
P h y s i o l o g i c a l ly Ba s e d P h a r m ac o k i n e t i c

M o d e l i n g P rov i d i n g I n s i g h t s i n t o t h e P h a r m ac o k i n e t i c s

o f B u p r e n o r p h i n e , F e n ta n y l a n d N i c o t i n e

i n A du lt a n d P e d i at r i c Pat i e n t s

D I S S E RTAT I O N

zur Erlangung des Grades des Doktors der Naturwissenschaften
der Naturwissenschaftlich-Technischen Fakultät

der Universität des Saarlandes

von
Lukas Georg Kovar

Apotheker

Saarbrücken
2022



Tag des Kolloquiums: 21.10.2022

Dekan: Prof. Dr. Jörn Erik Walter

Berichterstatter: Prof. Dr. Thorsten Lehr

Prof. Dr. Claus-Michael Lehr

Prof. Dr. Charlotte Kloft

Vorsitz: Prof. Dr. Andriy Luzhetskyy

Akad. Mitarbeiter: Dr. Agnes-Valencia Weiß



Die vorliegende Arbeit wurde von Januar 2019 bis Dezember 2021 unter Anleitung
von Herrn Prof. Dr. Thorsten Lehr in der Fachrichtung Klinische Pharmazie
der Naturwissenschaftlich-Technischen Fakultät der Universität des Saarlandes
angefertigt.

iii





P U B L I C AT I O N S I N C L U D E D I N T H I S T H E S I S

P u b l i c at i o n I – P B P K M o d e l i n g o f B u p r e n o r p h i n e i n A du lt a n d P e d i at r i c

Pat i e n t s :

Physiologically-Based Pharmacokinetic (PBPK) Modeling of Buprenorphine in
Adults, Children and Preterm Neonates.
Lukas Kovar, Christina Schräpel, Dominik Selzer, Yvonne Kohl, Robert Bals,
Matthias Schwab and Thorsten Lehr.
Pharmaceutics 2020;12(6):578. DOI: 10.3390/pharmaceutics12060578 [1].

P u b l i c at i o n I I – P B P K M o d e l i n g o f F e n ta n y l i n A du lt a n d P e d i at r i c

Pat i e n t s :

Physiologically-Based Pharmacokinetic (PBPK) Modeling Providing Insights
into Fentanyl Pharmacokinetics in Adults and Pediatric Patients.
Lukas Kovar, Andreas Weber, Michael Zemlin, Yvonne Kohl, Robert Bals, Bernd
Meibohm, Dominik Selzer and Thorsten Lehr.
Pharmaceutics 2020;12(10):908. DOI: 10.3390/pharmaceutics12100908 [2].

P u b l i c at i o n I I I – P B P K M o d e l i n g o f N i c o t i n e B r a i n Ti s s u e C o n c e n t r a -

t i o n s :

Comprehensive Parent-Metabolite PBPK/PD Modeling Insights into Nicotine
Replacement Therapy Strategies.
Lukas Kovar, Dominik Selzer, Hannah Britz, Neal Benowitz, Gideon St. Helen,
Yvonne Kohl, Robert Bals and Thorsten Lehr.
Clin Pharmacokinet 2020;59(9):1119-1134. DOI: 10.1007/s40262-020-00880-4 [3].

v





C O N T R I B U T I O N R E P O RT

The author wishes to clarify his contributions to the publications included in this
thesis, complemented by the contributor roles taxonomy (CRediT) [4, 5].

P u b l i c at i o n I – P B P K M o d e l i n g o f B u p r e n o r p h i n e i n A du lt a n d P e d i at r i c

Pat i e n t s :

The author performed all major working steps that resulted in the publication
of Project I. The author planned the work, gathered the information from
literature, analyzed the available data, performed the pharmacometric work in-
cluding adult PBPK modeling and simulation, model extrapolation to pediatric
populations, pediatric PBPK modeling and allometric scaling and analyzed
the modeling and simulation results. Moreover, he prepared the graphics, the
supplementary material and conceived and wrote the manuscript. Conceptu-
alization, Investigation, Methodology, Visualization, Writing – original draft,
Writing – review & editing.

P u b l i c at i o n I I – P B P K M o d e l i n g o f F e n ta n y l i n A du lt a n d P e d i at r i c

Pat i e n t s :

The author performed all major working steps that resulted in the publica-
tion of Project II. The author planned the work, assisted in gathering and
reviewed the information from literature, analyzed the available data, per-
formed pharmacometric PBPK modeling work in adult patients, extrapolated
the adult PBPK model to pediatric patients, performed the pharmacometric
PBPK modeling work in pediatric patients and analyzed the modeling and
simulation results. Furthermore, he prepared the graphics, the supplementary
material and conceived and wrote the manuscript. Conceptualization, Investi-
gation, Methodology, Visualization, Writing – original draft, Writing – review
& editing.

P u b l i c at i o n I I I – P B P K M o d e l i n g o f N i c o t i n e B r a i n Ti s s u e C o n c e n t r a -

t i o n s :

The author performed all major working steps that resulted in the publica-
tion of Project III. The author was involved in planning the work, gathered
all information from literature, analyzed the available data, performed the
pharmacometric PBPK modeling work, expanded the PBPK model with a
pharmacodynamic (PD) tolerance heart rate model (PBPK/PD modeling),
performed the PBPK/PD model simulations and analyzed the modeling and
simulation results. Furthermore, he prepared the graphics, the supplementary
material and conceived and wrote the manuscript. Conceptualization, Investi-
gation, Methodology, Visualization, Writing – original draft, Writing – review
& editing.

vii





A B S T R A C T

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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Z U S A M M E N FA S S U N G

Die Arzneistoffe Buprenorphin, Fentanyl und Nikotin werden häufig in der
Schmerztherapie bzw. zur Raucherentwöhnung eingesetzt, während einige ihrer
pharmakokinetischen (PK) Eigenschaften weiterhin unerforscht sind. Ein besseres
Verständnis der PK dieser Arzneistoffe könnte Anreize zur Therapieoptimierung
in erwachsenen und pädiatrischen 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 über die PK von Buprenorphin und
Fentanyl sowie über Nikotinhirnkonzentrationen zu erlangen. Zudem wurden
die prädiktiven Eigenschaften der PBPK Modellierung für pädiatrische Patienten-
populationen untersucht.
Hierfür wurden PBPK Modelle für Buprenorphin, Fentanyl und Nikotin mit Da-
ten von erwachsenen Patienten entwickelt und evaluiert. Anschließend wurden
die Modelle für Buprenorphin und Fentanyl auf pädiatrische Patientengrup-
pen extrapoliert und Plasmakonzentrations-Zeit-Profile sowie PK Parameter von
Kindern, Neu- und Frühgeborenen erfolgreich vorhergesagt. Das Nikotin PBPK
Modell wurde für Simulationen von Hirnkonzentrationen verwendet und um
den positiv chronotropen Effekt von Nikotin erweitert.
Schlussfolgernd liefert die Arbeit neue Erkenntnisse über die PK von Bupre-
norphin, Fentanyl und Nikotin und bekräftigt die Verwendbarkeit der PBPK
Modellierung, die PK eines Arzneistoffs in pädiatrischen Patienten vorherzusa-
gen.
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Part I

I n t ro du c t i o n a n d A i m s

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.





1
I N T R O D U C T I O N

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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4 introduction

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
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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 800 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” [80].
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, CYP2C9, 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 CYP3A7, 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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1Figure 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. 1 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, naïve
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-
firm 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 µ-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]. Völler 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, CYP3A7,
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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A I M S

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:

P u b l i c at i o n I – P B P K M o d e l i n g o f B u p r e n o r p h i n e i n A du lt a n d P e d i at r i c

Pat i e n t s :

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.

P u b l i c at i o n I I – P B P K M o d e l i n g o f F e n ta n y l i n A du lt a n d P e d i at r i c

Pat i e n t s :

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

17
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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.

P u b l i c at i o n I I I – P B P K M o d e l i n g o f N i c o t i n e B r a i n Ti s s u e C o n c e n t r a -

t i o n s :

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.



Part II

I n c l u d e d P u b l i c at i o n s

This part presents the published research articles included in
this work.





3
R E S U LT S

3.1 publication i – pbpk modeling of buprenorphine in adult and

pediatric patients

3.1.1 Reference

Physiologically-Based Pharmacokinetic (PBPK) Modeling of Buprenorphine in
Adults, Children and Preterm Neonates.
Lukas Kovar, Christina Schräpel, Dominik Selzer, Yvonne Kohl, Robert Bals,
Matthias Schwab and Thorsten Lehr.
Pharmaceutics 2020;12(6):578. DOI: 10.3390/pharmaceutics12060578 [1].

3.1.2 Author Contributions

Author contributions according to the contributor roles taxonomy (CRediT) [4, 5]
were as following:

Lukas Kovar Refer to Contribution Report (p. vii)

Christina Schräpel Conceptualization, Investigation, Method-
ology, Writing – review & editing

Dominik Selzer Conceptualization, Visualization, Writing –
review & editing

Yvonne Kohl Funding acquisition, Writing – review &
editing

Robert Bals Funding acquisition, Writing – review &
editing

Matthias Schwab Conceptualization, Funding acquisition,
Writing – review & editing

Thorsten Lehr Conceptualization, Funding acquisition, In-
vestigation, Methodology, Writing – origi-
nal draft, Writing – review & editing

3.1.3 Copyright

©2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY 4.0) license (http://creativecommons.org/licenses/by/4.
0/).

21

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


pharmaceutics

Article

Physiologically-Based Pharmacokinetic (PBPK)
Modeling of Buprenorphine in Adults, Children
and Preterm Neonates

Lukas Kovar 1 , Christina Schräpel 1,2 , Dominik Selzer 1, Yvonne Kohl 3, Robert Bals 4,
Matthias Schwab 2,5 and Thorsten Lehr 1,*

1 Department of Clinical Pharmacy, Saarland University, 66123 Saarbrücken, Germany;
lukas.kovar@uni-saarland.de (L.K.); christina.schraepel@uni-saarland.de (C.S.);
dominik.selzer@uni-saarland.de (D.S.)

2 Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology, 70376 Stuttgart, Germany;
Matthias.Schwab@ikp-stuttgart.de

3 Fraunhofer Institute for Biomedical Engineering IBMT, 66280 Sulzbach, Germany;
yvonne.kohl@ibmt.fraunhofer.de

4 Department of Internal Medicine V, Saarland University, 66421 Homburg, Germany; robert.bals@uks.eu
5 Departments of Clinical Pharmacology, and Pharmacy and Biochemistry, University Tübingen,

72076 Tübingen, Germany
* Correspondence: thorsten.lehr@mx.uni-saarland.de; Tel.: +49-681-302-70255

Received: 5 June 2020; Accepted: 21 June 2020; Published: 23 June 2020
����������
�������

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 AUClast values in adults
(geometric mean fold error (GMFE): 1.22), 90% of individual AUClast 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 µ-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

22 results



Pharmaceutics 2020, 12, 578 2 of 23

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 a result, 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 uridine 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 CYP2C8; (2) metabolism
pathways metabolizing buprenorphine to other non-specified metabolites through CYP3A4, CYP3A7,
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 (Ki) [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, UGT1A1 and UGT1A3 induction and inhibition processes. Detailed information is provided
in Section 2 of the Supplementary Materials.
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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 (AUClast) 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 AUClast and Cmax 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 corresponding 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 AUClast and Cmax 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 AUClast and Cmax values. The GMFE values
for the adult PBPK model are 1.22 and 1.45 for AUClast and Cmax, 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 GMFE 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 AUClast 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 AUClast predictions were 1.54 for the child and 1.57 for the preterm neonate
population, respectively. Ninety percent of individual AUClast predictions for the child population
and 75% of individual AUClast predictions for the preterm neonate population were within 2-fold
of the respective observed values. GMFE of Cmax was 1.44 for the long-term infusions in preterm
neonates (with 83% of individual Cmax 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 GMFE 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 AUClast (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 AUClast or Cmax of a single concentration-time profile. In (c,d), each symbol
represents a single plasma concentration. As stated in the materials and methods section, Cmax 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, AUClast: 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
AUCratio (0.89) and observed AUCratio (0.85) for the DDI was 0.96. The predicted AUCratio 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 µg/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 AUCratio

of buprenorphine for the DDI with clarithromycin and itraconazole was 1.06 and 1.11, respectively,
while the predicted AUCratio of norbuprenorphine was calculated to be 0.82 and 0.64.
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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 AUClast and Cmax

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 Cmax 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

3.1 publication i – pbpk modeling of buprenorphine in adult and pediatric patients 37



Pharmaceutics 2020, 12, 578 17 of 23

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
UGT1A3) 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 UGT1A1 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 AUClast 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].

38 results



Pharmaceutics 2020, 12, 578 18 of 23

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
Ki 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 Ki 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 AUClast 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 to support the
design of clinical trials in specific populations as well as the development of novel drug formulations.
The Supplementary Materials serve as an additional reference manual including detailed model
performance evaluation.

2. Materials and Methods

2.1. Software

The PBPK models were developed with the PK-Sim® modeling software (version 9.0, 2020,
www.open-systems-pharmacology.org), which is part of the OSP Suite [11]. Clinical plasma data from
scientific literature was digitized using GetData Graph Digitizer version 2.26.0.20 (S. Fedorov, 2013)
according to best practices [26]. Model input parameters were optimized using the Monte Carlo
algorithm implemented in PK-Sim®. PK parameter and model performance measure calculation as well
as graph plotting were performed with the R programming language version 3.6.1 (R Foundation for
Statistical Computing, Vienna, Austria, 2019) and R Studio® version 1.2.5019 (R Studio, Inc.,
Boston, MA, USA, 2019).
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2.2. PBPK Model Building for Adult Populations

The adult fentanyl parent-metabolite model building was initiated with an extensive literature
search to obtain information on physicochemical properties as well as distribution, metabolism and
excretion processes of fentanyl and norfentanyl. The gathered information was utilized to
implement relevant drug–protein interactions (i.e., for transport proteins and enzymes) and to
inform drug-dependent model input parameters. Published clinical studies of intravenous fentanyl
administration in single- and multiple-dose regimens were used to extract plasma profiles and measured
fractions of fentanyl dose excreted unchanged in urine. The fentanyl and norfentanyl plasma profiles
were divided into an internal training and an external test dataset. Studies for the training dataset were
selected containing a wide range of profiles (i.e., different dosing regimens, timing and frequency of
sampling, measurements of norfentanyl, measurements of arterial and venous plasma concentrations,
etc.). The test dataset was used for model evaluation.

Distribution and elimination processes including CYP enzymes as well as drug transporters were
implemented according to the literature [5,27,28]. For the fentanyl model, these included (1) metabolism
of fentanyl to the inactive metabolite norfentanyl via CYP3A4 and CYP3A7, (2) an unspecific hepatic
pathway metabolizing fentanyl to other non-specified metabolites, (3) distribution and excretion via
P-glycoprotein (P-gp), and (4) renal excretion through glomerular filtration. It should be noted that the
actual role of CYP3A7 in the metabolism of fentanyl is suspected but the true nature of involvement still
remains unknown [27,29]. Since CYP3A4 and CYP3A7 exhibit a similar substrate spectrum and CYP3A7
is the major fetal form of CYP3A [30], CYP3A7 might be important for PK predictions of fentanyl in
pediatric populations and was therefore incorporated in the model. Considering that norfentanyl
is predominantly eliminated via urine, renal clearance was implemented and estimated during the
parameter optimization step [5]. Tissue expression distribution of the metabolizing enzymes and P-gp
in all model compartments was implemented according to the PK-Sim® expression database [31].
Model input parameters, which could not be adequately obtained from literature, were estimated by
fitting the parent-metabolite model to the training dataset. For detailed information on PBPK model
building see Section 1 in the Supplementary Materials.

2.3. PBPK Modeling in Pediatrics

For a priori predictions of plasma concentration–time profiles as well as clearance parameters
in pediatrics, the adult PBPK model was scaled to pediatric populations of different age groups.
For this, the adult virtual populations were replaced by pediatric virtual populations, changing the
physiological and anatomic parameters describing the human body. As a result, anatomic and
physiological parameters as well as CYP3A4 and CYP3A7 tissue concentrations were scaled to the
particular pediatric target population taking age-related changes such as size of tissue compartments and
maturation of enzyme abundances into account. The used ontogeny functions for CYP3A4 and CYP3A7
are depicted in the PK-Sim® ontogeny database [32]. Since ontogenetic information regarding the
transport protein P-gp were not implemented in PK-Sim®, the age-dependent protein abundance was
estimated via the published ontogeny function from Prasad et al. [33]. While changes in anatomy and
physiology during liver maturation were considered, the rate constant of the implemented unspecific
hepatic clearance process was assumed to be independent of age. The unbound fraction of fentanyl
was scaled for each particular pediatric population using the method of McNamara and Alcorn for
alpha-1-acid glycoprotein [34,35] and compared to a range of published literature values. The remaining
drug-dependent parameters were fixed to the values of the adult PBPK model. Next, the extrapolated
PBPK model was applied to predict plasma profiles in pediatric populations of different age ranges
(i.e., preterm and full-term neonates, infants and children). Additionally, 65 individual clearance values
from preterm and full-term neonates were predicted and compared to observed values from three
clinical trials [36–38].
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2.4. PBPK Model Evaluation and DDI Modeling

Predicted and observed plasma concentrations as well as predicted and observed areas under
the plasma concentration–time curve from the first to the last data point (AUClast) were compared
in goodness-of-fit plots for both the adult and the pediatric PBPK models. Moreover, all simulated
fentanyl and norfentanyl plasma concentration–time trajectories were visually compared to the plasma
profiles observed from the respective clinical trial. In order to visualize the interindividual variability
of the model, virtual populations of 100 individuals were created covering the patient characteristics
of the corresponding clinical study population. Detailed information on virtual populations can be
found in Section 1.3 in the Supplementary Materials. For plasma profile simulation for individual
patients, populations of 100 individuals with the same patient demographics were used, only allowing
variability in the expression of the implemented enzymes, transporters and the unspecific hepatic
clearance. Furthermore, two quantitative model performance measures were calculated for the adult
and pediatric PBPK models: the mean relative deviation (MRD) of the predicted from the observed
plasma concentrations for each plasma profile as well as the geometric mean fold error (GMFE)
of the computed AUClast ratios. The sensitivity of the PBPK models to single-parameter changes
(local sensitivity analysis) was estimated with PK-Sim®. Detailed information on the calculation of
MRD, GMFE and sensitivity analysis can be found in Section 3 in the Supplementary Materials.

For further evaluation of the adult PBPK model, a DDI scenario of fentanyl and the CYP3A4
inhibitor voriconazole was predicted and compared with the plasma profiles observed in a clinical trial.
For this, the developed fentanyl-norfentanyl PBPK model was coupled with a recently published PBPK
model of voriconazole [39]. The mathematical implementation of the competitive and irreversible
interaction is described in Section 2 in the Supplementary Materials.

For pediatrics, individual and population mean clearance values extracted from three clinical trials
were compared to predictions from the pediatric PBPK model. Finally, for all models, the percentages
of model-predicted AUClast and clearance values falling within 2-fold of the corresponding observed
values were calculated.

3. Results

3.1. PK Data for PBPK Model Development and Pediatric Scaling

For adult PBPK model development, 16 clinical studies including 24 different treatment arms were
utilized, covering a broad dosing range of 0.3–60 µg/kg body weight intravenous fentanyl in single-
and multiple-dosing regimens. Here, three treatment arms also reported plasma concentrations of
the metabolite norfentanyl. The dataset included one DDI study with voriconazole as the perpetrator
drug as well as 14 study arms with fentanyl administration before or during surgeries. Nine treatment
arms measured fentanyl concentrations in arterial blood, 14 in venous blood and one covered both
sampling sites. Moreover, three clinical trials provided information on fractions of fentanyl dose
excreted unchanged in urine [5,40,41]. All plasma profiles were digitized and split into an internal
training (n = 9 profiles) and an external test dataset (n = 18 profiles). An overview of the included
clinical studies in adults including study characteristics, dosing regimens, and the assignments to
training and test dataset is shown in Table 1.

