinetics

1. Introduction

Buprenorphine is a partial agonist of the p-opioid receptor with an analgesic potency 25 to
100 times greater compared with that of morphine [1,2]. As such, buprenorphine plays a crucial
role in the therapeutic management of pain in adults and adolescents, which is suggested among
others in a recent guideline on cancer pain management of the World Health Organization (WHO) [2].
Furthermore, in recent years the use of buprenorphine has become widespread in pediatrics with
indications ranging from postoperative analgesia to chronic pain in palliative care [3,4].

Pharmaceutics 2020, 12, 578; doi:10.3390/pharmaceutics12060578 www.mdpi.com/journal/pharmaceutics
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Buprenorphine displays a ceiling effect in adults, in which escalating doses do not cause additional
respiratory depression [5,6]. However, this effect does not seem to apply to young children [7,8].
As aresult, buprenorphine-related serious adverse reactions (ADR) up to fatal events have been
reported, especially in young children, as well as single cases of accidental poisoning due to improperly
stored buprenorphine drug products [7,9,10].

As a consequence, a recent meta-analysis by Vicencio-Rosas and colleagues pointed out the need
of further research activities on buprenorphine in pediatric populations with particular focus on
pharmacokinetic and pharmacodynamic issues [3]. Among others, their goals should be to allow
researchers to develop dosage schemes and minimize the risk of ADR [3]. However, pediatric studies
are difficult to conduct and are accompanied by numerous ethical challenges, many of which are unique
to pediatrics, especially newborns [11]. Physiologically-based pharmacokinetic (PBPK) modeling in
pediatrics has shown to be useful for the optimization of clinical study designs, the prediction of
starting doses for children and the assessment of potential drug-drug interactions (DDIs) [12-16].

Compared to most other opioid receptor agonists, the potential for drug abuse and drug
overdose in adults is lower due to buprenorphine’s partial agonism and its ceiling effect in the adult
population [9,17]. Hence, buprenorphine has successfully been used in the treatment of opioid use
disorders (OUD) and is helping combat the current opioid epidemic [18,19]. However, the increase in
buprenorphine prescriptions has also been associated with illicit usage, raising concerns about the
potential of misuse and diversion [9,20].

A major metabolic route of elimination of buprenorphine represents the metabolism to the active
metabolite, norbuprenorphine, mainly through the cytochrome P450 (CYP) 3A4 enzyme, an enzyme
with a high DDI potential [21,22]. As a result, buprenorphine and norbuprenorphine plasma levels
can be affected by CYP3A4 inhibitors and inducers [21,23]. Recently conducted DDI studies with
CYP3A4 perpetrator drugs have shown significant changes in buprenorphine plasma concentrations
after specific oral and sublingual administration scenarios [24-26]. Still, the clinical relevance of other
DDIs with frequently used perpetrator drugs (e.g., clarithromycin or itraconazole) and the impact
of the inhibition and/or induction of the drug transporter P-glycoprotein (P-gp) remain unclear [23].
PBPK modeling has shown to be a powerful tool in predicting and simulating DDI scenarios and
drug concentrations at specific target sites. Moreover, PBPK models are useful to elucidate transporter
proteins and their contribution to drug disposition [22,27-29].

The objectives of this study were (1) to establish and evaluate a whole-body parent-metabolite
intravenous PBPK model of buprenorphine and norbuprenorphine in adults, (2) to scale the adult PBPK
model to pediatrics for the assessment of plasma concentration-time profiles, and (3) to use the developed
adult PBPK model for the evaluation of DDIs with frequently used CYP3A4 and P-gp perpetrator
drugs that have not been investigated yet. The novel PBPK models are publicly available in the Open
Systems Pharmacology (OSP) repository as clinical research tools to support the design of clinical trials
in specific populations as well as the development of novel drug formulations. The Supplementary
Materials serve as a comprehensive reference manual including detailed documentation of the model
performance assessment.