For predictive performance evaluation of the extrapolated pediatric PBPK model, five clinical
trials investigating fentanyl plasma concentrations in preterm neonates, full-term neonates, infants and
young children with mean age ranging from 32 weeks of gestational age to approximately three years
of chronological age were identified. Moreover, individual clearance values of 65 preterm and full-term
neonates were extracted from three published studies. An overview of the clinical studies in pediatrics
including study characteristics and dosing regimens is provided in Table 2.
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3.2. Adult PBPK Model Building and Evaluation

A whole-body adult PBPK model of fentanyl and its metabolite norfentanyl was built and
comprehensively evaluated using arterial and venous plasma profiles as well as information on fraction
of fentanyl dose excreted unchanged in urine. Model-predicted population profiles are compared to the
corresponding study data in Figure 1 (selection of profiles from the training and test dataset) and in detail
in Section 3.1 in the Supplementary Materials (all simulated studies, both on a semilogarithmic and
linear scale). Simulated plasma profile trajectories of fentanyl for bolus/short-infusion administrations
as well as long-term infusions are in close concordance with observed data. This holds true for
both fentanyl venous and arterial blood plasma concentrations as well as for venous norfentanyl
plasma concentrations.
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1Figure 1. Fentanyl (blue: venous blood; red: arterial blood; orange: urine) and norfentanyl
(green: venous blood) predicted and observed plasma concentration–time as well as fraction excreted
in urine–time profiles after intravenous administration of fentanyl in adults. (a,c,e–g): selection of
external test dataset; (b,d,h,i): selection of internal training dataset. Population simulations (n = 100)
are shown as lines with shaded areas (geometric mean and geometric standard deviation). Observed
data is shown as circles ± standard deviation if available. References with numbers in parentheses link
to a specific observed dataset ID described in the study table (Table 1). Predicted and observed areas
under the plasma concentration–time curve from the first to the last data point (AUClast) are compared
in Table S5 of the Supplementary Materials. Predicted and observed plasma concentration–time profiles
of all studies in adults (linear and semilogarithmic) are shown in Section 3.1 in the Supplementary
Materials. iv: intravenous.
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Goodness-of-fit plots of predicted versus observed AUClast values and of predicted versus
observed plasma concentrations are shown in Figure 2. Twenty-six out of 28 predicted AUClast values
(~93%) fell within the 2-fold acceptance criterion with an overall GMFE of 1.30. One AUClast outside
the 2-fold range was calculated for a venous fentanyl profile, which covered only the first 20 min after a
fentanyl bolus administration [45]. The second outlier was calculated for a venous norfentanyl profile
with observed norfentanyl concentrations close or below the lower limit of quantification (LLOQ) [6].
The MRD value for all plasma concentration simulations for the adult PBPK model was 1.77 with
~86% of all simulated plasma concentrations falling within 2-fold of the corresponding concentration
observed. Detailed results on MRD values and AUC ratios calculated for all studies and results of the
sensitivity analysis are presented in Sections 3.4–3.6 of the Supplementary Materials.

(a)

Observed AUC [ng ⋅ h ml]

P
re

di
ct

ed
 A

U
C

 [n
g

⋅h
m

l]

10−2 10−1 100 101 102 103

10−2

10−1

100

101

102

103

●
●

●●●●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

Test Dataset (Fentanyl)
Training Dataset (Fentanyl)
Test Dataset (Norfentanyl)
Training Dataset (Norfentanyl)

(b)

Observed Concentration [ng ml]

P
re

di
ct

ed
 C

on
ce

nt
ra

tio
n 

[n
g

m
l]

10−3 10−2 10−1 100 101 102 103

10−3

10−2

10−1

100

101

102

103

●

●
●

●

●

●
●●●●●●●●●●●●

●

●
●

●
●

●

●●●●●●●●●●●●●

●●●●●●●●●●

●
●

●
●

●
●

●

●

●
●

●●●

●●

●

●
●●●

●●
●
●●●●

●●

●

●
●●●
●●●
●●●●

● ●●

●
●●●
●●
●
●●●●

●●

●

●
●●●●●●
●●●●

●

●
●

●●●●
●●

●
● ●●●

●
●●●●●

●●
●●●●●

●
●

●

●●●●
●●●●●●●●

●●●●●
●●●●●●●

●●●●
●●●●●●●●●●●●

●●●●●●●●●
●

●
●

●

●
●

●
●

●
●

●●
●●●●

●
●
●

●

●

●
●

●●●●
●●●

●
●

●
●

●
●●●●●●●●●●

●

●

●
●

●
●

●
●

●●●●●●●●●●●●●●

●

●

●●●●●●●●●●

●

●

●

●
●●●●●●●●●

●

● ●

●
●

●
●

●
●

●
●
●
●

●●●●●●

●

●

●
●

●
●
●●●●●●●●●

●
●

●

●
●

●
●

●
●●●●●●●●●

●●

●

●
●

●
●●

●
●

●●●●●●

●

●

●
●

●●●●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

Lim et al. 2012
MacLeod et al. 2012
McClain and Hug 1980
Saari et al. 2008
Saari et al. 2008
Saari et al. 2008 (DDI)
Saari et al. 2008 (DDI)
Singleton et al. 1987 (1)
Stoeckel et al. 1982
Ziesenitz et al. 2015
Ziesenitz et al. 2015
Streisand et al. 1991
Varvel et al. 1989 (arterial)
Varvel et al. 1989 (venous)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Bentley et al. 1982 (Adult)
Bentley et al. 1982 (Eldery)
Bovill and Sebel 1980
Christrup et al. 2008
Duthie et al. 1986 (1)
Duthie et al. 1986 (2)
Duthie et al. 1986 (3)
Duthie et al. 1986 (4)
Gourlay et al. 1989
Gupta et al. 1995
Holley and van Steennis 1988 (1)
Holley and van Steennis 1988 (2)
Holley and van Steennis 1988 (3)
Holley and van Steennis 1988 (4)

1
Figure 2. Predicted versus observed AUClast values of fentanyl and norfentanyl grouped by test
and training dataset (a) and predicted versus observed plasma concentrations (b) for the adult PBPK
model. In (a), each symbol represents the AUClast of a single plasma concentration–time profile
(circles: fentanyl; triangles: norfentanyl). In (b), each symbol represents a single plasma concentration
(circles: fentanyl; triangles: norfentanyl). The black solid lines mark the lines of identity. Black dotted
lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AUClast: area under the plasma
concentration–time curve from the first to the last data point.

While the implemented unspecific hepatic clearance is responsible for approximately 60% of
fentanyl elimination, the metabolism of fentanyl to norfentanyl via CYP3A4 and CYP3A7 covers
approximately one-third of fentanyl elimination in the PBPK model. The urinary excretion is
accountable for only a minor fraction of fentanyl elimination (~7%). Figure 3 shows a structural
overview of the implemented elimination processes of fentanyl and norfentanyl as well as a structural
overview of the PBPK model. Drug-dependent parameters of the final PBPK model are shown in
Table 3. For detailed information including system-dependent model parameters, see Section 1 of the
Supplementary Materials.
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Figure 3. Structural overview of the whole-body physiologically-based pharmacokinetic (PBPK) model
(a) and implemented elimination processes for fentanyl and norfentanyl (b). Each organ consists of
a vascular space (containing plasma and red blood cells), interstitial space, and intracellular space.
In (a,c), boxes indicate compartments, arrows denote in-/outflows, blue circles represent molecules,
orange circles represent plasma proteins, and blue crescents denote enzymes. In (b), grey arrows
indicate metabolic processes and yellow arrows indicate urinary excretion processes. CYP: cytochrome
P450; GIT: gastrointestinal tract; Gallbl: gallbladder.

3.3. PBPK DDI Modeling

The adult PBPK model was used to predict a DDI scenario of fentanyl with concomitant
administration of voriconazole. The simulated plasma concentration–time profiles are compared
to the corresponding profiles observed from a clinical DDI study [6] in Figure 4. Here, a slight
decrease in fentanyl AUC can be observed when simulating fentanyl administration with
concomitant voriconazole compared to simulation of sole fentanyl administration. The corresponding
predicted AUCratio (AUCinhibition, predicted/AUCcontrol, predicted = 1.22) and observed AUCratio

(AUCinhibition, observed/AUCcontrol, observed = 1.33) were very similar. A strong relative decrease in
norfentanyl AUC can be observed when simulating fentanyl administration with concomitant
voriconazole compared to simulation of sole fentanyl administration. The predicted AUCratio for
norfentanyl was 0.02 and the observed AUCratio 0.09. It should be noted that all observed plasma
concentrations for norfentanyl during concomitant voriconazole administration were very close to or
below the specified LLOQ (black dashed line in Figure 4b) [6].
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1

Figure 4. DDI scenario for fentanyl (a) and norfentanyl (b) with the perpetrator drug voriconazole
in adults. Fentanyl and norfentanyl plasma concentrations during concomitant administration of
voriconazole are shown in purple. Plasma concentrations during sole fentanyl administration are
shown in blue (fentanyl) and green (norfentanyl), respectively. Population simulations (n = 100) are
shown as lines with shaded areas (geometric mean and geometric standard deviation). Observed data is
shown as filled circles ± standard deviation. References link to a specific observed dataset described in
Table 1. Black dashed line depicts the specified lower limit of quantification (LLOQ) for norfentanyl [6].
Predicted and observed areas under the plasma concentration–time curve from the first to the last data
point (AUClast) are compared in Table S5 of the Supplementary Materials. DDI, drug–drug interaction;
iv, intravenous.

3.4. Pediatric PBPK Model Building and Evaluation

The adult PBPK model was extrapolated to pediatric populations with mean ages ranging
from 32 weeks gestational age in a preterm neonate population up to 2.9 years in a population of
young children. In total, plasma concentration–time profiles and clearance values were predicted
and compared to observed data for pediatric mean populations and individuals from five different
clinical trials.

The scaled unbound fraction of fentanyl resulted in values from 29% for the 2.9-year-old pediatric
population to 33% in the preterm neonate populations. This range is in concordance with the measured
unbound fentanyl fraction values in pediatrics from the literature (23–38%) [35,64,65]. All other
drug-dependent parameters were fixed to the values of the adult PBPK model. Comparison of predicted
and observed plasma concentration–time profiles are shown in Figure 5 (semilogarithmic, selection of
plots) and in Section 3.2 of the Supplementary Materials (all plots, both linear and semilogarithmic).

The predicted and observed plasma concentrations as well as AUClast values are compared in
goodness-of-fit plots in Figure 6, with 87.5% of AUClast predictions located within the 2-fold range of
the respective observed values and a GMFE of 1.38. Overall, MRD for plasma concentration predictions
in pediatrics was calculated to be 2.03. A detailed overview of all MRD and GMFE values for pediatric
predictions can be found in Tables S4 and S5 in the Supplementary Materials.

Individual clearance values were predicted and compared to the corresponding values observed
from three clinical trials (see Table 2). Here, 72% of the predicted individual values (Figure 7a,b)
and 100% of mean values (Figure 7b) are located within the 2-fold range of the corresponding
observed values.
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Figure 5. Fentanyl (red: arterial blood; blue: venous blood from central venous catheters) predicted
and observed plasma concentration–time profiles after intravenous administration in preterm neonates
(a,b), infants (c) and young children (d). Population simulations (n = 100) are shown as lines with
shaded areas (geometric mean and geometric standard deviation). Observed data is shown as circles
with standard deviation. References with numbers in parentheses link to a specific observed dataset
ID described in Table 2. Predicted and observed area under the plasma concentration–time curve
from the first to the last data point (AUClast) values are compared in Table S5 of the Supplementary
Materials. Predicted and observed plasma concentration–time profiles of all studies in pediatrics are
shown in Section 3.2 of the Supplementary Materials both on a linear and a semilogarithmic scale.
iv: intravenous, preterms: preterm neonates.
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Figure 6. Predicted versus observed AUClast (a) and plasma concentrations (b) of fentanyl for the
pediatric PBPK model. Squares depict values for individual patients with adjusted clearances due
to increased intraabdominal pressure as explained in Section 3.4; circles depict values for study
populations without adjustment of clearances. In (a), each symbol represents the AUClast of a single
plasma concentration–time profile. In (b), each symbol represents a single plasma concentration.
The black solid lines mark the lines of identity. Black dotted lines indicate 1.25-fold deviation; black
dashed lines indicate 2-fold deviation. AUClast: area under the plasma concentration–time curve from
the first to the last data point; abdom.: abdominal.
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Figure 7. Predicted and observed clearance per bodyweight (a) as well as predicted versus observed
absolute clearance values for the pediatric PBPK model (b). Each colored symbol represents the
individual clearance of a patient; black symbols represent the mean clearances with standard deviations
(circles refer to data from Gauntlett et al. [36]; triangles refer to data from Koehntop et al. [37];
squares refer to data from Saarenmaa et al. [38]). In (b), the black solid line marks the line of identity;
black dashed lines indicate 2-fold deviation.

3.5. Clearance in Neonates with Increased Intraabdominal Pressure

In studies by Gauntlett et al., Koehntop et al. and Saarenmaa et al., several neonates, who had
abdominal surgery, showed a significantly reduced fentanyl clearance [36–38] and four corresponding
individual plasma profiles were presented in the respective studies [36,37]. The authors hypothesized
that the decreased clearance might be due to an increased intraabdominal pressure resulting in a
decreased hepatic clearance [36–38]. Hence, the four observed plasma profiles were digitized and
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used to estimate decreased clearance values for the CYP3A4, CYP3A7 and unspecific hepatic clearance
pathways for each individual. This resulted in a mean reduction in the metabolic clearance of ~83%.
For detailed information see Section 1.2 of the Supplementary Materials. The resulting four individual
plasma profiles are displayed in Figures S5 and S6 in the Supplementary Materials.

4. Discussion

A whole-body PBPK model of fentanyl for adults has been built and evaluated by
describing and predicting arterial (fentanyl) and venous (both fentanyl and norfentanyl) plasma
concentration–time profiles as well as fractions of fentanyl dose excreted unchanged in urine
following intravenous fentanyl administration. The utilized dataset comprised a wide dose
range (0.3–60 µg/kg) including administrations ranging from an intravenous bolus to a 48-h
continuous infusion. Following comprehensive evaluation, the adult PBPK model was applied
to successfully predict a DDI scenario with voriconazole and was scaled to pediatric populations.
Plasma concentration–time profiles and clearance parameters in pediatric patients were predicted with
the extrapolated pediatric PBPK model and compared to observed data from five different clinical
trials. The descriptive and predictive performance of the PBPK models has been demonstrated by
(1) comparison of simulated to observed plasma profiles and clearance parameters, (2) the respective
goodness-of-fit plots, (3) the calculation of MRD values as well as (4) the comparison of predicted to
observed AUClast values including the calculation of the respective GMFE.

The adult PBPK model predicts the fraction of fentanyl dose metabolized to norfentanyl of ~33%
and the fraction of fentanyl eliminated via an unspecific hepatic clearance of ~60% (hereinafter called
“extra-norfentanyl metabolic pathway”). These findings are supported by the prediction results of the
DDI study with the CYP3A4 inhibitor voriconazole as a perpetrator drug. Moreover, the fraction of
fentanyl dose excreted unchanged in urine was calculated to be ~7%. While fraction excreted in urine is
perfectly in accordance with the literature [5,40,41], reports about the fraction of fentanyl metabolized
to norfentanyl are divergent. In vitro studies with liver microsomes from the 1990s suggested that
metabolism to norfentanyl plays the major role in fentanyl elimination—mainly via CYP3A4 with
little contribution of other CYP enzymes [4,27]. Yet, an in vivo DDI crossover study from 2015 showed
that concomitant administration of the CYP3A4 and P-gp inhibitor ketoconazole significantly reduced
norfentanyl AUC to 24% but increased fentanyl exposure by only ~33% [5]. This strong inhibition of
norfentanyl production during ketoconazole treatment supports the assumption of a major involvement
of CYP3A in norfentanyl formation [5]. However, Ziesenitz et al. calculated the metabolic clearance
of fentanyl to norfentanyl to account only for ~23% of the systemic clearance and concluded that
currently unknown metabolites exist [5]. With a fraction of fentanyl metabolized to norfentanyl of
approximately one-third, our study supports the theory of an extra-norfentanyl metabolic pathway
and currently unknown metabolites. The fact that ritonavir, a drug which interacts with numerous
metabolizing enzymes and transporters, had a much more profound effect on fentanyl exposure
(AUC increase by ~170%) than ketoconazole provides additional support for the involvement of other
elimination pathways in addition to CYP3A4 [66]. It needs to be noted that, in this PBPK model,
the extra-norfentanyl metabolic pathway was implemented as an unspecific clearance in the liver,
but could also be located at various different sites. Further studies need to be conducted to investigate
the characteristics of an extra-norfentanyl elimination pathway.

PBPK modeling permits rational scaling between adult and pediatric patients by defining the PK
of a drug as a function of anatomy, physiology and biochemistry and successful applications have
recently been shown in different modeling efforts [21–23]. This study demonstrates the applicability of
PBPK modeling to predict both clearance values as well as plasma concentration–time profiles and
the corresponding AUCs for the analgesic drug fentanyl for preterm neonates to up to 3-year-old
children within a whole-body PBPK framework. Here, 87.5% of AUClast predictions and 100% of
predicted population mean clearances were within 2-fold of the respective values observed. The
predicted to observed mean clearance ratios (CLpredicted/CLobserved) for the three included clinical trials
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were 0.97 and 0.90 for the full-term neonate populations and 1.48 for the preterm neonate population.
However, as individual fentanyl PK is highly variable [1,37], prediction of individual plasma profiles
and clearance values remains challenging. The model predicted 47 of 65 individual clearance values
within 2-fold range based on information on weight and age (chronological and gestational if available).
The presented ladder plot (Figure 7a) depicts noticeable mispredictions for some clearance values.
This might be attributed to unknown individual CYP3A4, CYP3A7 and P-gp expressions as well as
heterogeneity for the unbound fraction, which all exhibit high interindividual variability [32,33,35].
In the model, mean values for enzyme and transporter expressions as well as the unbound fraction
were assumed for individual clearance simulations.

As it remains unknown which physiologic elimination pathways the unspecific hepatic clearance
covers, no ontogeny information regarding this elimination process was available. Hence, it needs to
be noted that the rate constant of this clearance process was not scaled in the model. While the overall
reasonable predictive performance of the PBPK scaling supports this approach, the overpredicted
clearance values as well as the underprediction of plasma profiles for the preterm neonate population
(see Figure 5a,b) could indicate that the unspecific hepatic clearance is less pronounced in preterm
neonates. Certainly, these effects could also be mediated by other factors such as the impact of
concomitant comedication or the influence of surgery on the PK of fentanyl.

Increased intraabdominal pressure can occur during abdominal surgery [37,67]. This might
substantially decrease hepatic blood flow and eventually lead to a reduced fentanyl clearance [36,37,67].
In the PBPK model simulations, the clearance reduction for neonates with abdominal surgery and
increased intraabdominal pressure (mean reduction in the metabolic clearance of ~83%) [36–38]
showed an overall improvement of predictions. However, it should be noted that not all infants who
had abdominal surgery showed a decreased clearance [36,37]. More research is required to further
investigate the impact of abdominal surgery and intraabdominal pressure on the PK of fentanyl.

In most clinical scenarios, the administration of fentanyl leads to a desired analgesic and
sedating effect, which, among others, usually results in an improvement of respiratory function [7,8].
However, in rare cases, fentanyl might cause a rigidity affecting the respiratory musculature, which can
lead to chest wall rigidity—an ADR in pediatric as well as adult populations [1,8]. Albeit commonly
assumed that chest wall rigidity occurs with rapid fentanyl administrations of high doses, Dewhirst et al.
showed that the ADR may result from doses as low as 1 µg/kg, mostly from bolus injections lasting less
than 15 s (15 of 21) [8]. Simulations with the developed PBPK model in neonates show a large difference
in peak arterial plasma concentrations (Figure 8) after bolus injection (1 µg/kg, Cmax: 27.1 ng/mL),
2-and 4-min infusions (1 µg/kg, Cmax: 6.3 and 3.7 ng/mL, respectively), and even a 3 µg/kg 4 min
infusion (Cmax: 11.2 ng/mL).

These large differences of up to 7-fold peak concentrations might partly explain the more frequent
occurrence of chest wall rigidity during bolus administration of fentanyl. However, the impact of the
high interindividual variability [1,37] should not be disregarded, which might explain the occurrence
of the ADR in other case reports with longer infusions [8].

Previous modeling efforts on fentanyl neither included the metabolite norfentanyl nor predicted
DDI scenarios [13–15]. Consequently, the fraction of fentanyl metabolized to norfentanyl could not be
assessed. Moreover, scaling the PBPK models to pediatric subpopulations in order to predict plasma
profiles and clearance values was not part of the scope of the above-mentioned PBPK modeling studies.

Some limitations of the model should be discussed. As no information about the blood-to-plasma
ratio in the different pediatric populations was available, the literature value of 0.87 was assumed
to be age-independent. However, since the unbound fraction changes age-dependently [34,35,65],
the blood-to-plasma ratio could also differ in pediatric compared to adult patients. This could be one
of the reasons for some deviations when predicting the plasma concentration–time profiles.
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Figure 8. Simulations of arterial plasma concentration–time profiles after intravenous fentanyl bolus
injection as well as 2- and 4-min infusions of different doses. Lines depict population geometric means
(n = 100). iv: intravenous.

Moreover, measurements of norfentanyl plasma concentrations were scarce and only available
in clinical studies with adults for PBPK model building and evaluation [5,6]. Hence, PBPK model
simulations for norfentanyl were only evaluated in this population and should be interpreted with
these limitations in mind.

The impact of the metabolic process of CYP3A7 in our PBPK model on fentanyl AUCs was
negligible, as shown in the local sensitivity analyses. Solely in PBPK model simulations for
neonates, the CYP3A7 elimination process had a small impact. However, as no in vitro studies
investigating CYP3A7 metabolism of fentanyl with information on the maximum reaction velocity and
Michaelis–Menten constant were available, this process needs further investigation.

The ontogeny function for P-gp was adapted from a recent publication [33]. However, the ontogenetic
information might need further evaluation since the peptides quantified by the used liquid
chromatography–tandem mass spectrometry technique are not only formed from active P-gp but also by
splice variants as well as non-glycosylated and truncated proteins [33,68,69].

Many of the PK samples in the analyzed studies were taken during different surgical procedures
with largely varying co-medications (e.g., atropine, isoflurane, pancuronium, succinylcholine,
and thiopental) possibly affecting fentanyl plasma concentrations. Consequently, some differences in
model-predicted and observed plasma concentrations and clearance values could be a result of the
varying study conditions.

In addition to intravenous administration, fentanyl is also administered via the transdermal,
sublingual and nasal routes [3]. In particular, the continuous administration of fentanyl with
transdermal patches is an important analgesic treatment in diseases with chronic pain [70].
Transdermal fentanyl treatment is approved for opioid-tolerant adult patients as well as opioid-tolerant
children over two years of age [2,71]. As a sustained-release formulation, transdermal patches can
potentially reduce plasma concentration fluctuations, ADRs such as constipation and the risk for
non-adherence [70]. Based on the good model performance, the fentanyl PBPK models developed in
this analysis could be augmented to mechanistically model and simulate the delivery of fentanyl via
more complex formulations, such as transdermal or sublingual vehicles [72].
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5. Conclusions

A whole-body PBPK model of fentanyl and its metabolite norfentanyl has been developed to
predict fentanyl and norfentanyl arterial and venous plasma concentration–time profiles as well as
fentanyl urinary excretion after intravenous administration in adults. The model was further evaluated
by predicting a DDI scenario with the CYP3A4 inhibitor voriconazole. The fraction of fentanyl
metabolized to norfentanyl of ~33% has been predicted, supporting the idea of an extra-norfentanyl
metabolic pathway. Subsequently, the adult PBPK model has been successfully scaled to preterm
and full-term neonate, infant as well as child subpopulations for predictions of plasma profiles and
clearance parameters. With that, we add confidence to the potential of PBPK modeling to predict the
PK in pediatric patients. The models are publicly available in the OSP repository. Thereby, the models
contribute to a library of PBPK models for predictions in other DDI scenarios, could help to develop
models for sustained release from complex formulations, and support future investigations of fentanyl
and norfentanyl PK both in adult and pediatric populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/908/s1,
Electronic Supplementary Materials: Additional model information including detailed model evaluation.
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Abstract
Background  Nicotine, the pharmacologically active substance in both tobacco and many electronic cigarette (e-cigarette) 
liquids, is responsible for the addiction that sustains cigarette smoking. With 8 million deaths worldwide annually, smoking 
remains one of the major causes of disability and premature death. However, nicotine also plays an important role in smok-
ing cessation strategies.
Objectives  The aim of this study was to develop a comprehensive, whole-body, physiologically based pharmacokinetic/
pharmacodynamic (PBPK/PD) model of nicotine and its major metabolite cotinine, covering various routes of nicotine 
administration, and to simulate nicotine brain tissue concentrations after the use of combustible cigarettes, e-cigarettes, 
nicotine gums, and nicotine patches.
Methods  A parent–metabolite, PBPK/PD model of nicotine for a non-smoking and a smoking population was devel-
oped using 91 plasma and brain tissue concentration–time profiles and 11 heart rate profiles. Among others, cytochrome 
P450 (CYP) 2A6 and 2B6 enzymes were implemented, including kinetics for CYP2A6 poor metabolizers.
Results  The model is able to precisely describe and predict both nicotine plasma and brain tissue concentrations, cotinine 
plasma concentrations, and heart rate profiles. 100% of the predicted area under the concentration–time curve (AUC) and 
maximum concentration (Cmax) values meet the twofold acceptance criterion with overall geometric mean fold errors of 1.12 
and 1.15, respectively. The administration of combustible cigarettes, e-cigarettes, nicotine patches, and nicotine gums was 
successfully implemented in the model and used to identify differences in steady-state nicotine brain tissue concentration 
patterns.
Conclusions  Our PBPK/PD model may be helpful in further investigations of nicotine dependence and smoking cessation 
strategies. As the model represents the first nicotine PBPK/PD model predicting nicotine concentration and heart rate profiles 
after the use of e-cigarettes, it could also contribute to a better understanding of the recent increase in youth e-cigarette use.
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Key Points 

A whole-body, parent–metabolite, physiologically based 
pharmacokinetic/pharmacodynamic model of nicotine 
was built and evaluated for the prediction of nicotine 
and cotinine plasma concentrations, nicotine brain tis-
sue concentrations, and heart rate profiles after nicotine 
intake. The model was able to quantify the contribution 
of the elimination pathways of nicotine being metabo-
lized to cotinine and renally excreted.

The model was applied to simulate nicotine brain tissue 
concentration patterns after smoking cigarettes, the 
administration of nicotine gums (2 mg and 4 mg), and a 
transdermal nicotine patch.

This study demonstrates the applicability of physiologi-
cally based pharmacokinetic modeling to investigate 
brain tissue concentrations and to successfully integrate 
many different routes of administration in one model: 
intravenous, pulmonary (combustible cigarettes and elec-
tronic cigarettes), oral (solutions, capsules, and nicotine 
gums), and transdermal (nicotine patches). Moreover, 
it represents the first nicotine physiologically based 
pharmacokinetic model that predicts nicotine plasma 
concentration and heart rate profiles after the use of 
electronic cigarettes.

1  Introduction

Tobacco use is now the leading single preventable cause of 
death worldwide, causing 8 million deaths per year mainly 
from cardiovascular disease, cancer, and pulmonary disease, 
according to the latest World Health Organization (WHO) 
report on the global tobacco epidemic in 2019 [1]. Moreover, 
despite more than 70% of smokers wanting to quit and 40% 
attempting to do so each year, only about 5% are successful 
[2]. The highly addictive nature of tobacco is caused mainly 
by the pharmacologically active nicotine and often impedes 
smoking withdrawal [3]. The low quit rates highlight the 
tremendous need for more successful smoking cessation 
strategies. In addition, health risks of electronic cigarettes 
(e-cigarettes) are currently a topic of considerable debate. 
Preliminary data from the US National Youth Tobacco Sur-
vey indicate a further rise in the rates of e-cigarettes use by 
youth, where the addictive properties of nicotine also play an 
important role, and which was recently called an “epidemic 
of youth use of electronic nicotine delivery system prod-
ucts” by the US Food and Drug Administration [4]. While 

e-cigarettes assist smoking cessation for some smokers, the 
escalating rates raise concerns about addicting a generation 
of young people to nicotine, with the long-term safety of 
e-cigarettes still unknown [5]. A better understanding of dif-
ferences in the pharmacokinetics (PK) of nicotine, includ-
ing nicotine exposure in the brain after different routes of 
administration, may enhance the understanding of nicotine 
addiction with the use of different nicotine delivery products 
and inform more successful treatment interventions.

While nicotine plays only a minor direct role in causing 
smoking-induced diseases, addiction to nicotine is the proxi-
mate cause of these diseases [3]. When nicotine is inhaled, 
it is rapidly absorbed into the pulmonary venous circulation, 
and quickly reaches the brain tissue through arterial circula-
tion. There, it immediately induces pharmacodynamic (PD) 
effects including the release of dopamine in the mesolim-
bic area, a key step in causing nicotine addiction [6]. For 
smokers who intend to quit smoking, nicotine maintenance 
with nicotine replacement therapies (NRTs) such as nicotine 
gums or transdermal patches can help reduce smoking rates 
and facilitate smoking cessation [7, 8]. Although NRTs try 
to imitate the nicotine exposure of smoking, nicotine appear-
ance in the venous blood is slower and peak concentrations 
are lower with the use of NRTs, compared with smoking 
combustible cigarettes [9, 10]. Data on nicotine brain tissue 
concentrations are scarce and typically complex in nature 
[11]. Nevertheless, it would be of great interest to also com-
pare differences in nicotine exposure in brain tissue after 
various routes of nicotine administration.

Genetic factors account for about 30% of the variance 
in risk for failed smoking cessation [12] and pharmacoge-
netic testing has shown the potential to optimize smoking 
cessation therapies [13, 14]. Thus, cytochrome P450 (CYP) 
enzymes, which are involved in metabolizing nicotine, are of 
significant interest when investigating nicotine pharmacoki-
netics. For example, poor metabolizers (PM) of CYP2A6, 
which is predominantly responsible for nicotine metabolism 
[15], have a lower risk of developing nicotine dependence 
and less severe nicotine withdrawal symptoms than normal 
metabolizers (NM) [16].

In addition to its addictive effects on the brain, nicotine 
acts as a sympathomimetic drug, releasing catecholamines 
and thereby inducing peripheral PD effects such as an 
increase in heart rate [17]. Changes in heart rate represent 
a surrogate measure for general pharmacological actions 
of nicotine. Cotinine is widely used as a biomarker for the 
use of tobacco, as a quantitative marker for exposures to 
nicotine, and as a measure of compliance with treatments of 
smoking cessation, owing to its long half-life compared with 
nicotine (~ 16 h vs ~ 2 h) and consequently, fairly stable coti-
nine plasma concentrations in regular daily smokers [6, 18].

Physiologically based pharmacokinetic (PBPK) modeling 
offers a solution to tackle these complexities of nicotine 
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pharmacokinetics and pharmacodynamics and provides the 
opportunity to characterize and predict drug exposure in a 
specific organ or tissue [19]. The aims of this study were (1) 
to develop a whole-body PBPK/PD model of nicotine and its 
major metabolite cotinine, covering various routes of admin-
istration (i.e., intravenous, oral, transdermal, and pulmonary) 
including the PK/PD relationship in heart rate changes, (2) 
to provide a comprehensive publicly available model for fur-
ther investigations and applications, which may contribute 
to the WHO’s goal of combating the tobacco epidemic and 
to stop the persistent rise in youth e-cigarette use [1, 4], and 
finally, (3) to apply the model to investigate differences in 
brain concentrations between pulmonary administration of 
nicotine (combustible cigarettes, e-cigarettes) and NRTs.

2 � Methods

2.1 � Software

The PBPK/PD modeling and simulation was performed 
using PK-Sim® and MoBi® (version 8.0, part of the Open 
Systems Pharmacology [OSP] suite, https​://www.open-syste​
ms-pharm​acolo​gy.org). Model input parameter optimization 
was accomplished using the Monte Carlo algorithm. Clinical 
data were digitized using GetData Graph Digitizer version 
2.26.0.20 (S. Fedorov). PK parameter analyses and graph-
ics were compiled with the R programming language ver-
sion 3.6.0 (R Foundation for Statistical Computing, Vienna, 
Austria).

2.2 � Physiologically Based Pharmacokinetic/
Pharmacodynamic (PBPK/PD) Parent–
Metabolite Model Building

For PBPK/PD model building, an extensive literature search 
was performed to collect information on physicochemical 
properties, liberation, absorption, distribution, metabolism, 
and excretion (LADME) processes and clinical studies of 
intravenous, oral, pulmonary, and transdermal administra-
tion of nicotine and intravenous administration of cotinine 
in single- and multiple-dose regimens. Plasma concentra-
tion–time profiles, a brain tissue concentration–time profile, 
fractions of nicotine and cotinine doses excreted unchanged 
to urine, and heart rate profiles were digitized from 34 
clinical studies with 75 different treatment blocks and 891 
patients and split into an internal training (n = 26 profiles) 
and an external test (n = 76 profiles) dataset (for detailed 
information on clinical studies, see Tables S2.6.1–S2.6.3 of 
the Electronic Supplementary Material [ESM]). The internal 
training dataset was used for model building and together 
with the external test dataset, for model evaluation. The 
training dataset was selected so as to inform all physiological 

processes implemented in the model (e.g., contribution of 
the CYP2B6 elimination pathway, estimation of urinary 
excretion).

Hence, for cotinine PBPK model building, three plasma 
profiles of cotinine administered intravenously were used, 
which covered a broad dosing range and included informa-
tion on urinary excretion of cotinine. For the nicotine PBPK 
model building, plasma profiles of non-smokers and smokers 
after intravenous administration were included in the train-
ing dataset, with a broad dosing range, including studies 
with cotinine metabolite data, information on the fraction 
of nicotine excreted unchanged to urine, and the fraction 
of nicotine metabolized to cotinine. Moreover, a study with 
plasma concentrations of CYP2A6 poor metabolizers and a 
study with brain tissue concentrations after nicotine intake 
were included in the training dataset, to inform model input 
parameters for CYP2B6 and brain transporters. For the PD 
heart rate model, three studies with intravenous administra-
tion were used for model training, which covered the larg-
est timeframe of heart rate measurements and the highest 
nicotine peak plasma concentrations. Values for model input 
parameters that could not be adequately obtained from the 
literature were estimated by fitting first the cotinine model 
and subsequently the nicotine model to the training dataset.

The parent–metabolite PBPK/PD model was derived 
using a stepwise approach. Initially, a cotinine model was 
developed based on cotinine intravenous training data from 
healthy non-smoking volunteers. Second, the cotinine model 
was complemented by a comprehensive PBPK model of the 
parent compound nicotine, including intravenous, oral, and 
pulmonary administration of nicotine, using the internal 
dataset for model training. Third, the oral route of admin-
istration for nicotine gums and a transdermal model were 
established and added to the parent–metabolite PBPK 
model. Fourth, a modified heart rate-tolerance PD model 
based on a recently published tolerance model, including 
circadian rhythm [20] was incorporated into the PBPK 
model to describe the positive chronotropic effect of nico-
tine. Finally, the resulting PBPK/PD model was evaluated 
and used to simulate brain tissue concentration patterns after 
nicotine administration through different routes.

Distribution and elimination processes including CYP 
enzymes and transporters were implemented according to 
the literature [15, 21–23]. For the nicotine model, these are 
(1) metabolism of nicotine to its major metabolite cotinine 
through CYP2A6 and CYP2B6, (2) an unspecific hepatic 
clearance being responsible for the remaining hepatic 
metabolism of nicotine including metabolism via uridine 
5ʹ-diphospho-glucuronosyltransferase 2B10 (UGT2B10) 
and flavin-containing monooxygenase 3 (FMO3), and (3) 
two transporters for the influx and efflux of nicotine across 
the blood–brain barrier (BBB). For cotinine, an unspecific 
hepatic clearance was implemented. Additionally, renal 
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excretion through glomerular filtration was implemented as 
an elimination pathway for both compounds, as they are sub-
ject to glomerular filtration under physiological conditions 
[15, 24]. Reported differences in nicotine clearance between 
smokers and non-smokers [25] were addressed by estimating 
different values for the CYP2A6 catalytic rate constant (kcat).

A PD model was added to the PBPK model to describe 
the positive chronotropic effect of nicotine [9, 26] based 
on its PK. The model, which best described the heart rate 
including the drug effect, was a direct-effect Emax model with 
absolute effect, including a tolerance development based on 
a recently published heart rate tolerance model [20]. Fig-
ure 1 shows a structural overview of the developed PBPK/
PD model. The tolerance compartment was implemented to 
describe the extent of acute tolerance development of the 
system and its subsequent reduction in the drug effect on 
heart rate following the administration of nicotine [27]. The 
appearance of tolerance was set to depend on the concentra-
tion of nicotine, which has been shown in the literature [27]. 
For detailed information on PBPK/PD model building and 
virtual populations, see Sect. 2 of the ESM.

2.3 � PBPK Model of Nicotine Patches, Nicotine 
Gums, Combustible Cigarettes, and Electronic 
Cigarettes

To model and simulate the transdermal application of nico-
tine with nicotine patches, a transdermal two-compartment 
skin model was implemented with MoBi® and added 
to the default PBPK model. To model and simulate the 

administration of nicotine gums, an oral formulation was 
used. The corresponding nicotine release was implemented 
according to a published in vitro release profile of Nicorette® 
chewing gums [28]. A pulmonary route of administra-
tion was applied within PK-Sim® to model and simulate 
the inhalation of nicotine with combustible cigarettes and 
e-cigarettes. Zero-order kinetics were chosen for pulmonary 
formulations with a duration of the length of smoking, which 
is supported by the literature [29]. For detailed information 
see Sects. 2.2–2.4 of the ESM.

2.4 � PBPK/PD Model Evaluation

All the 102 nicotine and cotinine concentration–time profiles 
and heart rate profiles observed of the training and test data-
sets were compared to predicted profiles. Virtual populations 
of 100 individuals for each study were established according 
to the population demographics of the respective simulated 
study. Population predictions were plotted as geometric 
mean with geometric standard deviation. Visual descriptive 
(training dataset) and predictive (test dataset) performances 
of the PBPK/PD model are shown in Sect. 3 and in detail in 
Sects. 3.1–3.6 and 3.11 of the ESM. Model performance was 
also evaluated by comparing predicted plasma concentra-
tions with their respective values observed in goodness-of-
fit plots. Additionally, the predicted vs observed area under 
the concentration–time curve from the first to the last data 
point (AUC​last) and maximum concentration (Cmax) values 
were compared in goodness-of-fit plots. The sensitivity of 
the final PBPK model to single parameter changes (local 

Fig. 1   Structural overview 
of the developed physiologi-
cally based pharmacokinetic/
pharmacodynamic (PBPK/PD) 
model for the intravenous, oral, 
transdermal, and pulmonary 
administration of nicotine. 
Boxes indicate compartments, 
solid lines denote in-/out-flows, 
dashed lines indicate relation-
ships. GIT gastrointestinal tract, 
TTS transdermal therapeutic 
system

Liver

Excretion

Lung

Heart

Brain

GIT

Gall-
bladder

A
rt
e
ri
a
l
b
lo

o
d

Fat

Bone

Muscle

Other

PBPK model

Excretion

Circadian
rythm

Drug effect on
Heart Rate

Tolerance
compartment

PD model

-Tolerance effect on
heart rate

+

Tolerance
diappearance

Tolerance
appearance

V
e
n
o
u
s
b
lo
o
dHeart

Rate

Kidney

Transdermal model

Deeper
Skin Layers

Stratum
Corneum TTS

70 results



1123PBPK/PD Model of Nicotine Including Brain Concentration Patterns during Smoking and Smoking Cessation Strategies

sensitivity analysis) was investigated with PK-Sim®. Further, 
two quantitative performance measures were calculated: the 
mean relative deviation (MRD) of the predicted plasma con-
centrations for each plasma profile and the geometric mean 
fold errors (GMFE) of AUC​last and Cmax, respectively (see 
Sects. 3.8–3.10 of the ESM).

3 � Results

3.1 � PBPK Model Building and Evaluation

The whole-body PBPK model of nicotine and cotinine pre-
cisely describes and predicts plasma concentration–time 
profiles following intravenous, oral, transdermal, and pul-
monary administration and data on brain tissue concentra-
tions (see Figs. 2, 3, 4, 5). For the building and evaluation 
of the nicotine parent–metabolite PBPK model, 90 plasma 
concentration–time profiles including 18 cotinine metabo-
lite profiles, a brain tissue concentration–time profile, six 
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Fig. 2   Predicted vs observed nicotine and cotinine area under the 
concentration–time curve from the first to the last data point (AUC) 
[a, b] and maximum concentration (Cmax) [c, d] values of the inter-
nal training and the external test dataset. Each symbol represents the 
AUC or Cmax of a single concentration–time profile (circles: nicotine, 

triangles: cotinine metabolite and cotinine intravenous [iv]). The 
black solid lines mark the lines of identity. Black dotted lines indicate 
a 1.25-fold deviation, black dashed lines indicate a twofold deviation. 
Patch transdermal therapeutic system (nicotine patch), po oral
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studies on the fraction of nicotine and cotinine excreted 
unchanged to urine, and one study depicting the fraction of 
nicotine metabolized to cotinine were used. Drug-dependent 
parameters of the final parent–metabolite PBPK model are 
depicted in Table 1. A study overview including key metrics 
and a detailed description of the PBPK model are listed in 
Sect. 2 of the ESM.