2. Materials and Methods

2.1. Software

The PBPK models were developed with the PK-Sim® modeling software (version 8.0, part of
the OSP Suite). Model input parameter optimization was accomplished using the Monte Carlo
algorithm implemented in PK-Sim®. Clinical data in scientific literature were digitized using GetData
Graph Digitizer version 2.26.0.20 (S. Fedorov) according to best practices [30]. Allometric scaling was
performed in NONMEM® (Version 7.4.3), pharmacokinetic (PK) parameter analyses and graphics with
the R programming language version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria)
and R Studio® version 1.2.5019 (R Studio, Inc., Boston, MA, USA).
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2.2. PBPK Parent-Metabolite Model Building in Adults

In agreement with pediatric PBPK model development workflows, first, an adult PBPK model
was built and subsequently evaluated with observed plasma profiles to promote confidence in the
parametrization of the PBPK model, before the model was scaled to pediatric populations [12,31-33].
For the building of the adult parent-metabolite PBPK model of buprenorphine and norbuprenorphine,
an extensive literature search was performed to obtain information on (a) physicochemical properties,
(b) distribution, metabolism and excretion processes of the two modeled compounds as well as (c) clinical
studies of intravenous administration of buprenorphine. The gathered information was used to implement
relevant transport proteins and enzymes involved in distribution, metabolism and excretion processes and
to inform drug-dependent model input parameters. The plasma profiles of the identified clinical studies
were digitized and split into an internal training and an external test dataset. The selection of studies for
the internal dataset was guided by the information contained in the different studies (i.e., dosing regimens,
frequent as well as early and late sampling, measurements of norbuprenorphine, measurements of arterial
plasma concentrations, etc.). To obtain values for model input parameters, which could not be adequately
obtained from literature, parameter estimation was performed by fitting the parent-metabolite model to
the training dataset. The external test dataset was used for model evaluation.

Distribution and elimination processes including CYP and wuridine 5’-diphospho-
glucuronosyltransferase (UGT) enzymes as well as drug transporter were implemented according to
the literature [21,34,35]. For the buprenorphine model, these are (1) metabolism of buprenorphine
to a major active metabolite norbuprenorphine through CYP3A4 and CYP2CS8; (2) metabolism
pathways metabolizing buprenorphine to other non-specified metabolites through CYP3A4, CYP3A?7,
UGT1A1, UGT1A3, and UGT2B7; as well as (3) renal excretion through glomerular filtration. For the
norbuprenorphine model, metabolism through UGT1A1 and UGT1A3 as well as renal clearance by
glomerular filtration and tubular secretion through the transport protein P-gp were implemented [36,37].
Figure 1 shows a structural overview of the PBPK model including the implemented metabolic
processes of buprenorphine and norbuprenorphine. Tissue expression distribution of the implemented
enzymes was informed by the PK-Sim® expression database [38]. For detailed supplementary
information on PBPK model building see Section 1 in the Supplementary Materials.

2.3. Pediatric Scaling and Model Applications

After the building and evaluation of the adult PBPK model, the model was scaled to the
administration of buprenorphine in children and preterm neonates for a priori predictions of the
PK in the two pediatric populations. For this, the adult virtual populations were replaced by
pediatric populations. These virtual pediatric populations were based on the patient characteristics
of two included pediatric clinical trials with children and preterm neonates, respectively. As a result,
both anatomic and physiological parameters as well as enzyme tissue concentrations were scaled
to values of the respective target population accounting for age-related changes such as size and
composition of tissue compartments, protein binding and maturation of elimination processes.
Information on the ontogeny functions for enzymes can be found in [39] and in Table S1 of
the Supplementary Materials. For scaling the fraction unbound of buprenorphine to children
and preterm neonates, the method of McNamara and Alcorn for alpha-1-acid glycoprotein was
applied [40,41]. The extrapolated PBPK model was subsequently used to predict 22 individual plasma
concentration-time profiles in children and preterm neonates. To compare the outcome of the PK
predictions using the pediatric PBPK models, a classical allometric scaling approach, as described
by Tod et al., was used [42]. For detailed information on the allometric scaling, see Section 3 in the
Supplementary Materials.

Additionally, the adult PBPK model was used to assess the DDI potential of the CYP and
UGT substrate buprenorphine with the three perpetrator drugs clarithromycin, itraconazole and
rifampicin. While itraconazole and its metabolites inhibit both CYP3A4 and P-gp competitively,
clarithromycin is a mechanism-based inhibitor of the CYP3A4 enzyme and also competitively inhibits
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P-gp, yet with a much higher inhibition constant (K;) [22]. In contrast, rifampicin both inhibits
and induces the CYP2C8, CYP3A4, UGT1A1, and UGT1A3 enzymes as well as the P-gp efflux
transporter [22,43-50]. For the simulation of buprenorphine plasma profiles in the DDI scenarios,
the buprenorphine model was coupled with recently published PBPK models of clarithromycin,
itraconazole and rifampicin [22]. The rifampicin model was further extended with information on the
CYP2C8, UGT1Al and UGT1A3 induction and inhibition processes. Detailed information is provided
in Section 2 of the Supplementary Materials.