The good descriptive and predictive model performance 
is comprehensively demonstrated. Visual comparisons of 
predicted to observed plasma concentration–time profiles 
are depicted in Figs. 3, 4, 5 (selection of internal and exter-
nal datasets for each route of administration) and in detail in 
Sects. 3.1–3.6 of the ESM (all studies, linear and semiloga-
rithmic plots). The predictions of plasma concentration–time 
trajectories for all routes of administration are in close agree-
ment with observed plasma concentration data. Moreover, 
goodness-of-fit plots of predicted to observed AUC​last and 
Cmax are shown in Fig. 2 and for each route of administration 

separately in Sects. 3.1–3.6 of the ESM together with good-
ness-of-fit plots of observed vs predicted plasma concen-
trations. In summary, 100% of both the predicted AUC​last 
and Cmax values appear to be within the twofold acceptance 
criterion. The GMFE values for the nicotine PBPK model 
are 1.11 and 1.17 for AUC​last and Cmax, respectively, and 
1.14 and 1.11 for the cotinine model. Overall MRD for the 
nicotine and cotinine PBPK model are 1.44 and 1.77, respec-
tively. Detailed results on GMFE and MRD values calcu-
lated for all studies are given in Sect. 3.8 of the ESM and 
the results of the sensitivity analysis are shown in Sect. 3.10 
of the ESM.

Nicotine is mainly metabolized through CYP2A6. How-
ever, in CYP2A6 PMs, when people lack CYP2A6 metabo-
lism and cotinine production diminishes (CYP2A6-kcat of 
0), CYP2B6 is responsible for a modest nicotine conver-
sion to cotinine [15, 22]. A CYP2A6 PM plasma concen-
tration–time profile was included in the training dataset to 
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Fig. 3   Nicotine predicted and observed plasma (blue) and brain tissue 
(gold) concentration–time profiles after administration of combustible 
cigarettes (with estimated pulmonary nicotine exposure for plasma 
simulations) and electronic cigarettes (e-cig.). Population simula-
tion (n = 100) geometric means are shown as lines; the shaded areas 
represent the predicted population geometric standard deviations 
(SDs). Observed data are shown as filled circles ± SD. (i): selection of 

internal training dataset, (e): selection of external test dataset. Refer-
ences with numbers in parentheses link to a specific observed data-
set described in the study table with detailed information about dos-
ing regimens (Tables S2.6.1 and S2.8.2 of the ESM). Predicted and 
observed area under the concentration–time curve (AUC) and maxi-
mum concentration (Cmax) values are compared in Table S3.8.2 of the 
ESM. comb. cig. combustible cigarette, iv intravenous [9, 11, 70–73]
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estimate CYP2B6 metabolism in the model and to describe 
nicotine plasma concentrations in CYP2A6 PMs (see 
Fig. 5d) [40]. Additionally, nicotine clearance in smokers 
appears to be about 15% lower, compared with non-smokers 
[25]. To account for this difference, CYP2A6-kcat was esti-
mated separately for the smoker subpopulation, leading to 
a lower kcat in comparison to the non-smoker subpopula-
tion (see Table 1). For detailed information including drug-, 
system-, and formulation-dependent model parameters, see 
Sect. 2.1 of the ESM and Tables S2.7.1, S2.8.1–2.8.3, and 
S2.10.1 of the ESM.

The resulting PBPK model predicts a fraction of nicotine 
metabolized to cotinine of about 75%, which perfectly aligns 
with literature reports (70–80%) [15, 22, 23]. Moreover, pre-
dicted bioavailabilities after oral (~ 35%) and pulmonary 
(~ 85%) administration of nicotine are in concordance with 
the literature (20–45% and 80–90%, respectively) [9, 15, 46].

As the published literature suggests, the influx and efflux 
of nicotine over the BBB play an important role in the char-
acteristics of nicotine brain tissue concentrations [21]. As 
a result, an influx and an efflux transporter with Michae-
lis–Menten kinetics were implemented in the BBB, which 
led to a precise description of experimental nicotine brain 
tissue concentrations after a puff of a combustible cigarette 
(see Fig. 3e) [11].

It is known that machine smoking yields of combus-
tible cigarettes are not equivalent to human measures of 
nicotine uptake [47, 48]. Hence, when machine smoking 
yields are used as nicotine doses for simulation of plasma 
concentrations, the model underpredicts observed data for 
low machine smoking yields and overpredicts observed 
data for high machine smoking yields (see Fig. S3.6.1 
of the ESM). Therefore, pulmonary nicotine exposure 
for combustible cigarettes was estimated additionally 
as described in Sect. 2.4 of the ESM (mean deviation to 
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Fig. 4   Nicotine (blue) and cotinine (purple if administered intrave-
nously, green if metabolite) predicted and observed plasma concen-
tration–time profiles after intravenous administration. a–c Non-smok-
ers, d–f: smokers. Population simulation (n = 100) geometric means 
are shown as lines; the shaded areas represent the predicted popula-
tion geometric standard deviations (SDs). Observed data are shown 
as filled circles, if available ± SD. (i): selection of internal training 

dataset, (e): selection of external test dataset. References with num-
bers in parentheses link to a specific observed dataset described in the 
study table with detailed information about dosing regimens (Tables 
S2.6.1 and S2.6.2 of the ESM). Predicted and observed area under the 
plasma concentration–time curve (AUC) and maximum plasma con-
centration (Cmax) values are compared in Table S3.8.2. of the ESM. iv 
intravenous [22, 27, 74–76]
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machine smoked nicotine yields of 31%), leading to the 
precise predictions of plasma profiles observed (see Fig. 3 
and Fig. S3.5.1 of the ESM).

For the administration of nicotine through transdermal 
therapeutic systems (TTS), the default PK-Sim® PBPK 
model was expanded with a two-compartment skin model, 
which consists of the lipophilic stratum corneum and the 
hydrophilic deeper skin layer routes. The resulting model 
successfully describes and predicts plasma profiles after 
single and multiple doses of nicotine patches (see Fig. 5e, 
f and Sect. 3.4 of the ESM). The model was also able to 
predict nicotine plasma profiles during the use of nicotine 
gums in single- and multiple-dose studies (see Fig. 5a, b 
and Sect. 3.3 of the ESM) and cotinine steady-state plasma 
concentrations observed in several studies (see Fig. 5c, f 
and Sect. 3.3 of the ESM) [18].

3.2 � Brain Concentrations after Different Routes 
of Administration

The model was used to simulate steady-state brain tissue 
concentrations throughout a day when smoking combus-
tible cigarettes or e-cigarettes (16 cigarettes during 16 h), 
administering nicotine gums (16 gums during 16 h), or 
applying a nicotine patch (for 24  h). Simulations and 
results of the comparison of area under the brain tissue 
concentration–time curves, maximum brain tissue con-
centrations, and peak-trough differences for each type of 
nicotine administration are depicted in Fig. 6.
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Fig. 5   Nicotine (blue) and cotinine metabolite (green) predicted and 
observed plasma concentration–time profiles after oral (gum, solu-
tion, capsule) and transdermal administration. Population simulation 
(n = 100) geometric means are shown as lines; the shaded areas rep-
resent the predicted population geometric standard deviations (SDs). 
Observed data are shown as circles, if available ± SD. (i): selection of 
internal training dataset, (e): selection of external test dataset. Refer-
ences with numbers in parentheses link to a specific observed data-

set described in the study table with detailed information about dos-
ing regimens (Tables S2.6.1 and S2.8.3 of the ESM). Predicted and 
observed area under the plasma concentration–time curve (AUC) 
and maximum plasma concentration (Cmax) values are compared in 
Table  S3.8.2. of the ESM. caps capsule, NM normal metabolizer, 
patch transdermal therapeutic system (nicotine patch), PM poor 
metabolizer, po oral, q.i.d. four times daily [18, 40, 62, 77–79]
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Table 1   Drug-dependent and pharmacodynamic (PD) parameters of the final parent–metabolite physiologically based pharmacokinetic/pharma-
codynamic (PBPK/PD) model

Parameter Unit Nicotine model Cotinine model Descriptiona

Value used in simu-
lation

Literature value 
[Ref]

Value used in simu-
lation

Literature value 
[Ref]

PBPK model
 MW g/mol 162.2 162.2 [30]b 176.2 176.2 [30]c Molecular weight
 pKa1 8.1 (basic) 8.1 [31] 4.5 (basic) 4.5 [32] Acid dissociation 

constant 1
 pKa2 3.3 (basic) 3.3 [31] Acid dissociation 

constant 2
 logP 1.6 1.2, 1.4 [31, 33] − 0.1f 0.21 [30]c Lipophilicity
 Solubility (pH) mg/mL 93.3 (7.0) 93.3 (7.0) [30]b 117.0 (7.0) 117.0 (7.0) [30]c Solubility
 fu % 95.1 80.0–95.1 [34] 97.4 97.4 [35] Fraction unbound 

(plasma)
 CYP2A6 KM µmol/L 29.4f 11.0, 32.0, 33.0, 

144.0 [36–39]
CYP2A6 Michaelis–

Menten constant
 CYP2A6-NM kcat 

(non-smokers)
1/min 12.0f – CYP2A6-NM cata-

lytic rate constant 
for non-smokers

 CYP2A6-NM kcat 
(smokers)

1/min 10.5f – CYP2A6-NM cata-
lytic rate constant 
for smokers

 CYP2A6-PM kcat 1/min 0.0 0 [40] CYP2A6-PM catalytic 
rate constant

 CYP2B6 KM μmol/L 820.0 820.0 [41] CYP2B6 Michaelis–
Menten constant

 CYP2B6 kcat 1/min 16.0f – CYP2B6 catalytic rate 
constant

 BBB-transporterin 
KM

μmol/L 92.4 92.4 [21] BBB transporterin 
Michaelis–Menten 
constant

 BBB-transporterin 
kcat

1/s 5.3E + 03f – BBB-transporterin 
catalytic rate con-
stant

 BBB-transporterout 
KM

μmol/L 7.0E − 05f – BBB-transporterout 
Michaelis–Menten 
constant

 BBB-transporterout 
kcat

1/s 0.4f – BBB-transporterout 
catalytic rate con-
stant

 GFR fraction 1.0 – 6.0E − 02f – Fraction of GFR used 
for passive elimina-
tion by the kidney

 Unspecific hepatic 
clearance

1/min 0.3f – 2.0E − 02f – Elimination from 
plasma (first-order 
process in the liver)

 Calculation 
method of parti-
tion coefficients

Rodgers and Row-
land [42–44]

PK-Sim® standard 
[45]d

Organ-plasma parti-
tion coefficients

 Calculation 
method of cell 
permeabilities

PK-Sim® standard 
[45]d

PK-Sim® standard 
[45]d

Permeation across cell 
membranes

PD modele

 Emax bpm 111.6f – Maximum possible 
heart rate elevation 
without tolerance
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3.3 � PBPK/PD Model Building and Evaluation

The PBPK model has been augmented with a PD nicotine 
heart rate model (see Fig. 1). The integrated PBPK/PD 
model is able to capture the effect of nicotine that leads to 
heart rate peaks rapidly after intravenous and pulmonary 
nicotine intake. A total of 11 studies evaluating the effect 
of nicotine on heart rate were used for PD model building 
and evaluation. Study details and key metrics are listed in 
Table S2.6.3 of the ESM. Parameters of the final PBPK/PD 
model are listed in Table 1. PD model performance for both 
the internal training and the external test dataset is demon-
strated by comparing the population predicted to heart rate 
profiles observed in Fig. 7 (representative studies) and in 
detail in Sect. 3.11 of the ESM (all studies).

4 � Discussion

The main outcome of this study is the development of a 
comprehensive parent–metabolite PBPK/PD model of a 
drug, which is consumed by over 1.1 billion smokers and 
which is also used in NRTs as an important smoking cessa-
tion strategy [1]. The model provides a consistent represen-
tation of the nicotine dose-exposure relationship following 
intravenous, oral, transdermal, and pulmonary administra-
tion in non-smoking and smoking populations. It precisely 

describes and predicts nicotine and cotinine plasma and nic-
otine brain tissue concentrations. Thereby, the model is able 
to quantify the contribution of the elimination pathways of 
the fraction of nicotine metabolized to cotinine and urinary 
excretion of both nicotine and cotinine. Further, the PBPK 
model has been expanded by a heart rate tolerance model, 
which includes circadian rhythm, describing the positive 
chronotropic effect of nicotine. Finally, the model was used 
to identify differences in brain concentrations between pul-
monary administration of nicotine (combustible cigarettes, 
e-cigarettes) and NRTs.

To reduce smoking dependence, exposure to smoke toxi-
cants, and youth e-cigarette use, all of which are critical pub-
lic health goals [1, 4], it is crucial to have quantitative tools 
to better understand both smoking behavior and dependence 
on nicotine. This model represents an opportunity to simu-
late concentrations of nicotine in blood plasma and brain 
tissue with requested dosing regimens after four different 
routes of administration.

Five other PBPK models of nicotine have been developed 
so far; however, either important routes of administration, a 
PD heart rate model, comprehensive predictive performance, 
and/or the inclusion of a large number of clinical studies are 
missing [49–53]. The models developed by Plowchalk et al. 
(for rats), Robinson et al., and Yamazaki et al. (for humans) 
presented simplified implementations of the nicotine ADME 
processes [49–51]. While Teeguarden et al. stated that their 

BBB blood–brain barrier, bpm beats/min, CYP cytochrome P450, GFR glomerular filtration rate, kcat catalytic rate constant, NM normal metabo-
lizer, PM poor metabolizer, Ref reference, - not available
a Descriptions for PD parameters carried over from [20]
b DrugBank entry for nicotine. Available from: https​://www.drugb​ank.ca/drugs​/DB001​84 [Accessed 21 Oct 2019]
c DrugBank entry for cotinine. Available from: https​://www.drugb​ank.ca/metab​olite​s/DBMET​00519​. [Accessed 21 Oct 2019]
d Equations and descriptions of calculations can be found in [45]
e Individual heart rate baselines and circadian time shift for different study populations are depicted in Sect. 2.9 of the ESM
f Model input parameter estimated

Table 1   (continued)

Parameter Unit Nicotine model Cotinine model Descriptiona

Value used in simu-
lation

Literature value 
[Ref]

Value used in simu-
lation

Literature value 
[Ref]

 EC50 μmol/L 0.21f – Concentration at half-
maximum elevation

 h 1.3f – Hill coefficient
 tolin 1/h 15.3f – Tolerance appearance 

rate
 tolout 1/h 0.2f – Tolerance disappear-

ance rate
 tol50 μmol/L 0.07f – Scaling parameter for 

tolerance
 amp % 6.3 6.3 [20] Circadian amplitude
 γ 0.4f – Non-linearity param-

eter
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“results should not at this time be considered accurate pre-
dictions of outcomes in a population of smokers”, they pre-
sented one of the first broad models including several routes 
of nicotine administration (without a transdermal route) 
and a PD model [52]. The most current nicotine PBPK/PD 
model, by Gajewska et al., accurately described heart rate 
changes after transdermal nicotine intake but struggled to 
predict heart rate peaks occurring after intravenous nico-
tine administration and nicotine plasma concentrations after 
the removal of nicotine patches [53]. While the previously 
mentioned models provide the information in a condensed 
form to investigate the models independent of the underly-
ing platform, the presented model relies on the application 
within the OSP framework. However, all the information can 
be accessed through the model file, which is publicly avail-
able in the OSP repository for application and investigation 
purposes.

Our PBPK/PD model incorporates comprehensiveness 
of both the routes of administration (intravenous, trans-
dermal [patches], oral [including gums], and pulmonary 
[combustible cigarettes and e-cigarettes]) and the number 
of plasma, brain tissue, and heart rate profiles included 

(n = 102) to develop the model. Moreover, this study pre-
sents a novel opportunity to simulate nicotine brain tissue 
concentrations after different routes of administration, 
based on incorporated information on brain tissue con-
centrations, in PK-Sim® and MoBi®.

In contrast with already published nicotine PBPK 
models, this study includes the two most important CYP 
enzymes for nicotine metabolism, CYP2A6 and CYP2B6, 
both highly polymorphic, and incorporated differences 
between CYP2A6 PMs and NMs [15, 40, 54]. This is 
crucial for the individualization of NRTs to avoid poor 
response and adverse drug reactions [55, 56], as phar-
macogenetic testing has shown the potential to optimize 
smoking cessation therapies [13, 14]. Because only one 
plasma–concentration time profile for PMs was available 
and concentrations were determined only over 6 h, simula-
tions of plasma concentrations may be less accurate over 
longer time periods. Hence, additional research on the PK 
of PMs would be of great interest. The enzymatic path-
ways responsible for nicotine glucuronidation (UGT2B10) 
and N-oxidation (FMO3) are subsumed under the unspe-
cific hepatic clearance process.

(a)

0
20

0
40

0
60

0
80

0

inhalation, 1.4 mg, 16 cig.

Time [h]

Br
ai

n 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

0 6 12 18 24

Nicotine Brain Tissue

(b)

0
20

0
40

0
60

0
80

0

gum, 2 mg, 16 gums

Time [h]

Br
ai

n 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

0 6 12 18 24

Nicotine Brain Tissue

(c)

0
20

0
40

0
60

0
80

0

gum, 4 mg, 16 gums

Time [h]

Br
ai

n 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

0 6 12 18 24

Nicotine Brain Tissue

(d)

0
20

0
40

0
60

0
80

0

patch, 21 mg, 24 hrs

Time [h]

Br
ai

n 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

0 6 12 18 24

Nicotine Brain Tissue

(e)

0

2 × 103

4 × 103

6 × 103

8 × 103

Ciga
ret

tes

Gum
 2 

mg

Gum
 4 

mg

TTS 21
 m

g

AU
C

 [ n
g
⋅h

m
l]

0−16 h 16−24 h

(f)

0

100

200

300

400

500

600

Ciga
ret

tes

Gum
 2 

mg

Gum
 4 

mg

TTS 21
 m

g

C
m

ax
 [n

g/
m

l]

(g)

0

25

50

75

100

Ciga
ret

tes

Gum
 2 

mg

Gum
 4 

mg

TTS 21
 m

g

Pe
ak

−T
ro

ug
h−

D
iff

er
en

ce
 [n

g/
m

l]

Fig. 6   Simulations of brain tissue concentration–time profiles after 
pulmonary (16 h), oral (2 mg and 4 mg gums, 16 h), and transdermal 
(patch, 24 h) administration (a–d) and analysis of the area under the 
brain tissue concentration–time curve (AUC) of nicotine brain tissue 
concentrations for the first 16 h (gray) and the last 8 h (orange) (e), 
maximum brain tissue concentrations (Cmax) (f), and peak-trough dif-
ferences in brain tissue concentrations between minimum brain tissue 

concentration (Cmin) and Cmax in steady state (g). Population simula-
tion (n = 100) geometric means are shown as lines; the shaded areas 
represent the population geometric standard deviations. Detailed 
information about dosing regimens, study populations, and parame-
ters used for simulations is given in Tables S2.6.1, S2.7.1, S2.8.1, and 
S2.8.3 of the ESM. Peak-trough difference is not applicable for the 
transdermal therapeutic system (nicotine patch). cig. cigarettes
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Additionally, we present the first nicotine PBPK model 
that also includes and predicts nicotine concentration–time 
and heart rate profiles after e-cigarette use. In light of the 
ongoing discussions on the health risks of e-cigarettes and 
the fact that more than a quarter of high school students in 
the USA are current e-cigarette users with the figures still 
rising, our data might contribute to a better understanding 
of the persistent increase in youth e-cigarette use by serving 
as a basis for future studies on nicotine PK-based addiction 
models [4, 57].

Being widely used as a quantitative marker for exposures 
to nicotine and as a measure of compliance with treatments 
for smoking cessation [6, 18], cotinine was also included 
in the model. The glomerular filtration rate fraction of 0.06 
for cotinine, combined with the description of the fraction 
of cotinine dose excreted unchanged to urine, indicates 
high tubular reabsorption of cotinine in the kidney. Accu-
rate cotinine metabolite predictions after intravenous, oral 
(solutions, capsules), and transdermal administration could 
allow future investigations to perform reverse calculations to 
arrive at the amount of nicotine intake from cotinine plasma 

concentrations with this model. Because no cotinine metabo-
lite data after pulmonary and nicotine gum intake were avail-
able, cotinine formation could not be evaluated for these 
routes of administration. However, CYP2A6 expression in 
the lung was implemented according to the PK-Sim® expres-
sion database, to cover potential differences in cotinine for-
mation [58]. Variability in predictions for most intravenous, 
oral, and transdermal studies is better covered compared 
with pulmonary studies, where the variability observed is 
higher than predicted. This is as expected because variability 
in model predictions results from physiological differences, 
while the high variability after smoking results from dif-
ferences in puffing behavior (such as puff volumes) called 
smoking topography [59].

As a result, our findings support the assumption that dif-
ferences in smoking topography also lead to differences 
in nicotine plasma concentrations [46, 60]. The fact that 
the model is able to describe nicotine PK after the use of 
combustible cigarettes and e-cigarettes with the same pul-
monary administration model supports recent findings that 

Fig. 7   Predicted and observed 
heart rate profiles after intrave-
nous (iv) and pulmonary (com-
bustible cigarette [comb. cig.] 
and electronic cigarette [e-cig.]) 
administration. Population 
simulation (n = 100) geomet-
ric means are shown as lines; 
the shaded areas represent the 
predicted population geomet-
ric standard deviations (SDs). 
Observed data are shown as 
filled circles, if available ± SD. 
(i): selection of internal training 
dataset, (e): selection of external 
test dataset. References with 
numbers in parentheses link 
to a specific observed dataset 
described in the study table 
with detailed information about 
dosing regimens (Table S2.6.3 
of the ESM). m.d. multiple dose 
[27, 70, 80, 81]
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differences in plasma PK result from different smoking and 
vaping patterns, respectively [61].

Although transmucosal absorption was neglected dur-
ing the administration of nicotine gums, predictions for 
nicotine plasma profiles show very promising results. The 
future development of a physiological transmucosal PBPK 
model could help predict cotinine metabolite concentrations 
after the administration of nicotine gums. The expansion 
of our PBPK model with a two-compartment transdermal 
skin model led to better descriptions of nicotine and coti-
nine metabolite plasma profiles after transdermal absorp-
tion, compared with an existing transdermal nicotine PBPK 
model [53]. Thereby, it was possible to extrapolate patch 
parameter sets from the 30-mg single-dose Bannon et al. 
[62] study to 15-mg and 60-mg patches and to a multiple-
dose administration. This indicates that extrapolation from 
one dose to higher and lower doses as well as from single to 
multiple doses is possible with the implemented transder-
mal model. However, more research needs to be conducted 
to increase the mechanistic component of the transdermal 
model. As a result of the good predictive PK performance of 
the intravenous nicotine PBPK model, future studies could 
use the mechanistic model to de novo predict nicotine and 
cotinine plasma concentrations based on patch characteris-
tics and in vitro dissolution data.

The simulation study results of nicotine brain concen-
tration patterns show decisive differences: the lower dose 
nicotine gums (2 mg) yield lower brain concentrations of 
about half the magnitude (Cmax,brain) and extent (AUC​brain) 
as the cigarette study arm does. Brain concentrations during 
nicotine patch application also do not reach the same mag-
nitude as the simulation with cigarettes does. In contrast, 
the use of 16 nicotine gums of 4 mg causes similar Cmax,brain 
and AUC​brain values in brain concentrations. However, the 
fluctuation (peak-trough difference) stays lower, compared 
with smoking cigarettes. While the AUC​brain of the nicotine 
patch trails behind the AUC​brain of the cigarette study arm 
after 16 h, the AUC​brain during the last 8 h is larger, com-
pared with inhalation.

The nicotine brain concentration data used for model 
building represent nicotine concentrations in the whole 
brain tissue and do not specifically show concentrations at 
the nicotine receptor site. Thus, brain concentration simu-
lations were also executed for brain tissue concentrations. 
To describe the brain tissue concentration profile included 
in the model development, the implementation of an influx 
and an efflux transporter in the BBB was necessary and is 
supported by the literature [21]. As data on nicotine brain 
tissue concentrations are scarce, only one brain kinetic 
profile was available to inform the model. Moreover, the 
brain tissue concentrations were determined only during 
a time span of 10 min after a single puff of combustible 
cigarettes [11]. Therefore, extrapolations to brain tissue 

simulations, especially of higher doses and longer time-
frames, have to be interpreted carefully.

The magnitude of increase in heart rate is a surrogate 
measure for general pharmacological actions of nico-
tine. Two PBPK/PD heart rate models from the literature 
included studies only after intravenous and transdermal 
administration of nicotine [52, 53]. In contrast, while our 
PD model was also built based on intravenous adminis-
tration data, it was expanded and evaluated with heart 
rate data from study participants consuming combusti-
ble cigarettes, e-cigarettes, and nicotine gums. Moreo-
ver, we included circadian rhythm for heart rate, as the 
heart rate undergoes marked fluctuations throughout the 
day [63]. We succeeded in incorporating acute tolerance 
development to the heart rate effect, which can not only 
be observed after the intake of nicotine but also after other 
substances, such as cocaine or ponesimod [20, 64]. Unfor-
tunately, no heart rate data measured during a whole day of 
nicotine administration were available. The longest study 
which is included in the PD model development lasted 
about 6 h. Hence, extrapolations beyond this time domain 
should be investigated carefully.

The positive chronotropic effect of nicotine probably 
results from several effects. First, nicotine stimulates epi-
nephrine and norepinephrine release by the activation of the 
ligand-gated cation channel nicotine acetylcholine receptors 
localized mainly on peripheral postganglionic sympathetic 
nerve endings and the adrenal medulla. Additionally, sympa-
thetic stimulation can occur through the activation of periph-
eral carotid body chemoreceptors [65–67]. Moreover, a close 
relationship between plasma concentrations of nicotine and 
the cardiovascular effects has been observed after acute 
exposure to nicotine [9, 65]. As a result, the PD effect was 
linked to the plasma concentrations. Linking the PD effect 
to concentrations of the heart or the brain compartment led 
to less precise predictions of heart rate changes.

Simulations of heart rate changes during the administra-
tion of four cigarettes, 16 cigarettes (1.4 mg each, smoked 
within 8 h), 16 nicotine gums (2 mg each), and a transder-
mal nicotine patch (21 mg in 24 h) have been performed 
(see Sect. 3.12 of the ESM). The results suggest a persistent 
increase in the baseline heart rate when smoking one ciga-
rette every 30 min (about 9 beats/min), which is supported 
by clinical studies [67]. Whereas only a slight increase of 
heart rate baseline can be observed when simulating the 
administration of cigarettes smoked 2 h apart, an increased 
baseline level holds true also for the administration of nico-
tine gums and the nicotine patch, albeit to a lower extent 
(about 6 beats/min and 4 beats/min, respectively). These 
differences are consistent with published work showing a 
decrease in heart rate when switching from smoking ciga-
rettes to the use of nicotine gums or patches [68, 69].
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5 � Conclusions

A comprehensive whole-body parent–metabolite PBPK/
PD model of nicotine and cotinine has been built that 
can predict (1) nicotine and cotinine plasma concentra-
tion–time profiles after various routes of administration, 
(2) nicotine brain tissue concentrations, and (3) the posi-
tive chronotropic effect of nicotine. The physiologically 
based modeling approach integrated the available in vitro, 
in vivo, and in silico information on nicotine and could 
help enhance the understanding of dependence on com-
bustible cigarettes and e-cigarettes. The model was used 
to simulate and compare nicotine brain concentration pat-
terns during smoking and the application of NRTs. The 
model is thoroughly documented in the ESM, and the 
model files are publicly available in the OSP repository 
(https​://www.open-syste​ms-pharm​acolo​gy.org). With that, 
the model can be used for the development of a detailed 
physiological transdermal and transmucosal nicotine 
model, contribute to a library of PBPK models for predic-
tions in special populations, and help with future inves-
tigations of nicotine pharmacokinetics and pharmacody-
namics, including the design of clinical trials and novel 
formulations to treat nicotine dependence.
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Part III

D i s c u s s i o n , O u t l o o k a n d C o n c l u s i o n s

This part provides a comprehensive discussion of the results
presented in this thesis as well as future outlooks and overall
conclusions.





4
D I S C U S S I O N A N D O U T L O O K

Buprenorphine, fentanyl and nicotine are frequently applied in the treatment of
pain and smoking cessation, respectively [115–119, 156, 158, 162]. Still, treatment
issues and ambiguities in PK characteristics exist in both adult and pediatric
patients [47, 116, 117, 120, 123, 129, 130, 135, 158, 163]. In addition, pediatric drug
therapy in general remains a huge challenge with off-label use in pediatrics as
well as medication errors in pediatric and neonatal intensive care units represent-
ing significant health care issues [42, 45, 46, 64]. Thus, there is a strong need for
advances in pediatric medical care, particularly for young infants and neonates
[44]. For this, the PK and PD of drugs need to be further investigated in pediatric
populations, which may increase evidence base for pharmacotherapy [44]. How-
ever, ethical, cost and time challenges impede the conduct of clinical trials [11, 49,
51–53]. Here, pharmacometric approaches such as PBPK modeling can step in to
investigate the PK of drugs, inform study design, predict unexplored exposure
scenarios, bridge knowledge gaps and thereby improve decision-making in drug
development and optimize drug therapy [6, 9–12, 75, 81].
The presented work had three major objectives: (1) to gain new insights into the
PK of the two opioid analgetics buprenorphine and fentanyl in adult and pediatric
patients by leveraging PBPK modeling, (2) to further explore and support the
value of PBPK modeling to predict individual and mean plasma concentration-
time profiles as well as PK parameters of pediatric patients including full-term
and preterm neonates and (3) to simulate and evaluate differences in nicotine
brain tissue concentrations and heart rate profiles after pulmonary, oral and
transdermal nicotine administration.

4.1 pbpk modeling of buprenorphine in adult and pediatric pa-
tients

In the first publication presented in this thesis, a parent-metabolite PBPK model
of buprenorphine was developed for adult and pediatric patients. The adult
PBPK model was used to predict buprenorphine and norbuprenorphine plasma
concentration-time profiles after intravenous administration and further applied
to assess the DDI liability of buprenorphine and its metabolite with the perpe-
trator drugs clarithromycin and itraconazole. After extrapolation to pediatric
populations, the PBPK model was leveraged to investigate the performance of
PK predictions for children and preterm neonates which were superior to results
from two allometric scaling approaches [1].
The application of PBPK modeling in the field of special populations including
pediatrics has been increasing lately [7]. Its use in regulatory NDA submissions
has been established [9] and its application in pediatric drug development further
suggested, provided its robustness and reliability, calling for additional research
in this area [32].
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Project I presents a pediatric PBPK modeling case example of a drug that is
frequently used to treat pediatric patients and cleared via various different
elimination pathways [117, 131, 132]. The developed adult PBPK model was ex-
trapolated to pediatric populations and used to predict plasma concentration-time
profiles of buprenorphine in a child population (4.6–7.5 years) and in individual
preterm neonates (27–34 weeks postmenstrual age). Model predicted plasma
profile trajectories and the corresponding area under the concentration-time curve
(AUC) values were in close agreement with observed data for most patients,
demonstrating the potential of PBPK modeling to predict plasma profiles and
AUC values in individual patients of the vulnerable preterm neonate population
[1]. The good model performance (evaluated both visually and with quantitative
measures) thus provides further evidence for PK predictions in pediatric patients
and supports the use of PBPK modeling in MIDD [1, 11].
Hereby, the option to integrate knowledge on enzyme and transporter maturation
in PBPK models [13] offers great advantages for PK predictions especially in
young infants and neonates. In these populations, rapid changes in organ matura-
tion and enzyme abundances may result in rapid changes of PK parameters: For
instance, Mukherjee et al. and Völler et al. showed that CL parameters can signif-
icantly change within the first few days after birth due to maturation processes
[92, 127]. Such changes in anatomy and physiology during the 72-hour long-term
infusions investigated in Project I could be considered in the performed PBPK
simulations for the aging virtual preterm neonate populations as implemented in
the applied software [29].
As indicated, allometric scaling has been shown to provide accurate predictions
for adolescent patients [11, 79, 83], while uncertainties increase in younger pedi-
atric populations [11]. For infants, full-term neonates and preterm neonates, CL
predictions with unadjusted allometric scaling usually exhibit more discrepancies
as rapid developmental changes occur and CL mechanisms are yet immature [11,
79, 83]. Here, PBPK modeling presents a mechanistic physiological framework
allowing the integration of maturation processes (e.g., enzyme and transporter
ontogeny functions; cf., Figure 1.2) and thus, can be favorable if LADME processes
of the drug are sufficiently well characterized [11, 25, 83, 164]. The case study
in Project I supports this argument as PBPK modeling provided more accurate
predictions of buprenorphine plasma concentrations compared to allometric scal-
ing for both the child and particularly the preterm neonate population. ADE
allometric scaling was superior to the unadjusted allometric scaling approach
albeit less precise than PBPK model predictions.
In a recent work by Wu and Peters on pediatric extrapolation for children less
than two years of age, PBPK modeling also showed superior performance to
simple allometric scaling and population pharmacokinetic pediatric extrapolation
while the performance was comparable to ADE allometric scaling [165]. Addi-
tional work on this topic, particularly regarding predictions in neonatal patients
and for transporter substrates [137] as well as research on transporter ontogeny
profiles [30] is thus of great interest for further evaluations. In addition, PK data
for model evaluation is helpful to confirm model predictions and usually still
needed to support regulatory decisions [11, 32].
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Bi and coworkers have recently suggested the incorporation of MIDD approaches
in all phases of pediatric drug development to decrease the required number
of enrolled patients and to optimize the success rate of pediatric clinical trials
[11]. The FDA MIDD pilot program yielded successful examples in industry
where MIDD approaches including pediatric PBPK modeling led to savings in
time and resources [8]. Here, it should be kept in mind, that dose predictions in
pediatrics based on the “exposure-matching” strategy rely on the assumption of
a similar exposure-response relationship for safety and efficacy in pediatric and
adult patients [11, 110, 111].
As outlined in Section 1.5, the pediatric PBPK modeling workflow comprises
the development of an adult PBPK model that should be thoroughly evaluated
with clinical data before extrapolation to pediatric populations [25, 31, 37, 104].
Leong and colleagues described, that one reason for CL mispredictions in pedi-
atric patients may be attributed to inadequacies of the underlying adult PBPK
model [31]. Poor model predictions with the adult PBPK model may transition
into poor predictions with the scaled pediatric PBPK model [25, 32, 37]. The
importance of a thorough adult PBPK model evaluation has also been stressed by
Maharaj and Edginton [25], highlighting this step as a key for adequate pediatric
PBPK model development [25, 31]. In the presented work, the PBPK model was
developed based on available in vitro, in silico and clinical in vivo data (plasma
concentrations and fractions of dose excreted in urine), combining the “top-down”
and “bottom-up” approaches (“middle-out” approach [12, 24, 40, 52]). The good
prediction performance of the adult buprenorphine PBPK model, as shown in
Section 3.1, was hence particularly meaningful for the pediatric PBPK model
prediction results.
As the output of a PBPK simulation is the composition of various modeled pro-
cesses, which in turn are simplifications of complex physiologic mechanisms and
include several assumptions, many factors (e.g., parameter uncertainties, missing
mechanisms, etc.) can impact prediction accuracy [32]. Thus, detailed knowledge
on LADME processes of the drug including elimination mechanisms and metabo-
lizing enzymes as well as on age-dependent physiological changes is crucial for
extrapolation of PBPK models from adult to pediatric patients [12, 32, 39]. The im-
portance of such detailed knowledge on processes affecting the drug’s disposition
to obtain accurate predictions could be observed also within this modeling work.
For example, as described in Section 1.6, the PK of buprenorphine is affected by
various CYP and UGT enzymes including CYP3A4, CYP3A7, CYP2C8, UGT1A1,
UGT1A3 and UGT2B7 [131, 132]. As these enzymes exhibit unique ontogeny
profiles during maturation [91], the metabolic pathways were not subsumed to a
single CL mechanism but integrated separately in the developed PBPK model to
allow successful model extrapolation and model predictions in pediatric patients.
Of note, since genetic polymorphisms that can affect drug metabolism have been
described for some of the involved enzymes (e.g., CYP2C8 and UGT1A1 [166,
167]), detailed knowledge on a patient’s genotypes could further improve future
individual PBPK model predictions.
A published DDI study from buprenorphine with the perpetrator drug rifampicin
(inhibitor and inducer of CYP2C8, CYP3A4, UGT1A1, UGT1A3 and the efflux
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transporter P-glycoprotein (P-gp), among others [168–171]) was used to addition-
ally evaluate the adult PBPK model. The ratio of the predicted and observed DDI
effect of concomitant rifampicin administration on buprenorphine AUC was 0.96,
reflecting a good prediction of the in vivo DDI scenario.
As described, PBPK models can be leveraged to gain information on a drug’s
DDI potential [6, 12]. This data can be used to inform the design of DDI studies,
obviate specific DDI in vivo studies and/or support drug therapy and labeling [8,
172–174]. In this work, the developed adult PBPK model was employed to simu-
late DDIs of buprenorphine in yet unexplored DDI scenarios with the frequently
used strong CYP3A4 inhibitors clarithromycin and itraconazole to gain further
insights into the PK of buprenorphine and its active metabolite norbuprenorphine
(see Section 3.1).
Since DDI data are often not available in pediatric populations [39], PBPK model
simulations can be particularly helpful in pediatric drug development [11]. In the
presented project, DDI simulations were performed only for an adult population
as the perpetrator drug models were built and evaluated only for the application
in non-pediatric populations [1, 170]. Moreover, due to missing observed data,
DDI modeling performance of the developed buprenorphine model could only be
evaluated for the adult PBPK model. However, the developed models were made
publicly available, allowing its application and evaluation in future investigations
of DDI scenarios in various patient populations.
Initial investigations on buprenorphine’s exposure-response relationship in the
treatment of the neonatal abstinence syndrome have suggested that buprenor-
phine concentrations were the primary driver of its PD effect [135]. Hence,
the PBPK model could prospectively serve as a basis to develop an extended
PBPK/PD model to quantify and assess the PD effect of buprenorphine. Fur-
thermore, besides its application in in silico investigations of DDI scenarios,
the developed buprenorphine PBPK model may be used to support the design
of future clinical trials and novel formulations for both adult and pediatric
populations [1].