(a) Buprenorphine Norbuprenorphine
HO. O HO. O
°J CYP3A4 °J
N v ocvpacs N
7<%H 7<%H
CYP3A4 32;;2; UGTIAL
CYP3A7 UGT2B7 UGT1A3
undefined undefined
metabolite metabolite

o

‘== Dose

Excretion

Venous blood
Arterial blood

Figure 1. Implemented metabolic processes for buprenorphine and norbuprenorphine (a) and structural
overview of the physiologically-based pharmacokinetic (PBPK) model (b). Boxes indicate compartments,
black lines indicate metabolic processes, blue, grey and red lines denote in-/out-flows. CYP: cytochrome
P450, GIT: gastrointestinal tract, UGT: uridine 5'-diphospho-glucuronosyltransferase.

2.4. PBPK Model Evaluation

Adult and pediatric PBPK model performances were evaluated with several methods. Predicted
and observed areas under the plasma concentration-time curve from the first to the last data
point (AUC|,st) and maximum plasma concentration (Cmax) values as well as the predicted plasma
concentrations and their respective values observed were compared in goodness-of-fit plots. Moreover,
buprenorphine and norbuprenorphine plasma concentration-time profiles observed both from adult
and pediatric studies were visually compared to the plasma profiles predicted with the PBPK models.
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To estimate the variability of plasma profiles, virtual populations of 100 individuals were generated
representing the corresponding clinical trial population. For detailed information on virtual populations
see Section 1.2 in the Supplementary Materials. Individual plasma concentration-time profiles including
the corresponding individual demographics were available in one study [51]. Here, populations of
100 individuals with the same demographics were used for simulations only allowing variability in
the expression of the implemented enzymes and transporters. Population predictions were plotted as
geometric mean with geometric standard deviation. When individual concentration-time datasets
were available but demographic values could not be matched to the specific profile, median with
90% population prediction intervals were plotted. The sensitivity of the final PBPK models to
single parameter changes (local sensitivity analysis) was investigated with PK-Sim®. Furthermore,
two quantitative performance measures were calculated: the mean relative deviation (MRD) of the
predicted plasma concentrations for each single plasma profile as well as the geometric mean fold
errors (GMFE) of AUC|,t and Cax ratios, respectively (for detailed information including equations
please refer to Section 4.3 in the Supplementary Materials). Cmax values were calculated only for
intravenous long-term infusions and norbuprenorphine metabolite. Conclusively, the percentage of
model-predicted concentrations falling within 2-fold of the corresponding observed concentrations
was examined in addition to the mentioned evaluation measures above.

The DDI effects were evaluated by comparing plasma concentration-time profiles of
buprenorphine and norbuprenorphine after buprenorphine administration alone (control) and
plasma profiles during concomitant use with the DDI perpetrator (inhibition/induction). Additionally,
the Corfesponding PrediCted AUC ratios (AUCinhibition/induction, predicted/ AUCcontroL predicted) were
calculated. Since observed data of a DDI clinical trial with rifampicin was available, the AUC
ratio predicted was also compared to the AUC ratio observed in the respective DDI study.

3. Results

3.1. PK Data for PBPK Model Development and Pediatric Scaling

After a comprehensive literature search, eight PK studies in adults with 17 different treatment
blocks after intravenous administration of buprenorphine were identified. Two of these studies
were performed in an elderly population, one was a DDI study with rifampicin as the perpetrator
drug. The dataset encompasses wide mean age and dose ranges with 21 to 67.5 years and 0.3 to
16 mg buprenorphine, respectively. In six treatment blocks, norbuprenorphine plasma concentrations
were reported. All plasma concentration-time profiles were digitized and split into an internal
training (n = 7 profiles) and an external test dataset (n = 16 profiles). The internal training
dataset was complemented with information on the fraction of buprenorphine metabolized to
norbuprenorphine, fraction of buprenorphine excreted unchanged in urine, and fraction of dose
excreted in urine as norbuprenorphine [35,52,53]. For the evaluation of the PBPK model predictions
in pediatrics, two clinical trials investigating buprenorphine plasma concentrations in both children
(age: 4.6-7.5 years) and preterm neonates (27-34 weeks postmenstrual age) were located and the data
digitized. An overview of the included clinical studies, comprising study characteristics and dosing
regimens, is shown in Table 1.
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3.2. Adult PBPK Model Building and Evaluation

The whole-body PBPK model for adults precisely predicts plasma concentration-time profiles of
buprenorphine and norbuprenorphine following intravenous administration of buprenorphine. Visual
comparison of predicted to observed plasma profiles are shown in Figure 2 (selection of internal and
external dataset) and in detail in Section 4.1 of the Supplementary Materials (all studies, both linear
and semilogarithmic plots). Predicted plasma profile trajectories are in close agreement with profiles
observed both for buprenorphine venous and arterial blood plasma concentrations as well as for
norbuprenorphine plasma concentrations.