4.2 pbpk modeling of fentanyl in adult and pediatric patients

The second publication presented in this thesis focused on PBPK modeling of
fentanyl and norfentanyl in adult and pediatric patients and aimed to gain new
insights into the PK of fentanyl. The adult PBPK model was built and evaluated
with plasma concentration-time profiles from various clinical settings including
intravenous bolus, short infusion and long-term infusion administrations. Frac-
tion of dose excreted in urine data was additionally integrated to inform renal
excretion processes. Furthermore, the PBPK model was employed to predict a
published DDI study with fentanyl and the CYP3A4 inhibitor voriconazole for
further model evaluation. Here, the moderate increase in fentanyl AUC as well as
the strong decrease in norfentanyl exposure was successfully predicted with the
PBPK model [2].
After model evaluation, the PBPK model was used to generate knowledge and
support hypotheses on the PK of fentanyl and its clinical application regarding a
potentially fatal ADR. First, the developed model supports the assumption of an
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“extra-norfentanyl metabolic pathway”, suggesting the involvement of additional
metabolic mechanisms (besides CYP3A4) in the degradation of fentanyl, and
the existence of yet unknown metabolites [2, 129]. The fraction metabolized (fm)
through CYP3A4, which represents a crucial parameter for DDI predictions [12],
was estimated to be only about one third, while the extra-norfentanyl metabolic
pathway accounted for ˜60% of fentanyl elimination in model simulations. About
7% of the administered fentanyl dose was excreted unchanged renally (see Sec-
tion 3.2), consistent with literature reports [130, 142, 175].
The occurrence of the ADR chest wall rigidity in pediatric populations after
fentanyl administration has been observed mostly after bolus injections [125]. To
investigate differences in peak arterial plasma concentrations between intravenous
bolus injections and short infusions in neonates, an adult PBPK model was built
and evaluated before extrapolation to pediatric populations [2]. Similarly as in
Project I, the developed adult PBPK model showed good prediction performance.
Both arterial and venous fentanyl blood plasma concentration-time profiles as
well as fractions of fentanyl dose excreted unchanged in urine were successfully
described and predicted, setting the foundation for PBPK modeling in pediatric
populations. After model extrapolation, mean plasma concentration-time profiles
and CL parameters from child, infant and neonate populations were used to
evaluate the pediatric PBPK model predictions. Finally, the model was leveraged
to simulate peak arterial plasma concentrations in a neonatal population after
fentanyl administration. Model simulations showed large differences in maximum
arterial plasma concentrations (up to 7-fold) between intravenous bolus injections
and short infusions, which might partly explain the increased occurrence of the
ADR after fentanyl bolus administrations.
Of note, ontogeny functions of transporters have not yet been integrated in the
modeling software PK-Sim® [91]. However, the efflux transporter P-gp was part
of the fentanyl PBPK model. Hence, a recently published ontogeny function of
P-gp [176] was incorporated for model extrapolation to pediatric populations, ac-
counting for differences in P-gp abundance between adult and pediatric patients.
As described by Bi et al., the accumulated experience with MIDD applications
may lead to new policy development and refinement [11]. Here, the two case
examples of buprenorphine and fentanyl pediatric PBPK modeling could further
promote the use of the PBPK modeling approach as a predictive tool in the
pharmacometric toolbox [24].
Besides its application in MID3, PBPK modeling has been proposed to facilitate
personalized medicine within the concept of model-informed precision dosing
(MIPD) and could tackle clinical dosing issues in the future, yet requiring accurate
predictions at the individual patient level [39, 177, 178].
In Section 3.1, the potential of PBPK modeling to predict plasma concentration-
time profiles and AUC values in individual patients (here, preterm neonates)
has been successfully demonstrated. Simulation results with the fentanyl PBPK
model (see Section 3.2) showed that predictions of mean population CL values
in full-term and preterm neonates were accurate while predictions of individual
CL values remained very challenging and scattered around the mean. This could
have been due to the high inter-individual variability in abundances of involved
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enzymes (see Figure 1.2 and [91]). As the specific enzyme (and transporter)
expression of an individual patient is usually not known, simulations of drug
exposure for individual patients based on population mean enzyme expression
levels and individual demographic information can lead to mispredictions. Hence,
the application of PBPK modeling in MIPD has been tied to the collection of
more detailed physiological information [39, 177]. The fact that information on
age and weight alone might not be predictive enough for accurate individual PK
simulations has also been discussed for ibuprofen in a study by Mahmood on
allometric scaling [85].
However, this obstacle could be tackled in the future, combining PBPK model-
ing with the concept of liquid biopsies [178–181]. Plasma-derived exosomes as
liquid biopsies can be used to quantify the in vivo activity of hepatic enzymes
via collection of a diagnostically amenable biofluid [178, 179]. Subsequently, the
information on protein expressions in individual patients may be leveraged to
inform PBPK model predictions [178, 180, 181]. This approach could be a highly
valuable tool to enhance individual predictions with PBPK modeling and to
promote its application in MIPD in the future [39, 178–181].
While the vast majority of predicted fentanyl and norfentanyl plasma
concentration-time profiles as well as fraction of fentanyl dose excreted un-
changed in urine were in close concordance with observed data, discrepancies
could be observed for some studies. These might be partially explained by the
design of the included clinical studies since over 70% of the observed mean
plasma concentration-time profiles were collected from patients during surgeries
or post-surgery (see Table 1 and 2 in Section 3.2). Consequently, many patients
received various co-medications (e.g., isoflurane, succinylcholine or thiopental)
that could have affected fentanyl and norfentanyl disposition.
The developed fentanyl PBPK model could already be successfully leveraged in
subsequent investigations in the working group: After coupling the PBPK model
with a skin permeation model, plasma concentrations during transdermal fen-
tanyl administration and effects of dermal heat application on fentanyl exposure
were in situ predicted based on in vitro dissolution and permeation experiments
(in vitro-in vivo extrapolation). Moreover, as the fentanyl PBPK model is publicly
available, it can be further employed in future investigations of fentanyl and
norfentanyl PK in both adult and pediatric populations [2].
It is a general paradigm, when generating new PK information such as clinical
data (e.g., from DDI studies), this knowledge should be incorporated to refine
the PBPK model following the iterative learn, confirm and refine cycle [11, 12,
70, 73]. Meaningful simulation results rely on the availability of high-quality
data and benefit from experimental clinical studies [38]. While PBPK models can
already be used to inform study designs, predict exposure in various populations,
investigate DDI scenarios and make dosing recommendations for different patient
populations, observed clinical data are still required to evaluate and refine models,
enhance confidence in model simulations and support regulatory decisions in the
drug development process [10, 12, 32].
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In Project III, a parent-metabolite PBPK model of nicotine and its major metabo-
lite cotinine, covering various routes of administration (i.e., intravenous, oral,
transdermal and pulmonary), was developed and expanded to study the PK/PD
relationship regarding heart rate changes during nicotine intake. The PBPK/PD
model was able to describe and predict both nicotine and cotinine plasma concen-
trations and fractions excreted in urine, nicotine brain tissue concentrations and
heart rate profiles. After comprehensive model evaluation with 102 nicotine and
cotinine concentration–time and heart rate-time profiles, the model was applied to
simulate and evaluate differences in nicotine brain tissue concentration patterns
during pulmonary, oral and transdermal nicotine administration (see Figure 6

in Section 3.3). The model also represents the first nicotine PBPK/PD model
predicting nicotine plasma concentration-time and heart rate-time profiles after
the use of electronic cigarettes. Finally, the feasibility to integrate the intravenous
(bolus injections and infusions), pulmonary (cigarettes), oral (nicotine solutions,
capsules and gums) and transdermal (nicotine patches) administration routes in
a single model was demonstrated [3].
In all three presented projects, the available clinical data were split into an internal
training and an external test dataset. This approach can help to detect model
misspecifications during the model development process [182]. Clinical data were
allocated in a way to inform all physiological processes integrated in the PBPK
models (e.g., contribution of metabolic pathways, renal excretion, etc.) and to
cover wide dose ranges, as has been recently performed [170, 182–184].
The extensive data availability of nicotine and cotinine plasma concentration-time
profiles after various routes of nicotine administration, fractions of nicotine and
cotinine dose excreted in urine and cotinine plasma concentration-time profiles
after cotinine administration allowed a comprehensive model evaluation that
emphasizes the good PBPK model performance (see Section 3.3 and Section A.3).
Moreover, the developed parent-metabolite PBPK model showed a fraction of
nicotine metabolized to cotinine of ˜75% [3], aligning well with literature reports
for nicotine to cotinine conversion of 70–80% [185–187].
As described in Section 1.1, the mathematical description of the organism in
PBPK modeling enables the simulation of tissue-specific drug concentrations
at the target site, which can be particularly useful when drug tissue concentra-
tions are challenging to determine [6, 12, 39]. However, as outlined by Jones and
Rowland-Yeo, models developed solely based on in silico partition coefficients
may describe an “oversimplification” of tissue kinetics [12]. This in turn can result
in significant discrepancies between simulated and observed in vivo tissue levels
even though plasma concentration-time data were included in model building [12,
36, 37]. Thus, the opportunity to integrate available nicotine in vivo brain tissue
distribution data in the PBPK model development was a valuable step to increase
confidence in simulated tissue concentrations [12, 13, 37]. Yet, it should be noted,
that the incorporated observed nicotine tissue concentration-time profile only cov-
ered measurements during the first ten minutes after a single puff of combustible
cigarettes [163]. As a result, extrapolations in brain tissue simulations to multiple
dose applications and longer timeframes have to be interpreted with caution [3].
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Due to its mechanistic setting, PBPK models also offer the possibility to translate
physiological and other sources of variability into PK variability of a drug in a
population of interest [12]. With that, the expected variability can be investigated
based on prior knowledge on the study population, biochemical variability and
other factors that might impact the PK [12].
In this work, observed differences in PK variability between intravenous, oral,
transdermal and pulmonary nicotine intake [159, 161, 188, 189] were evaluated
with the developed nicotine PBPK model. In the past, high variability in nicotine
plasma concentrations observed in studies with combustible cigarettes has been
attributed to differences in puffing behavior (called smoking topography) [190].
This hypothesis was evaluated, comparing model predicted and observed vari-
ability in nicotine plasma concentrations. The predicted variabilities for plasma
concentrations after intravenous, oral and transdermal nicotine administration
better aligned with the observed ones as compared to the findings after pul-
monary nicotine intake studies (see Section 3.3). Here, the observed variability in
plasma concentrations after pulmonary administration was substantially higher
than predicted. This was probably because model predicted variability was only
allowed to result from anatomic and physiological differences while variability in
inhaled nicotine dose (due to smoking topography differences) was set to zero.
Consequently, it can be assumed that the higher observed variability in nicotine
plasma concentrations after pulmonary nicotine intake resulted from differences
in smoking topography. This supports literature reports that suggest differences
in smoking topography result in differences in nicotine plasma concentrations [3,
191, 192].
As described in Section 1.6, the positive chronotropic effect of nicotine results in
an elevated heart rate, which represents a commonly monitored PD marker in
clinical trials [152, 159–161]. To describe and predict the positive chronotropic
effect of nicotine, the developed PBPK model was expanded by a direct-link PD
model [3]. For this, the PD model was coded and implemented in the MoBi®

software based on a recently published PD heart rate tolerance model with cir-
cadian rhythm [3, 193]. The direct-link model was selected since nicotine peak
concentrations and peaks of the positive chronotropic effect occur at about the
same time [194, 195]. In addition, the observed decrease in sensitivity towards
nicotine intake, that results in a reduction of nicotine’s positive chronotropic effect
intensity (clockwise hysteresis loop), necessitated the implementation of an acute
tolerance mechanism [193, 196]. After PBPK/PD model development, the model
was further applied to simulate and evaluate differences in elevated baseline heart
rates between two different smoking protocols (cigarettes smoked 30 minutes
or 2 hours apart) as well as oral and transdermal nicotine administration (see
Section 3.3 and Section A.3). The successful extension of the nicotine PBPK model
with the PD heart rate model may further support and encourage the use of
PBPK/PD modeling and simulation in future studies.



5
C O N C L U S I O N S

The presented work provides new insights into the PK of buprenorphine, fen-
tanyl and nicotine in both adult and pediatric patient populations. Among others,
PBPK modeling was leveraged to assess DDI scenarios of buprenorphine and
norbuprenorphine, to support the presence of an extra-norfentanyl metabolic
pathway in the elimination of fentanyl and to investigate peak arterial plasma
concentrations of fentanyl in neonates after intravenous short infusions and bolus
administrations. Moreover, the nicotine PBPK/PD model was employed to simu-
late and evaluate differences in brain tissue concentrations and heart rate levels
after various routes of nicotine administration.
In addition, the value of PBPK modeling to predict plasma concentration-time
profiles in pediatric patient populations was explored. The developed pediatric
PBPK models of buprenorphine and fentanyl were used for successful predictions
of plasma profiles and PK parameters (population mean and individual data)
of children, infants, full-term neonates and preterm neonates. With that, this the-
sis adds further knowledge, experience and evidence within the field of pediatric
PBPK modeling, an area that has been pointed out for further elaboration [137].
While PBPK model predictions of CL and plasma concentrations in individuals are
possible, accurate results without detailed information on the individual patient,
including metabolic enzyme and transporter abundances, remain challenging.
Hence, further research approaches advancing, evaluating and supporting the
use of PBPK modeling in this field are required, could increase the understanding
of drug PK and facilitate the application of PBPK modeling in MID3 and pharma-
cotherapy [11, 32, 182].
All three developed PBPK models have been made publicly available, contributing
to an extended library of thoroughly developed PBPK models of CYP, UGT and
transporter substrates that can be used by the research community to further in-
vestigate unexplored exposure scenarios, assess novel DDIs and simulate “what if”
scenarios [38, 138]. When new PK data becomes available, the developed PBPK
models may be evaluated in additional populations within the learn, confirm and
refine cycle [12]. Furthermore, the models can be employed in future research
efforts to optimize the design and evaluation of studies, thereby supporting drug
development and ultimately improving pharmacotherapy for adult and pediatric
patients [6, 31, 99].
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1 PBPK Model Building
1.1 PBPK Model Building – General
In agreement with pediatric physiologically based pharmacokinetic (PBPK) model development work-
flows, first, an adult PBPK model was built and evaluated with observed plasma profiles to gain
confidence in the parametrization of the PBPK model, before the model was scaled to pediatric pop-
ulations [1–4]. The general model building process is described in the methods section of the main
manuscript. This includes the implementation of important distribution and elimination processes
including cytochrome P450 (CYP) and uridine 5’-diphospho-glucuronosyltransferase (UGT) enzymes
as well as transporters. For the buprenorphine model these are the metabolism of buprenorphine
to norbuprenorphine through CYP3A4 and CYP2C8 [5], the metabolism pathways metabolizing
buprenorphine to other non-specified metabolites through CYP3A4, CYP3A7, UGT1A1, UGT1A3
and UGT2B7 as well as renal excretion through glomerular filtration.

For the metabolite norbuprenorphine metabolism through UGT1A1 and UGT1A3 as well as renal
clearance by glomerular filtration and tubular secretion through the transport protein P-glycoprotein
(P-gp) were implemented in the model [6, 7] . The respective Michaelis-Menten constants (Km) and
maximum reaction velocities (vmax) were obtained from published in vitro experiments [5, 8]. As
nonspecific binding influences Km and Ki values in in vitro assays in microsomes, the values need to
be adjusted by multiplication with fraction unbound in the microsomal assay (fu,mic) [9]. Hence, the
obtained literature values of Km and Ki were multiplied by measured fu,mic values of buprenorphine
(0.42) and norbuprenorphine (0.84), respecitvely [6]. The enzyme CYP3A4 catalyzes two different
metabolic pathways of buprenorphine, the metabolism to norbuprenorphine (R1) and a reaction, in
which norbuprenorphine is not the product substance (R2) [5]. For the latter one, no specific Km
and vmax values were reported. Hence, the Km, R2 value was assumed to be the same as for R1 and
vmax, R2 was calculated to be a multiple of vmax, R1 using the amount of buprenorphine consumed
and the amount of norbuprenorphine produced, respectively, from the in vitro study by Picard et al.
yielding a vmax, R2 value of 1352.1 pmol/min/mg microsomal protein [5].

Studies have shown that CYP3A7 is involved in buprenorphine metabolism [5, 10]. CYP3A7 is the
major fetal form of CYP3A [11]. Hence, CYP3A7 can be important for PK predictions of CYP3A
substrates in pediatrics and therefore was incorporated in our model for predictions in pediatrics.
Km and vmax values for the metabolism of buprenorphine through CYP3A7 have not been reported.
However, a study by Williams et al. provides information on the relative metabolic capabilities of
CYP3A4 and CYP3A7 to metabolize a structurally diverse set of molecules (n=15) by comparing
Km [µmol/L] and vmax [nmol/min/nmol P450] values [11]. The dataset was extended by three
more molecules including their respective Km and vmax values from a recently published study [12].
On average, Km values for CYP3A7 were 5.1 times higher compared to the respective Km values
of CYP3A4 for the model substances, vmax values were 75% lower. These factors were used and
multiplied with the Km and vmax values for the metabolism of buprenorphine through CYP3A4 (5.7
µmol/L and 12.5 pmol/min/pmol P450, calculated from 1352.1 pmol/min/mg microsomal protein
and the content of CYP3A4 enzyme of 108 pmol P450/mg microsomal protein in liver microsomes
[5, 13, 14]) to obtain the values for CYP3A7. This yields a Km value of 29.1 µmol/L and a vmax value
of 3.17 pmol/min/pmol P450 or 632.6 pmol/min/mg microsomal protein using the protein content
of CYP3A7 enzyme of 199.57 pmol P450/mg microsomal protein in fetal liver microsomes [15].

According to the literature, about 35% of buprenorphine is metabolized to norbuprenorphine [5,
16, 17]. In order to achieve this amount, two factors for the metabolism to norbuprenorphine and
the metabolism to other metabolites, respectively, were estimated and multiplied with the in vitro
literature values for the respective maximum reaction velocities (see Table 2 in the main manuscript).

2
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1.2 System-dependent Parameters and Virtual Populations
PBPK modeling enables mechanistic representation of drug disposition in virtual individuals. Virtual
individuals with all system-dependent physiological parameters such as blood flow rates and organ
compositions were generated in PK-Sim® based on the demographic characteristics of the respective
study population (see Table 1 in the manuscript and Table S2). The applied algorithms for the
generation of virtual individuals have been previously reported [18]. If no information on study
demographics was available, a standard 30-year-old male was assumed with weight and height values
according to the PK-Sim® database.

Virtual populations of 100 individuals for each study were set up according to the population demo-
graphics of each respective simulated study. If no age range was specified, virtual populations were
created with individuals 20 to 50 years of age and without specific body weight or height restrictions
as implemented in PK-Sim®. In the generated virtual populations, demographics such as age, height,
weight and corresponding organ volumes, tissue compositions, blood flow rates, etc. were varied
by an implemented algorithm in PK-Sim® within the limits of the ICRP (International Commis-
sion on Radiological Protection) or NHANES (National Health and Nutrition Examination Survey)
databases [19, 20]. Tissue expression distributions of the enzymes and proteins were provided in the
PK-Sim® expression database according to the literature [21–23].

Additionally, variability of the expression levels of the implemented drug metabolizing enzymes
CYP2C8, CYP3A4, CYP3A7, UGT1A1, UGT1A3 and UGT2B7 as well as of the transport protein
P-gp was implemented. System-dependent parameters, such as information on reference concentra-
tions and the respective variabilities of metabolizing enzymes and transporters are shown in Table S1.
Population predictions were plotted as geometric mean with geometric standard deviation. If all in-
dividual concentration-time datasets were available but demographic values could not be matched to
the specific profile, median with 90% population prediction intervals were plotted.
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2 Drug-Drug-Interaction (DDI) Modeling
2.1 DDI Modeling – General
Rifampicin is both an inhibitor and inducer of different CYP enzymes. This includes the enzymes
CYP2C8, CYP3A4, UGT1A1 and UGT1A3 as well as the transporter P-gp among others [31–39]. A
previously developed rifampicin PBPK model [27] was used for the DDI assessment and was extended
by interaction constants describing the induction of CYP2C8, UGT1A1 and UGT1A3 as well as the
competitive inhibition of CYP2C8, UGT1A1 and UGT1A3 by rifampicin. The parameters of the
extended rifampicin model are shown in Table S3.

Table S3: Drug-dependent parameters of the rifampicin PBPK model (adopted from [27])
Parameter Value Unit Source Literature Reference Description

MW 822.94 g/mol Literature 822.94 [40] Molecular weight
pKa (acid) 1.70 - Literature 1.70 [41] First acid dissociation constant
pKa (base) 7.90 - Literature 7.90 [41] Second acid dissociation constant
Solubility (pH 7.5) 2.80 g/l Literature 2.80 [42] Solubility
logP 2.50 - Optimized 1.30, 2.70 [40, 43] Lipophilicity
fu 17.00 % Literature 17.00 [36] Fraction unbound
B/P ratio 0.89 - Calculated 0.90a [44] Blood/plasma ratio
OATP1B1 Km 1.50 µmol/l Literature 1.50 [45] OATP1B1 Michaelis-Menten constant
OATP1B1 kcat 105.41 1/min Optimized - - OATP1B1 transport rate constant
AADAC Km 195.10 µmol/l Literature 195.10 [46] AADAC Michaelis-Menten constant
AADAC kcat 9.87 1/min Optimized - - AADAC catalytic rate constant
P-gp Km 55.00 µmol/l Literature 55.00 [47] P-gp Michaelis-Menten constant
P-gp kcat 0.61 1/min Optimized - - P-gp transport rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Induction EC50 0.34 µmol/l Literature 0.80*0.42 [36, 48] Conc. for half-maximal induction
Emax OATP1B1 0.38 - Optimized - - Maximum in vivo induction effect
Emax OATP1B3 0.38 - Assumed - - Maximum in vivo induction effect
Emax AADAC 0.99 - Optimized - - Maximum in vivo induction effect
Emax P-gp 2.50 - Literature 2.50 [38] Maximum in vivo induction effect
Emax CYP2C8 3.20 - Literature 3.20 [39] Maximum in vivo induction effect
Emax CYP3A4 9.00 - Literature 9.00 [36] Maximum in vivo induction effect
Emax UGT1A1 1.30 - Literature 1.30 [34] Maximum in vivo induction effect
Emax UGT1A3 1.40 - Literature 1.40 [35] Maximum in vivo induction effect
OATP1B1 Ki 0.48 µmol/l Literature 0.48 [49] Conc. for half-maximal inhibition
OATP1B3 Ki 0.90 µmol/l Literature 0.90 [50] Conc. for half-maximal inhibition
P-gp Ki 169.00 µmol/l Literature 169.00 [37] Conc. for half-maximal inhibition
CYP2C8 Ki 30.20 µmol/l Literature 30.20 [31] Conc. for half-maximal inhibition
CYP3A4 Ki 18.50 µmol/l Literature 18.50 [31] Conc. for half-maximal inhibition
UGT1A1 Ki 33.00 µmol/l Literature 33.00 [33] Conc. for half-maximal inhibition
UGT1A3 Ki 600.00 µmol/l Literature 600.00 [32] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [51, 52] Cell to plasma partition coefficients
Cellular permeability 2.93E-05 cm/min Calculated PK-Sim [13] Permeability into the cellular space
Intestinal permeability 1.24E-05 cm/min Optimized 3.84E-07 Calculated Transcellular intestinal permeability
Formulation Solution

AADAC: arylacetamide deacetylase, conc: concentration, CYP: cytochrome P450, EHC: enterohepatic circulation, GFR: glomerular
filtration rate, OATP: organic anion transporting polypeptide, P-gp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method,
R&R: Rodgers and Rowland calculation method, UGT: uridine 5’-diphospho-glucuronosyltransferase
a Blood/serum concentration ratio

For the simulation of the DDI with itraconazole and clarithromycin two previously published PBPK
models were used [27]. The parameters of both models can be found in the supplementary material
of the respective publication [27].
The DDI simulations presented in the manuscript depict pure predictions. No DDI study was used
for model input parameter estimation during buprenorphine and norbuprenorphine PBPK model
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development. Interaction parameters necessary for DDI simulation were obtained from literature or
from the published DDI perpetrator PBPK models. With that, the adult PBPK model could not
only be evaluated by its predictive performance with the test dataset but also by prediction of a DDI
study [53].

2.2 Mathematical Implementation of DDIs
2.2.1 Competitive Inhibition

Competitive inhibition describes the reversible binding of an inhibitor to the active site of an enzyme
or transporter and hence, the competition of substrate and inhibitor for binding. This inhibition
process can be overcome by high substrate concentrations leading to a concentration-dependency.
As a result of competitive inhibition vmax is not affected, while Km is increased through the inhibi-
tion yielding Km,app (Equation S1). The reaction velocity (v) for the substrate during concomitant
administration with a competitive inhibitor is described by Equation S2 [13]:

Km,app = Km ⋅ (1 + [I]
Ki

) (S1)

v = vmax ⋅ [S]
Km,app + [S] (S2)

with Km,app = Michaelis-Menten constant in the presence of inhibitor, Km = Michaelis-Menten con-
stant, [I]= free inhibitor concentration, Ki = dissociation constant of the inhibitor-enzyme/transporter
complex, v = reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentra-
tion.

2.2.2 Mechanism-Based Inhibition (MBI)

Mechanism-based inhibition (MBI) is an irreversible type of inhibition. De novo synthesis of the
inactivated protein and clearance of the mechanism-based inactivator is required to return to baseline
activity of the enzyme or transporter (time-dependency). In the case of MBI, the protein degradation
rate constant (kdeg) is increased (kdeg,app, Equation S3), while the synthesis (Rsyn) is not affected by
the inhibition process. The protein turnover during MBI is described by Equation S4. As mechanism-
based inactivators are also competitive inhibitors, the Km in the Michaelis-Menten reaction velocity
equation is substituted by Km,app as in Equation S5 [13]:

kdeg,app = kdeg + (kinact ⋅ [I]
KI + [I] ) (S3)

dE(t)
dt

= Rsyn − kdeg,app ⋅E(t) (S4)

v = vmax ⋅ [S]
Km,app + [S] = kcat ⋅E(t) ⋅ [S]

Km,app + [S] (S5)

with kdeg,app = enzyme or transporter degradation rate constant in the presence of mechanism-based
inactivator, kdeg = enzyme or transporter degradation rate constant, kinact = maximum inactivation
rate constant, [I] = free inactivator concentration, KI = concentration for half-maximal inactivation,
E(t) = enzyme or transporter concentration, Rsyn = rate of enzyme or transporter synthesis, v =
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reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentration, Km,app =
Michaelis-Menten constant in the presence of inactivator, kcat = catalytic rate constant.

2.2.3 Induction

Induction of an enzyme or transporter is often mediated through activation of the transcription
factor pregnane X receptor (PXR). Similarly as in the case of an MBI, the return to baseline activity
requires the clearance of the inducer and degradation of the induced protein (time-dependency).
However, in contrast to the MBI, in this case Rsyn is increased (Rsyn,app, Equation S6), while kdeg
remains unchanged. The protein turnover during induction is described by Equation S7 [13]:

Rsyn,app = Rsyn ⋅ (1 + Emax ⋅ [Ind]
EC50 + [Ind]) (S6)

dE(t)
dt

= Rsyn,app − kdeg ⋅E(t) (S7)

v = vmax ⋅ [S]
Km + [S] = kcat ⋅E(t) ⋅ [S]

Km + [S] (S8)

with Rsyn,app = rate of enzyme or transporter synthesis in the presence of inducer, Rsyn = rate of
enzyme or transporter synthesis, Emax = maximal induction effect in vivo, [Ind] = free inducer con-
centration, EC50 = concentration for half-maximal induction in vivo, E(t) = enzyme or transporter
concentration, kdeg = enzyme or transporter degradation rate constant, v = reaction velocity, vmax

= maximum reaction velocity, [S] = free substrate concentration, Km = Michaelis-Menten constant,
kcat = catalytic rate constant.
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3 Allometric Scaling
After the development of the adult PBPK model, the model was scaled to a children and preterm
neonate population for a priori predictions of the PK in pediatrics as described in the methods section
of the main manuscript. In order to compare the PBPK model predictions for plasma concentration-
time profiles observed in pediatric patients, a classical allometric scaling approach as described by
Tod et al. was used [54]. Here, the parameters of classical compartmental models are scaled by
allometry from adults to the pediatric populations with:

CLpediatrics = CLadults ⋅ (BWpediatrics

BWadults
)0.75

(S9)

Q2, pediatrics = Q2, adults ⋅ (BWpediatrics

BWadults
)0.75

(S10)

Q3, pediatrics = Q3, adults ⋅ (BWpediatrics

BWadults
)0.75

(S11)

Vc, pediatrics = Vc, adults ⋅ (BWpediatrics

BWadults
) (S12)

V2, pediatrics = V2, adults ⋅ (BWpediatrics

BWadults
) (S13)

V3, pediatrics = V3, adults ⋅ (BWpediatrics

BWadults
) (S14)

To obtain the relevant parameters of the elimination clearance, intercompartmental clearances and
volume of distributions in adults (CL, Q2, Q3, Vc, V2 and V3 of a classical three compartment model,
which best described the observed plasma concentration-time profiles), the parameters were estimated
with NONMEM® using the internal dataset from the PBPK modeling approach. Body weight values
of the adult (71 kg) and pediatric patients (see Table 1 in the main manuscript and Table S2) were
extracted from the corresponding study information. In the case of scaling the elimination clearance
for preterm neonates (CLpreterm neonates), the calculation was performed both with an exponent of
0.75 and with the age-dependent exponent of 1.2 as suggested by Mahmood and Tegenge [55]:

CLpreterm neonates, ADE = CLadults ⋅ (BWpediatrics

BWadults
)1.2

(S15)

The plasma concentrations were then simulated with the scaled parameters (Table S4) and compared
with the corresponding plasma concentrations observed.
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Table S4: Parameters calculated with the allometric scaling approach
Clinical study CL [ml/min] a CL [ml/min] b Q2 [ml/min] Q3 [ml/min] Vc [L] V2 [L] V3 [L]

Adults (internal dataset) 982.0 982.0 2980.0 554.0 29.6 105.0 676.0
Barrett et al. 1993 (1) 54.5 9.6 165.0 31.0 0.6 2.2 14.3
Barrett et al. 1993 (2) 37.8 5.3 115.0 21.0 0.4 1.4 8.8
Barrett et al. 1993 (3) 50.1 8.4 152.0 28.0 0.6 2.0 12.8
Barrett et al. 1993 (4) 61.4 12.0 186.0 35.0 0.7 2.6 16.8
Barrett et al. 1993 (5) 54.5 9.6 165.0 31.0 0.6 2.2 14.3
Barrett et al. 1993 (6) 44.9 7.1 136.0 25.0 0.5 1.7 11.1
Barrett et al. 1993 (7) 44.4 6.9 135.0 25.0 0.5 1.7 10.9
Barrett et al. 1993 (8) 61.4 11.6 186.0 35.0 0.7 2.6 16.8
Barrett et al. 1993 (9) 56.9 10.3 173.0 32.0 0.7 2.4 15.2
Barrett et al. 1993 (10) 77.5 16.9 235.0 44.0 1.0 3.6 22.9
Barrett et al. 1993 (11) 56.7 10.2 172.0 32.0 0.7 2.3 15.1
Barrett et al. 1993 (12) 41.4 6.2 126.0 23.0 0.4 1.5 9.9
Olkkola et al. 1989 400.0 400.0 1214.0 226.0 8.9 32.0 204.0

CL: elimination clearance, Q2: intercompartmental clearance between compartment 2 and the central compartment,
Q3: intercompartmental clearance between compartment 3 and the central compartment, Vc: volume of the central compartment,
V2 and V3: peripheral compartment volumes
a elimination clearance parameter calculated using the allometric scaling approach without an age-dependent exponent
b elimination clearance parameter calculated using the allometric scaling approach with an age-dependent exponent as suggested by
Mahmood and Tegenge [55]
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4 PBPK Model Evaluation
The descriptive (internal training dataset) and predictive (external test dataset) performance of the
PBPK model is comprehensively demonstrated in this section: Linear and semilogarithmic plots of
population predictions of plasma concentration-time profiles are compared to the observed profiles
for both adult and pediatric PBPK models in Figures S1, S2, S5 and S6. Further, linear plots of
population predictions of fractions of buprenorphine excreted unchanged in urine as well as frac-
tion of dose excreted in urine as norbuprenorphine are compared to measured values in Figure S2.
Moreover, goodness-of-fit plots comparing predicted to observed plasma concentrations are shown
in Figures S3 and S7. Predicted compared to observed area under the plasma concentration-time
curves from the first to the last data point (AUClast) and maximum concentrations (Cmax) values for
long-term infusions in preterm neonates and norbuprenorphine metabolite are shown in Figures S4
and S8. The mean relative deviation (MRD) values as well as the predicted and observed AUClast
and Cmax values including the geometric mean fold errors (GMFE) are listed in Tables S5 and S6. A
local sensitivity analysis was performed in a steady-state scenario (1.4 mg (adults), 0.7 mg (children),
0.009 mg (preterm neonates), 168 hours long-term infusion, mimicking steady-state plasma concen-
trations of about 0.13 ng/ml, which were achieved with an administration of marketed transdermal
buprenorphine patches [56]). A detailed description and the results of the sensitivity analysis can be
found in Section 4.6.
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4.1 Adult PBPK Model Evaluation
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of buprenorphine dose excreted unchanged in urine and fraction of dose excreted in
urine as norbuprenorphine (Figures S1 and S2), a goodness-of-fit plot of predicted compared to ob-
served plasma concentrations (Figure S3) and goodness-of-fit plots of predicted compared to observed
AUClast and Cmax values (Figure S4) after intravenous administration of buprenorphine in adults are
shown.
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose.
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose.
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)

17

134 supplementary documents



Observed Concentration [ng ml]

P
re

di
ct

ed
 C

on
ce

nt
ra

tio
n 

[n
g

m
l]

10−3 10−2 10−1 100 101 102 103
10−3

10−2

10−1

100

101

102

103

●

●
●

●●
●

●

●
●

●

●

●

●

●
●

●

●
●●

●

●

●
●

●
●

●
●

●
●●●●●●

●

●

●
●

●
●

●●
●●●

●

●

●
●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●

●

●

●
●

●
●

●●
●

●
●

●
●

●
●

●

●
●

●●
●

●
●

●
●

●
●

●

●

●
●

●

●

●

●
●●

●●●●
●

●
●
●
●

●
●

●
●●

●
●

●
●

●

●

●

●
●

●
●●

●
●

●
●

●

●

●

●

●
●

●
●●

●
●

●
●

●

●

●

●

●
●

●
●●

●
●

●
●

●

●

●

●

●
●

●
●●

●
●

●
●

●

●

●

●

●

●

●
●

●
●

●
●●

●●
●

●
●
●
●

●
●

●
●
●

●● ●●
● ●●●● ●●●

●●● ●

●●●●●
●● ●●● ●●

●●●●●
●●● ●

●

●

●

●

●

●

Huestis et al. 2013 (2)
Huestis et al. 2013 (2)
Huestis et al. 2013 (3)
Huestis et al. 2013 (3)
Huestis et al. 2013 (4)
Huestis et al. 2013 (4)
Huestis et al. 2013 (5)
Huestis et al. 2013 (5)
Kuhlman et al. 1996
Kuhlman et al. 1996
Mendelson et al. 1997

●

●

●

●

●

●

●

●

●

●

●

Bai et al. 2016
Bartlett et al. 1980
Bullingham et al. 1980 (1)
Bullingham et al. 1980 (2)
Bullingham et al. 1982 (1)
Bullingham et al. 1982 (2)
Bullingham et al. 1982 (3)
Hagelberg et al. 2016
Hagelberg et al. 2016 (DDI)
Harris et al. 2000
Huestis et al. 2013 (1)
Huestis et al. 2013 (1)

Figure S3: Predicted versus observed plasma concentrations of buprenorphine and norbuprenorphine after intravenous
administration of buprenorphine in adults. The black solid line marks the line of identity. Black dotted lines
indicate 1.25-fold, black dashed lines indicate 2-fold deviation.
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Figure S4: Predicted versus observed buprenorphine and norbuprenorphine AUC (a) and norbuprenorphine Cmax (b)
values after intravenous administration of buprenorphine in adults. Cmax values were only calculated for
long-term infusions and norbuprenorphine metabolite. Each symbol represents the AUClast or Cmax of a different
plasma profile. The black solid lines mark the lines of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. AUC, area under the plasma concentration-time curve from the first to the last
data point; Cmax, maximum plasma concentration.
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4.2 Pediatric PBPK Model Evaluation
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figures S5
and S6), goodness-of fit plots of predicted compared to observed plasma concentrations including the
results of the allometric scaling approach (Figure S7) and goodness-of-fit plots of predicted compared
to observed AUClast and Cmax values (Figure S8) after intravenous administration of buprenorphine
in pediatrics are shown.
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Figure S5: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (semilogarith-
mic) after intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles.
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD except for subfigure (a) where the line represents the population median and the shaded
area the 90% population prediction interval. References with numbers in parentheses link to a specific observed
dataset described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed
AUClast and Cmax values are compared in Table S6. iv, intravenous.
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Figure S5: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (semilogarith-
mic) after intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles.
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD except for subfigure (a) where the line represents the population median and the shaded
area the 90% population prediction interval. References with numbers in parentheses link to a specific observed
dataset described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed
AUClast and Cmax values are compared in Table S6. iv, intravenous. (continued)
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Figure S6: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (linear) after
intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles. Population
simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted population
geometric SD except for subfigure (a) where the line represents the population median and the shaded area the
90% population prediction interval. References with numbers in parentheses link to a specific observed dataset
described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed AUClast and
Cmax values are compared in Table S6. iv, intravenous.
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Figure S6: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (linear) after
intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles. Population
simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted population
geometric SD except for subfigure (a) where the line represents the population median and the shaded area the
90% population prediction interval. References with numbers in parentheses link to a specific observed dataset
described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed AUClast and
Cmax values are compared in Table S6. iv, intravenous. (continued)
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Figure S7: Predicted versus observed plasma concentrations of buprenorphine and norbuprenorphine after intravenous
administration of buprenorphine in (a) children and (b) preterm neonates. Blue circles represent predicted
versus observed plasma concentrations derived from the PBPK scaling approach. Light grey circles represent
predicted versus observed plasma concentrations derived from the classical allometric scaling approach; dark
grey circles represent predicted versus observed plasma concentrations derived from allometric scaling with an
age-dependent exponent of 1.2 for preterm neonates as suggested by Mahmood and Tegenge [55] (for detailed
information on the allometric scaling approach see Section 3). The black solid lines mark the lines of identity.
Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation.
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Figure S8: Predicted versus observed buprenorphine and norbuprenorphine AUC (a) and Cmax (b) values after intra-
venous administration of buprenorphine in pediatrics. Cmax values were only calculated for long-term infusions.
Each symbol represents the AUClast or Cmax of a different plasma profile. The black solid lines mark the lines of
identity. Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AUC, area under the
plasma concentration-time curve from the first to the last data point; Cmax, maximum plasma concentration.
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4.3 Quantitative PBPK Model Evaluation
As quantitative performance measures, mean relative deviations (MRD) of the predicted plasma
concentrations for all observed and the respective predicted plasma concentrations as well as the
geometric mean fold errors (GMFE) of the predicted versus observed AUClast and Cmax values were
calculated according to Equation S16 and Equation S17, respectively. Cmax values were only cal-
culated for long-term infusions and norbuprenorphine metabolite since Cmax values of a substance
administered as intravenous bolus injection or as short-term infusions are very sensitive to the timing
of blood sampling.

MRD = 10x with x =
¿ÁÁÀ 1

n

n∑
i=1(log10 ĉi − log10 ci)2 (S16)

Here, ci is the ith observed plasma concentration, ĉi is the respective predicted plasma concentration
and n equals the number of observed values. Overall MRD values of ≤ 2 were considered as reasonable
predictions [57]. MRD values for all studies are given in Table S5.

GMFE = 10x with x = 1
n

n∑
i=1 ∣ log10( âi

ai
)∣ (S17)

Here, ai is the ith observed AUClast or Cmax value, respectively, âi is the predicted AUClast or Cmax
value, respectively, and n equals the number of studies. The calculated GMFE values are shown in
Table S6.

4.4 Mean Relative Deviation (MRD) Values of Buprenorphine and Norbuprenorphine
Plasma Concentration Predictions

Table S5: Mean relative deviation (MRD) values of buprenorphine and norbuprenorphine plasma concentration predictions.
Route & Dose Compound MRD Reference

Buprenorphine iv adults
iv, 0.3 mg (2 min) Buprenorphine 2.06 Bai et al. 2016 [58]
iv, 0.3 mg (1 min) Buprenorphine 1.58 Bartlett et al. 1980 [59]
iv, 0.3 mg (1 min) Buprenorphine 1.35 Bullingham et al. 1980 (1) [60]
iv, 0.3 mg (1 min), m.d. Buprenorphine 1.26 Bullingham et al. 1980 (2) [60]
iv, 0.3 mg (1 min) Buprenorphine 1.37 Bullingham et al. 1982 (1) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.21 Bullingham et al. 1982 (2) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.42 Bullingham et al. 1982 (3) [61]
iv, 1 mg (bolus) Buprenorphine 1.44 Hagelberg et al. 2016 [53]
iv, 1 mg (bolus, DDI with rifampicin) Buprenorphine 1.39 Hagelberg et al. 2016 (DDI) [53]
iv, 1 mg (30 min) Buprenorphine 1.43 Mendelson et al. 1997 [62]
iv, 1.2 mg (1 min) Buprenorphine 1.27 Kuhlman et al. 1996 [63]
iv, 1.2 mg (1 min) Norbuprenorphine 3.13 Kuhlman et al. 1996 [63]
iv, 2 mg (1 min) Buprenorphine 1.42 Huestis et al. 2013 (1) [64]
iv, 2 mg (1 min) Norbuprenorphine 1.54 Huestis et al. 2013 (1) [64]
iv, 4 mg (10 min) Buprenorphine 1.58 Harris et al. 2000 [64]
iv, 4 mg (1 min) Buprenorphine 1.40 Huestis et al. 2013 (2) [64]
iv, 4 mg (1 min) Norbuprenorphine 1.98 Huestis et al. 2013 (2) [64]
iv, 8 mg (1 min) Buprenorphine 1.44 Huestis et al. 2013 (3) [64]
iv, 8 mg (1 min) Norbuprenorphine 1.91 Huestis et al. 2013 (3) [64]
iv, 12 mg (1 min) Buprenorphine 1.46 Huestis et al. 2013 (4) [64]
iv, 12 mg (1 min) Norbuprenorphine 2.18 Huestis et al. 2013 (4) [64]
iv, 16 mg (1 min) Buprenorphine 1.40 Huestis et al. 2013 (5) [64]

Overall MRD 1.74 (1.21–4.58)
34/45 with MRD ≤ 2

DDI: drug-drug-interaction, iv: intravenous, m.d.: multiple dose, MRD: mean relative deviation
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Table S5: Mean relative deviation (MRD) values of buprenorphine and norbuprenorphine plasma concentration predictions.
(continued)

Route & Dose Compound MRD Reference

iv, 16 mg (1 min) Norbuprenorphine 1.99 Huestis et al. 2013 (5) [64]

MRD 1.70 (1.21–3.13)
20/23 with MRD ≤ 2

Buprenorphine iv children
iv, 3 µg/kg (2 min) Buprenorphine 1.44 Olkkola et al. 1989 (1) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.27 Olkkola et al. 1989 (2) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.86 Olkkola et al. 1989 (3) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.39 Olkkola et al. 1989 (4) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.46 Olkkola et al. 1989 (5) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.55 Olkkola et al. 1989 (6) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.00 Olkkola et al. 1989 (7) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.75 Olkkola et al. 1989 (8) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.00 Olkkola et al. 1989 (9) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.62 Olkkola et al. 1989 (10) [65]