All predicted AUC,st and Cax values are within the 2-fold acceptance criterion. The goodness-of-fit
plot of predicted versus observed plasma concentrations is shown in Figure 3 together with
goodness-of-fit plots of predicted versus observed AUC,g and Cmax values. The GMFE values
for the adult PBPK model are 1.22 and 1.45 for AUC),g and Cax, respectively. Moreover, 84% of
all predicted plasma concentrations fall within 2-fold of the corresponding observed concentration.
The overall MRD value for predicted plasma concentrations for the adult PBPK model is 1.70. Detailed
results on MRD and GMEE values, calculated for all studies, are provided in Sections 4.4 and 4.5 of
the Supplementary Materials, the results of the sensitivity analysis are shown in Section 4.6 of the
Supplementary Materials.

Metabolism of buprenorphine to its major active metabolite norbuprenorphine is predominantly
mediated through CYP3A4 (~65%) and CYP2C8 (~30%) [21]. In total, this pathway is responsible for
about 35% of buprenorphine metabolism [21,35,52]. In contrast, urinary excretion only covers a minor
fraction of buprenorphine elimination (0-1%) [26,35,62]. The PBPK model predictions for fraction
metabolized to norbuprenorphine of ~37% and for fraction of buprenorphine excreted unchanged
in urine of ~0.5% perfectly align with these literature reports (visual comparison of predicted to
observed fractions of buprenorphine excreted unchanged in urine are shown in Figure S2 of the
Supplementary Materials). Two factors, for the metabolic pathway to norbuprenorphine and the
metabolic pathway to other metabolites, were estimated and multiplied with the in vitro literature
values for the respective maximum reaction velocities in order to account for the in vivo relation of
drug metabolized to norbuprenorphine and to other metabolites, respectively [21,35,52]. Further,
the predicted fraction of the dose excreted in urine as norbuprenorphine (~2%) is in concordance
with the literature as well (1.3 to 2.1%) [35]. This fraction was achieved by implementing the efflux
transporter P-gp in the PBPK model according to the literature [37]. Drug-dependent parameters of
the final PBPK model are depicted in Table 2. For detailed information including system-dependent
model parameters, see Section 1 of the Supplementary Materials.

3.3. Pediatric PBPK Model Building and Evaluation

The adult PBPK model was scaled to two pediatric populations with a mean age of 5.9 years and
31 weeks (postmenstrual age), respectively. The fraction unbound of buprenorphine was calculated
with the method of McNamara and Alcorn [40] and resulted in fraction unbounds of 5.1% for the child
population and 7.2% (mean) for the preterm neonate population. All other drug-dependent parameters
were kept fixed to the values of the adult PBPK model. Enzyme concentrations in the respective organs
were scaled based on the implemented ontogeny functions [39].

Visual comparison of predicted to observed individual plasma profiles are shown in Figure 4
(selection of plots) and in detail in Section 4.2 of the Supplementary Materials (all plots, both linear
and semilogarithmic).
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Goodness-of-fit plots of predicted to observed AUC,gt and Cmax values are shown in Figure 5
accompanied with goodness-of-fit plots of predicted versus observed plasma concentrations. The GMFE
values for individual AUC),g predictions were 1.54 for the child and 1.57 for the preterm neonate
population, respectively. Ninety percent of individual AUCj,¢ predictions for the child population
and 75% of individual AUCj, predictions for the preterm neonate population were within 2-fold
of the respective observed values. GMFE of Cax was 1.44 for the long-term infusions in preterm
neonates (with 83% of individual Cax predictions within 2-fold range). Moreover, 81% (children) and
80% (preterm neonates) of all predicted plasma concentrations fell within 2-fold of the corresponding
observed concentrations (overall MRD values of 1.72 for plasma concentration predictions in children
and 1.86 for predictions in preterm neonates). Detailed results for MRD and GMEFE values for

the pediatric predictions can be found in Sections 4.4 and 4.5 of the Supplementary Materials.

The allometric scaling approach led to less precise predictions (see Figure 5c,d) with MRD values of
2.28 (children), 12.46 (preterm neonates without age-dependent exponent) and 2.08 (preterm neonates
with age-dependent exponent).
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Figure 5. Predicted versus observed AUC],4 (a) and Cmax (b) values of buprenorphine for the pediatric
PBPK models as well as predicted versus observed plasma concentrations for children (c) (blue: PBPK
modeling, grey: allometric scaling) and preterm neonates (d) (blue: PBPK modeling, grey: allometric
scaling, dark grey: allometric scaling with ADE as suggested by Mahmood and Tegenge [69]). In (a,b),
each symbol represents the AUC},s or Cimax of a single concentration-time profile. In (c,d), each symbol
represents a single plasma concentration. As stated in the materials and methods section, Ciax values
were only calculated for long-term infusions. The black solid lines mark the lines of identity. Black
dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. ADE: age-dependent
exponent, AUC],¢: area under the plasma concentration-time curve from the first to the last data point,

Cmax: maximum plasma concentration.
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3.4. DDI Evaluation with the Adult PBPK Model

The plasma concentration-time profiles of the simulated DDI scenarios are depicted in Figure 6.
A slight decrease in buprenorphine AUC could be observed when simulating buprenorphine
administration with concomitant rifampicin compared to simulation of buprenorphine administration
alone in the setting of the DDI study by Hagelberg et al. [26]. The corresponding ratio of predicted
AUC 44, (0.89) and observed AUC,,4, (0.85) for the DDI was 0.96. The predicted AUC,,4, for
norbuprenorphine was 1.13 (see Table 3). For the assessment of DDI potential of buprenorphine with
clarithromycin and itraconazole, a dosing regimen of a long-term buprenorphine infusion was selected
to achieve similar steady-state plasma concentrations compared with the administration of marketed
transdermal patches with 10 ug/h buprenorphine [70]. The administration of the perpetrator drugs
started prior to buprenorphine administration and continued throughout the administration of the
buprenorphine infusion. For details regarding the dosing regimens see Table 3. The predicted AUC,,tio
of buprenorphine for the DDI with clarithromycin and itraconazole was 1.06 and 1.11, respectively,
while the predicted AUC,,4, of norbuprenorphine was calculated to be 0.82 and 0.64.
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(e)
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Figure 6. DDI scenarios for buprenorphine (blue, left panel) and norbuprenorphine (green, right

panel) with the perpetrator drugs rifampicin ((a,b), semilogarithmic), clarithromycin ((c,d), linear) and

itraconazole ((e,f), linear) in adults. Buprenorphine and norbuprenorphine plasma concentrations

during concomitant administration of a DDI perpetrator drug are shown in purple. Population

simulations (n = 100) are shown as lines with shaded areas. If available, observed data are shown as

filled circles + standard deviation (a). References link to a specific observed dataset described in Table 1.

Information about dosing regimens as well as observed and predicted AUC ratios for buprenorphine

and norbuprenorphine are depicted in Table 3. DDI, drug-drug interaction; iv, intravenous.
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4. Discussion

In this study, whole-body PBPK models of buprenorphine for an adult and two pediatric
populations have been successfully developed. The adult PBPK model provides a consistent
representation of the buprenorphine and norbuprenorphine dose—exposure relationship following
intravenous administration of a wide dose range (0.3-16 mg) and describes and predicts buprenorphine
and norbuprenorphine venous and arterial plasma concentration-time profiles. Thereby, predictions of
the fraction of buprenorphine metabolized to norbuprenorphine and fractions of buprenorphine and
norbuprenorphine excreted in urine align with literature reports. With the successful scaling of the
adult PBPK model to children and preterm neonates, we confirm the potential of PBPK modeling to
predict the PK in pediatrics. Moreover, we demonstrate the applicability of scaling an adult PBPK
model to preterm neonates in order to predict individual plasma profiles with 75% of AUC ratios falling
within 2-fold range. The performance of the PBPK models have been demonstrated by comparison
of predicted to observed plasma concentration-time profiles and the respective goodness-of-fit plots,
the calculation of MRD values as well as the comparison of predicted to observed AUC],¢t and Ciax
values including the calculation of the respective GMFEs.

By defining absorption, distribution, metabolism, and excretion (ADME) as a function of anatomy,
physiology and biochemistry, PBPK modeling offers the opportunity of rational scaling between
adults and children [31,33]. This study investigated the prediction of individual AUCs and plasma
concentrations of 22 individual buprenorphine plasma profiles. In the case of predictions for children
at the age of 4.6-7.5 years, 90% of individual AUC predictions were within 2-fold range. In the case of
predictions for preterm neonates with 27-34 weeks of postmenstrual age, 75% of individual AUC and
83% of Cmax predictions were within 2-fold range, suggesting good predictive model performance.
While PK predictions for preterm neonates are particularly challenging [71-73], our results provide
evidence that individual predictions of AUC and Cpax values can be feasible.

As reported recently in other pediatric PBPK modeling approaches [12], the clearance in children
(age range of 1-12 years) was slightly underestimated. This could be partly due to the fact that the
implemented ontogeny functions for the CYP and UGT enzymes do not account for partially elevated
concentrations in this age group, which has been reported in literature [39,74].

PK predictions with the PBPK modeling approach were superior compared to the allometric
approach, especially for the preterm neonate population. The application of the exponent 1.2 for
the allometric scaling of clearance in preterm neonates led to an improvement of predictions in this
population compared to the exponent of 0.75, supporting the suggested advantages of an age-dependent
exponent in allometric scaling by Mahmood and Tegenge [69].

In contrast to the simulated DDI scenario with rifampicin (decrease in buprenorphine AUC
of ~11%), concomitant itraconazole administration slightly elevated the AUC of buprenorphine
(~11%) due to the inhibition of CYP3A4. Similarly, clarithromycin inhibited the metabolism of
buprenorphine to norbuprenorphine through CYP3A4 (AUC elevation of ~6%), while the CYP2C8 and
UGT metabolic pathways were not affected by the DDIs with itraconazole and clarithromycin. Recent
studies with the perpetrator drugs voriconazole and rifampicin have shown stronger DDI effects after
oral and sublingual buprenorphine administration [24-26,75]. This is probably due to the fact that
first-pass metabolism in the gut, which can be highly affected by DDIs, is avoided during intravenous
buprenorphine administration. As a result, the DDI assessment in this study rather reflects the DDI
potential for buprenorphine administrations not affected by first-pass metabolism like intravenous and
transdermal applications.

Albeit clarithromycin (mechanism-based inhibition) and itraconazole (competitive inhibition)
strongly inhibit CYP3A4 metabolism to norbuprenorphine, AUCs of norbuprenorphine did not vanish
(decrease of only ~18% and ~36%, respectively). Firstly, norbuprenorphine can also be produced
through CYP2C8. Secondly, the additional inhibition of the efflux transporter P-gp leads to a decreased
norbuprenorphine excretion in the model. The simulated DDI scenario with rifampicin led to a less
pronounced effect on the AUC of norbuprenorphine (increase of ~11%) despite an effect of comparable
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extent on buprenorphine AUC. This can be attributed to a simultaneous induction and inhibition
of norbuprenorphine’s production (CYP2C8 and CYP3A4) and elimination pathways (UGT1A1 and
UGT1AS3) by rifampicin.

As plasma concentrations of norbuprenorphine-glucuronide were not available in the included
studies, enterohepatic circulation for norbuprenorphine was not implemented in the PBPK model.
To account for this missing process, a factor for maximum reaction velocities of UGT1A1l and
UGT1A3 norbuprenorphine metabolism was estimated to decrease norbuprenorphine elimination.
However, this could still lead to underpredictions of norbuprenorphine plasma levels, especially in
terminal phases, multiple-dose regimens and DDI scenarios. Hence, the simulated DDI effects on
norbuprenorphine plasma concentrations (increase with coadministration of rifampicin, decrease
with coadministration of clarithromycin and itraconazole) have to be interpreted carefully. Moreover,
only a limited number of PK studies with reported norbuprenorphine measurements were available
for PBPK model building and evaluation [6,59]. Kapil et al. have reported “slightly higher”
norbuprenorphine plasma levels after transdermal buprenorphine application during concomitant
use of ketoconazole (inhibitor of CYP3A4 and P-gp), which “may be explained by ketoconazole
inhibition of the efflux transporter” [3]. The concomitant administration of voriconazole, an inhibitor
of CYP3A4 and CYP2C19, with oral buprenorphine led to an increase of norbuprenorphine AUC
of ~400% in a recent study [24]. The authors hypothesized that the elevation of norbuprenorphine
levels could be due to inhibition of transporters like P-gp among others, which could affect tissue
distribution. The inhibition of P-gp did not result in such an increase of norbuprenorphine plasma
concentrations in the simulated DDI scenarios. However, if implemented in the model, an enhanced
enterohepatic circulation due to inhibition of P-gp might explain the observed increase. Further studies
with buprenorphine need to be conducted to investigate the effect of DDIs on norbuprenorphine
exposure including distribution and elimination through transport proteins.

Buprenorphine has recently been of interest in mechanistic modeling efforts. Kalluri et al. and
Johnson et al. developed two intravenous and sublingual models of buprenorphine with the SimCyp®
simulator [53,76]. The model by Kalluri et al. represents an adult PBPK model and was further
extended to a pregnant population by Zhang et al. [77]. Ji et al. used the model to assess the influence
of benzodiazepines on buprenorphine PK, which was shown to be negligible [78]. While Johnson
et al. succeeded in predicting clearance parameters in adults and 6-year-old children, the observed
clearance in a younger age group fell “at the bottom end of the predicted results in term newborns” [76].
This could possibly be due to the fact that only CYP3A4 and UGT1A1 were incorporated in the model
and considered for ontogeny. The focus of this study was on predictions of clearance values in different
populations. Predictions of buprenorphine plasma concentration-time profiles in adults or pediatrics
after intravenous administration were not shown.

Moreover, neither of the models included norbuprenorphine, a major active metabolite of
buprenorphine [37]. The contribution of norbuprenorphine to the analgesic efficacy seen after
buprenorphine administration is still under debate [79]. However, norbuprenorphine showed
a higher potency with regard to the induction of dose-related respiratory depression compared to
buprenorphine [80], which has recently been confirmed in a clinical trial with sublingual buprenorphine,
pointing out the relevance of the metabolite norbuprenorphine [81]. All AUCj,¢t and Cmax values of
norbuprenorphine plasma concentration-time profiles predicted with the presented PBPK model lie
within 2-fold range of the corresponding observed values with an MRD value of 2.27 for the predicted
plasma concentrations.

Norbuprenorphine plasma concentration measurements were only available in clinical studies
with adults. Hence, PBPK model predictions for norbuprenorphine were only evaluated in this
population. Furthermore, the DDI assessment could only be carried out with the adult PBPK model
due to the fact that the incorporated perpetrator drug PBPK models were developed for the application
in non-pediatric populations [22].
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The impact of the inhibition processes of UGT1A1 and UGT1A3 by buprenorphine and
norbuprenorphine on the AUC values was negligible as seen in the local sensitivity analysis. This is
probably due to the fact that intracellular unbound drug concentrations were far below the respective
K values from the literature [34], which is supported by Kress in a recent review [23]. As a result,
these inhibitory processes seem to play a minor role in the fate of buprenorphine and norbuprenorphine
PK if the in vitro K; values can be transferred to the in vivo setting and the range of predicted
intracellular concentrations reflects the in vivo scenario.

Transdermal buprenorphine has shown its benefits in the treatment of diverse acute and chronic
pain syndromes as well as other difficult-to-treat pain conditions and OUD [18,82]. Sustained-release
formulations such as transdermal patches hold the potential to reduce plasma concentration fluctuations
and risk for non-adherence. Moreover, recent studies have evaluated the use of transdermal
buprenorphine patches in children and its reduced risk of ADR compared to other dosage forms with
the need for further investigations [3]. As a result of the good predictive PK performance, the new
established intravenous buprenorphine PBPK models could be used to develop transdermal PBPK
models for predictions of buprenorphine plasma concentrations after transdermal administration
based on patch characteristics and in vitro dissolution data.

5. Conclusions

A whole-body parent-metabolite PBPK model of buprenorphine has been developed to predict
buprenorphine and norbuprenorphine venous and arterial blood plasma concentration-time profiles
as well as buprenorphine and norbuprenorphine urinary excretion after intravenous administration
in adults. The model has been used for the assessment of buprenorphine DDIs with clarithromycin,
itraconazole as well as rifampicin. Furthermore, the adult PBPK model has been successfully
scaled to both a child and a preterm neonate population for predictions of individual plasma
concentration-time profiles. The models are thoroughly documented in the Supplementary Materials
and publicly available in the OSP repository. With that, the models could support the development
of a physiological transdermal buprenorphine model, contribute to a library of PBPK models for
predictions in other DDI scenarios, and help with future investigations of buprenorphine and
norbuprenorphine pharmacokinetics, including the design of clinical trials and novel formulations
both for adults and pediatrics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/6/578/s1,
Electronic Supplementary Materials: Additional detailed model information and evaluation.
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Abstract: Fentanyl is widely used for analgesia, sedation, and anesthesia both in adult and pediatric
populations. Yet, only few pharmacokinetic studies of fentanyl in pediatrics exist as conducting clinical
trials in this population is especially challenging. Physiologically-based pharmacokinetic (PBPK)
modeling is a mechanistic approach to explore drug pharmacokinetics and allows extrapolation from
adult to pediatric populations based on age-related physiological differences. The aim of this study
was to develop a PBPK model of fentanyl and norfentanyl for both adult and pediatric populations.
The adult PBPK model was established in PK-Sim® using data from 16 clinical studies and was
scaled to several pediatric subpopulations. ~93% of the predicted AUC),¢ values in adults and
~88% in pediatrics were within 2-fold of the corresponding value observed. The adult PBPK model
predicted a fraction of fentanyl dose metabolized to norfentanyl of ~33% and a fraction excreted in
urine of ~7%. In addition, the pediatric PBPK model was used to simulate differences in peak plasma
concentrations after bolus injections and short infusions. The novel PBPK models could be helpful to
further investigate fentanyl pharmacokinetics in both adult and pediatric populations.

Keywords: physiologically-based pharmacokinetic (PBPK) modeling; fentanyl; neonates; norfentanyl;
pediatric scaling; drug—-drug interaction (DDI); pharmacokinetics

1. Introduction

Fentanyl is a strong opioid—approximately 50- to 100-fold more potent compared to
morphine—and is extensively used in the therapeutic fields of analgesia, sedation, and anesthesia both
in adult and pediatric patients [1-3]. While clinical trials on the pharmacokinetics (PK) of fentanyl
suggest several factors such as liver function impacting the dose—exposure relationship, the wide
interindividual variability is still not completely understood [3]. As fentanyl is a substrate of the
cytochrome P450 (CYP) iso-enzyme 3A4, fentanyl PK can be altered by concomitant administration of
CYP3A4 inhibitors and inducers (drug-drug interactions, DDIs) [3].
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The major route of metabolic clearance was assumed to be mediated via CYP3A4 metabolizing
fentanyl to the inactive metabolite norfentanyl [3,4]. However, recent research activities have suggested
a strong involvement of additional metabolic pathways and hypothesized unknown metabolites [5,6].

In critically ill neonates, analgesic therapy is commonly administered, since pain can act as a
stressor increasing mortality in this population [1]. Indeed, fentanyl is the opioid analgesic most
frequently used in neonatal intensive care units [1], which highlights the importance of fentanyl in
pediatrics. Yet, there is still a lack of knowledge regarding fentanyl PK in children [2]. The desired
analgesic and sedating effects resulting from administration of fentanyl usually lead to an improvement
of respiratory compliance [7,8]. However, adverse drug reactions (ADRs), such as bradycardia,
respiratory depression, and, in rare cases, chest wall rigidity, might occur even after low doses of
fentanyl administration [1,8]. A recent meta-analysis by Ziesenitz and colleagues concluded the
need for further research on fentanyl, especially in larger cohorts and special subpopulations such as
preterm neonates and children with hepatic or renal impairment [2]. However, pediatric PK studies
are difficult to conduct and are often impeded by ethical and logistic challenges, many of which are
unique to pediatrics [9].

Physiologically-based pharmacokinetic (PBPK) modeling can be used for evaluating and extending
existing knowledge on drug disposition derived from in vitro and in vivo investigations into unstudied
subpopulations and clinical scenarios [10,11]. An increasing number of drug applications submitted
to the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) have
investigated the impact of hepatic disease, pharmacogenomics, and DDIs on drug PK with the help of
PBPK modeling [10,12]. Previous PBPK efforts on fentanyl have focused on methodological aspects
of simplifying PBPK models [13], on a PBPK approach to support the development of Provisional
Advisory Levels (PALs) for hazardous agents [14], and on simulating thyroid and testes tissue
concentrations [15], respectively.

In pediatrics, PBPK approaches have also proven its usefulness in designing and optimizing
clinical trials and are supported by both the FDA and the EMA [12,16-20]. For a priori PBPK predictions
in pediatrics, the PBPK model first needs to be informed and evaluated with published PK data in
adults and subsequently extrapolated to pediatric populations—a workflow which has recently been
implemented and successfully executed for several drugs [10,21-25].

The aim of the presented work was to develop a whole-body parent-metabolite intravenous PBPK
model of fentanyl and norfentanyl in adults as a foundation for further assessment of fentanyl PK
and to extrapolate the adult PBPK model for the prediction of plasma concentration-time profiles as
well as individual clearance parameters in pediatric patients. The novel PBPK models are publicly
available in the Open Systems Pharmacology (OSP) repository as clinical research tools