MRD 1.72 (1.27–2.62)
8/10 with MRD ≤ 2

Buprenorphine iv preterms
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (48 h) Buprenorphine 1.66 Barrett et al. 1993 (1) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (24 h) Buprenorphine 1.66 Barrett et al. 1993 (2) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (11 h) Buprenorphine 4.58 Barrett et al. 1993 (3) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 1.34 Barrett et al. 1993 (4) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 1.85 Barrett et al. 1993 (5) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (23 h) Buprenorphine 2.65 Barrett et al. 1993 (6) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (77 h) Buprenorphine 2.22 Barrett et al. 1993 (7) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 2.98 Barrett et al. 1993 (8) [30]
iv, 3 µg/kg (30 min) 2.16 µg/kg/h (81 h) Buprenorphine 1.46 Barrett et al. 1993 (9) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (43 h) Buprenorphine 1.51 Barrett et al. 1993 (10) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (76 h) Buprenorphine 1.33 Barrett et al. 1993 (11) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (118 h) Buprenorphine 1.42 Barrett et al. 1993 (12) [30]

MRD 1.86 (1.33–4.58)
8/12 with MRD ≤ 2

Overall MRD 1.74 (1.21–4.58)
34/45 with MRD ≤ 2

DDI: drug-drug-interaction, iv: intravenous, m.d.: multiple dose, MRD: mean relative deviation
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4.6 Buprenorphine and Norbuprenorphine PBPK Model Sensitivity Analysis
A sensitivity analysis of the buprenorphine and norbuprenorphine PBPK models (adults and pedi-
atrics) to single parameter changes (local sensitivity analysis) was performed. Sensitivities of the
PBPK models were calculated as the relative changes of the predicted AUCs extrapolated to infinity
(AUCinf) of buprenorphine and norbuprenorphine, respectively, to the relative variation of model
input parameters in a steady-state scenario (1.4 mg (adults), 0.7 mg (children), 0.009 mg (preterm
neonates), 168 hours long-term infusion, mimicking steady-state plasma concentrations of about 0.13
ng/ml, which were achieved with an administration of marketed transdermal buprenorphine patches
[56]). Parameters, optimized as well as parameters fixed to literature values, were included into the
analysis if they had significant impact in former models (e.g. glomerular filtration rate fraction, max-
imum reaction velocity, inhibition constants), if they might have a strong influence due to calculation
methods used in the model (e.g. lipophilicity) and/or if they have been optimized. The analyses
were performed using a relative perturbation of parameters of 10%. Model sensitivity to a model
parameter was calculated as follows:

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S18)

where S is the sensitivity of the AUCinf to the examined model parameter, ∆AUCinf is the change
of the AUCinf , AUCinf is the simulated AUCinf with the original parameter value, p is the original
model parameter value and ∆p is the variation of the model parameter value. A sensitivity value of+1.0 signifies that a 10% increase of the examined parameter causes a 10% increase of the simulated
AUCinf.
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Figure S9: Sensitivity analysis of the adult PBPK model for buprenorphine and norbuprenorphine. Sensitivity of the
model to single parameters, calculated as change of the simulated buprenorphine (blue) and norbuprenorphine
(green) AUCinf following a 168 hours long-term infusion, mimicking steady-state plasma concentrations of about
0.13 ng/ml, which were achieved with an administration of marketed transdermal buprenorphine patches in adults
[56]. bup: buprenorphine, GFR: glomerular filtration rate, kcat: transport rate constant (turnover number), Ki:
concentration for half-maximal inhibition, Km: Michaelis-Menten constant, norbup: norbuprenorphine, P-gp:
P-glycoprotein, undef: undefined metabolite, vmax: maximum reaction velocity
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Figure S10: Sensitivity analysis of the PBPK model in children for buprenorphine. Sensitivity of the model to single
parameters, calculated as change of the simulated buprenorphine (blue) AUCinf following a 168 hours long-
term infusion, mimicking steady-state plasma concentrations of about 0.13 ng/ml, which were achieved with
an administration of marketed transdermal buprenorphine patches in adults [56]. bup: buprenorphine, GFR:
glomerular filtration rate, Ki: concentration for half-maximal inhibition, Km: Michaelis-Menten constant, nor-
bup: norbuprenorphine, undef: undefined metabolite, vmax: maximum reaction velocity
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Figure S11: Sensitivity analysis of the PBPK model in pediatrics for buprenorphine. Sensitivity of the model to single
parameters, calculated as change of the simulated buprenorphine AUCinf following a 168 hours long-term infusion,
mimicking steady-state plasma concentrations of about 0.13 ng/ml, which were achieved with an administration
of marketed transdermal buprenorphine patches in adults [56]. bup: buprenorphine, GFR: glomerular filtration
rate, Ki: concentration for half-maximal inhibition, Km: Michaelis-Menten constant, norbup: norbuprenorphine,
undef: undefined metabolite, vmax: maximum reaction velocity

31

148 supplementary documents



References
[1] Maharaj AR, Barrett JS, Edginton AN (2013) A workflow example of PBPKmodeling to support

pediatric research and development: case study with lorazepam. The AAPS journal 15(2):455–64

[2] Maharaj AR, Edginton AN (2014) Physiologically Based Pharmacokinetic Modeling and Simula-
tion in Pediatric Drug Development. CPT: Pharmacometrics & Systems Pharmacology 3(11):1–
13

[3] Leong R, Vieira MLT, Zhao P, Mulugeta Y, Lee CS, Huang SM, Burckart GJ (2012) Regula-
tory experience with physiologically based pharmacokinetic modeling for pediatric drug trials.
Clinical pharmacology and therapeutics 91(5):926–31

[4] Ince I, Solodenko J, Frechen S, Dallmann A, Niederalt C, Schlender J, Burghaus R, Lippert J,
Willmann S (2019) Predictive Pediatric Modeling and Simulation Using Ontogeny Information.
The Journal of Clinical Pharmacology 59(S1):S95–S103

[5] Picard N, Cresteil T, Djebli N, Marquet P (2005) In vitro metabolism study of buprenorphine:
evidence for new metabolic pathways. Drug metabolism and disposition: the biological fate of
chemicals 33(5):689–95

[6] Chang Y, Moody DE (2009) Glucuronidation of buprenorphine and norbuprenorphine by human
liver microsomes and UDP-glucuronosyltransferases. Drug metabolism letters 3(2):101–7

[7] Brown SM, Campbell SD, Crafford A, Regina KJ, Holtzman MJ, Kharasch ED (2012) P-
glycoprotein is a major determinant of norbuprenorphine brain exposure and antinociception.
The Journal of pharmacology and experimental therapeutics 343(1):53–61

[8] Oechsler S, Skopp G (2010) An in vitro approach to estimate putative inhibition of
buprenorphine and norbuprenorphine glucuronidation. International Journal of Legal Medicine
124(3):187–194

[9] Obach RS (1997) Nonspecific binding to microsomes: impact on scale-up of in vitro intrinsic
clearance to hepatic clearance as assessed through examination of warfarin, imipramine, and
propranolol. Drug metabolism and disposition: the biological fate of chemicals 25(12):1359–69

[10] Moody DE, Slawson MH, Strain EC, Laycock JD, Spanbauer AC, Foltz RL (2002) A Liquid
Chromatographic-Electrospray Ionization-Tandem Mass Spectrometric Method for Determina-
tion of Buprenorphine, Its Metabolite, norBuprenorphine, and a Coformulant, Naloxone, That
Is Suitable for in Vivo and in Vitro Metabolism Studies. Analytical Biochemistry 306(1):31–39

[11] Williams JA, Ring BJ, Cantrell VE, Jones DR, Eckstein J, Ruterbories K, Hamman MA,
Hall SD, Wrighton SA (2002) Comparative Metabolic Capabilities of CYP3A4, CYP3A5, and
CYP3A7. Drug Metabolism and Disposition 30(8):883–891

[12] Niwa T, Okamoto A, Narita K, Toyota M, Kato K, Kobayashi K, Sasaki S (2020) Comparison
of steroid hormone hydroxylation mediated by cytochrome P450 3A subfamilies. Archives of
Biochemistry and Biophysics 682:108283

[13] Hindmarsh A, Reynolds D, Serban R, Woodward C, Gardner DJ, Cohen S, Taylor A, Peles S,
Banks L, Shumaker D (2018) Open Systems Pharmacology Suite Manual, Version 7.4

[14] Rodrigues AD (1999) Integrated cytochrome P450 reaction phenotyping: attempting to bridge
the gap between cDNA-expressed cytochromes P450 and native human liver microsomes. Bio-
chemical pharmacology 57(5):465–80

32

A.1 supplementary document to publication i 149



[15] Stevens JC, Hines RN, Gu C, Koukouritaki SB, Manro JR, Tandler PJ, Zaya MJ (2003) Devel-
opmental Expression of the Major Human Hepatic CYP3A Enzymes. Journal of Pharmacology
and Experimental Therapeutics 307(2):573–582

[16] Everhart E, Cheung P, Mendelson J, Upton R, Jones R (1999) The mass balance of buprenor-
phine in humans. Clinical Pharmacology & Therapeutics 65(2):152–152

[17] Chiang CN, Hawks RL (2003) Pharmacokinetics of the combination tablet of buprenorphine
and naloxone. Drug and alcohol dependence 70(2 Suppl):S39–47

[18] Willmann S, Höhn K, Edginton A, Sevestre M, Solodenko J, Weiss W, Lippert J, Schmitt
W (2007) Development of a physiology-based whole-body population model for assessing the
influence of individual variability on the pharmacokinetics of drugs. Journal of Pharmacokinetics
and Pharmacodynamics 34(3):401–431

[19] Valentin J (2002) Basic anatomical and physiological data for use in radiological protection:
reference values. Annals of the ICRP 32(3-4):1–277

[20] National Center for Health Statistics (1997) Third National Health and Nutrition Examination
Survey (NHANES III). Tech. rep., Hyattsville, MD 20782

[21] Nishimura M, Yaguti H, Yoshitsugu H, Naito S, Satoh T (2003) Tissue distribution of mRNA
expression of human cytochrome P450 isoforms assessed by high-sensitivity real-time reverse
transcription PCR. Journal of the Pharmaceutical Society of Japan 123(5):369–75

[22] Nishimura M, Naito S (2005) Tissue-specific mRNA Expression Profiles of Human ATP-binding
Cassette and Solute Carrier Transporter Superfamilies. Drug Metabolism and Pharmacokinetics
20(6):452–477

[23] Nishimura M, Naito S (2006) Tissue-Specific mRNA Expression Profiles of Human Phase I
Metabolizing Enzymes Except for Cytochrome P450 and Phase II Metabolizing Enzymes. Drug
Metabolism and Pharmacokinetics 21(5):357–374

[24] Open Systems Pharmacology Suite Community (2018) PK-Sim® Ontogeny Database
Documentation, Version 7.3. https://github.com/Open-Systems-Pharmacology/OSPSuite.
Documentation/blob/master/PK-SimOntogenyDatabaseVersion7.3.pdf, accessed: 2020-03-
25

[25] Margaillan G, Rouleau M, Klein K, Fallon JK, Caron P, Villeneuve L, Smith PC, Zanger UM,
Guillemette C (2015) Multiplexed Targeted Quantitative Proteomics Predicts Hepatic Glu-
curonidation Potential. Drug Metabolism and Disposition 43(9):1331–1335

[26] National Center for Biotechnology Information (NCBI) (2010) Expressed Sequence Tags (EST)
from UniGene.

[27] Hanke N, Frechen S, Moj D, Britz H, Eissing T, Wendl T, Lehr T (2018) PBPK Models for
CYP3A4 and P-gp DDI Prediction: A Modeling Network of Rifampicin, Itraconazole, Clar-
ithromycin, Midazolam, Alfentanil, and Digoxin. CPT: Pharmacometrics and Systems Pharma-
cology 7(10):647–659

[28] Prasad B, Evers R, Gupta A, Hop CECA, Salphati L, Shukla S, Ambudkar SV, Unadkat JD
(2014) Interindividual Variability in Hepatic Organic Anion-Transporting Polypeptides and P-
Glycoprotein (ABCB1) Protein Expression: Quantification by Liquid Chromatography Tandem
Mass Spectroscopy and Influence of Genotype, Age, and Sex. Drug Metabolism and Disposition
42(1):78–88

33

150 supplementary documents



[29] McCarver DG, Hines RN (2002) The ontogeny of human drug-metabolizing enzymes: phase II
conjugation enzymes and regulatory mechanisms. The Journal of pharmacology and experimen-
tal therapeutics 300(2):361–6

[30] Barrett D, Simpson J, Rutter N, Kurihara-Bergstrom T, Shaw P, Davis S (1993) The phar-
macokinetics and physiological effects of buprenorphine infusion in premature neonates. British
Journal of Clinical Pharmacology 36(3):215–219

[31] Kajosaari LI, Laitila J, Neuvonen PJ, Backman JT (2005) Metabolism of repaglinide by CYP2C8
and CYP3A4 in vitro: effect of fibrates and rifampicin. Basic & clinical pharmacology & toxi-
cology 97(4):249–56

[32] Rajaonarison J, Lacarelle B, Catalin J, Placidi M, Rahmani R (1992) 3’-azido-3’-deoxythymidine
drug interactions. Screening for inhibitors in human liver microsomes. Drug Metab Dispos
20(4):578–584

[33] Chiou WJ, de Morais SM, Kikuchi R, Voorman RL, Li X, Bow DAJ (2014) In vitro OATP1B1
and OATP1B3 inhibition is associated with observations of benign clinical unconjugated hyper-
bilirubinemia. Xenobiotica 44(3):276–282

[34] Soars MG, Petullo DM, Eckstein JA, Kasper SC, Wrighton SA (2004) An assessment of udp-
glucuronosyltransferase induction using primary human hepatocytes. Drug metabolism and dis-
position: the biological fate of chemicals 32(1):140–8

[35] Trottier J, El Husseini D, Perreault M, Pâquet S, Caron P, Bourassa S, Verreault M, Inaba TT,
Poirier GG, Bélanger A, Guillemette C, Trauner M, Barbier O (2010) The Human UGT1A3
Enzyme Conjugates Norursodeoxycholic Acid into a C 23 -ester Glucuronide in the Liver. Journal
of Biological Chemistry 285(2):1113–1121

[36] Templeton IE, Houston JB, Galetin A (2011) Predictive Utility of In Vitro Rifampin Induction
Data Generated in Fresh and Cryopreserved Human Hepatocytes, Fa2N-4, and HepaRG Cells.
Drug Metabolism and Disposition 39(10):1921–1929

[37] Reitman ML, Chu X, Cai X, Yabut J, Venkatasubramanian R, Zajic S, Stone JA, Ding Y, Witter
R, Gibson C, Roupe K, Evers R, Wagner JA, Stoch A (2011) Rifampin’s Acute Inhibitory and
Chronic Inductive Drug Interactions: Experimental and Model-Based Approaches to Drug–Drug
Interaction Trial Design. Clinical Pharmacology & Therapeutics 89(2):234–242

[38] Greiner B, Eichelbaum M, Fritz P, Kreichgauer HP, von Richter O, Zundler J, Kroemer HK
(1999) The role of intestinal P-glycoprotein in the interaction of digoxin and rifampin. Journal
of Clinical Investigation 104(2):147–153

[39] Buckley DB, Wiegand CM, Prentiss PL, Fahmi OA (2013) Time-course of cytochrome P450
(CYP450) induction in cultured human hepatocytes: Evaluation of activity and mRNA expres-
sion profiles for six inducible CYP450 enzymes. ISSX.

[40] Wishart DS, Knox C, Guo AC, Shrivastava S, Hassanali M, Stothard P, Chang Z, Woolsey J
(2006) DrugBank: a comprehensive resource for in silico drug discovery and exploration. Nucleic
acids research 34(Database issue):D668–72

[41] Merck Research Laboratories (2006) The Merck Index 14th edition: Rifampin. Merck & Co.,
Inc., Whitehouse Station, NJ, USA

[42] Boman G, Ringberger VA (1974) Binding of rifampicin by human plasma proteins. European
journal of clinical pharmacology 7(5):369–73

34

A.1 supplementary document to publication i 151



[43] Baneyx G, Parrott N, Meille C, Iliadis A, Lavé T (2014) Physiologically based pharmacokinetic
modeling of CYP3A4 induction by rifampicin in human: influence of time between substrate
and inducer administration. European journal of pharmaceutical sciences : official journal of the
European Federation for Pharmaceutical Sciences 56:1–15

[44] Loos U, Musch E, Jensen JC, Mikus G, Schwabe HK, Eichelbaum M (1985) Pharmacokinet-
ics of oral and intravenous rifampicin during chronic administration. Klinische Wochenschrift
63(23):1205–11

[45] Tirona RG, Leake BF, Wolkoff AW, Kim RB (2003) Human organic anion transporting
polypeptide-C (SLC21A6) is a major determinant of rifampin-mediated pregnane X receptor
activation. The Journal of pharmacology and experimental therapeutics 304(1):223–8

[46] Nakajima A, Fukami T, Kobayashi Y, Watanabe A, Nakajima M, Yokoi T (2011) Human ary-
lacetamide deacetylase is responsible for deacetylation of rifamycins: rifampicin, rifabutin, and
rifapentine. Biochemical pharmacology 82(11):1747–56

[47] Collett A, Tanianis-Hughes J, Hallifax D, Warhurst G (2004) Predicting P-glycoprotein effects
on oral absorption: correlation of transport in Caco-2 with drug pharmacokinetics in wild-type
and mdr1a(-/-) mice in vivo. Pharmaceutical research 21(5):819–26

[48] Shou M, Hayashi M, Pan Y, Xu Y, Morrissey K, Xu L, Skiles GL (2008) Modeling, prediction,
and in vitro in vivo correlation of CYP3A4 induction. Drug metabolism and disposition: the
biological fate of chemicals 36(11):2355–70

[49] Hirano M, Maeda K, Shitara Y, Sugiyama Y (2006) Drug-drug interaction between pitavas-
tatin and various drugs via OATP1B1. Drug metabolism and disposition: the biological fate of
chemicals 34(7):1229–36

[50] Annaert P, Ye ZW, Stieger B, Augustijns P (2010) Interaction of HIV protease inhibitors with
OATP1B1, 1B3, and 2B1. Xenobiotica; the fate of foreign compounds in biological systems
40(3):163–76

[51] Rodgers T, Leahy D, Rowland M (2005) Physiologically based pharmacokinetic modeling 1: Pre-
dicting the tissue distribution of moderate-to-strong bases. Journal of Pharmaceutical Sciences
94(6):1259–1276

[52] Rodgers T, Rowland M (2006) Physiologically based pharmacokinetic modelling 2: Predicting
the tissue distribution of acids, very weak bases, neutrals and zwitterions. Journal of Pharma-
ceutical Sciences 95(6):1238 – 1257

[53] Hagelberg NM, Fihlman M, Hemmilä T, Backman JT, Laitila J, Neuvonen PJ, Laine K, Olkkola
KT, Saari TI (2016) Rifampicin decreases exposure to sublingual buprenorphine in healthy
subjects. Pharmacology Research & Perspectives 4(6):e00271

[54] Tod M, Jullien V, Pons G (2008) Facilitation of Drug Evaluation in Children by Population
Methods and Modelling†. Clinical Pharmacokinetics 47(4):231–243

[55] Mahmood I, Tegenge MA (2019) A Comparative Study Between Allometric Scaling and Physio-
logically Based Pharmacokinetic Modeling for the Prediction of Drug Clearance From Neonates
to Adolescents. The Journal of Clinical Pharmacology 59(2):189–197

[56] Kapil RP, Cipriano A, Friedman K, Michels G, Shet MS, Colucci SV, Apseloff G, Kitzmiller
J, Harris SC (2013) Once-Weekly Transdermal Buprenorphine Application Results in Sus-
tained and Consistent Steady-State Plasma Levels. Journal of Pain and Symptom Management
46(1):65–75

35

152 supplementary documents



[57] Edginton AN, Schmitt W, Voith B, Willmann S (2006) A Mechanistic Approach for the Scaling
of Clearance in Children. Clinical Pharmacokinetics 45(7):683–704

[58] Bai SA, Xiang Q, Finn A (2016) Evaluation of the Pharmacokinetics of Single- and Multiple-dose
Buprenorphine Buccal Film in Healthy Volunteers. Clinical Therapeutics 38(2):358–369

[59] Bartlett AJ, Lloyd-Jones JG, Rance MJ, Flockhart IR, Dockray GJ, Bennett MR, Moore RA
(1980) The radioimmunoassay of buprenorphine. European Journal of Clinical Pharmacology
18(4):339–345

[60] Bullingham RE, McQuay HJ, Moore A, Bennett MR (1980) Buprenorphine kinetics. Clinical
pharmacology and therapeutics 28(5):667–72

[61] Bullingham RE, McQuay HJ, Porter EJ, Allen MC, Moore RA (1982) Sublingual buprenorphine
used postoperatively: ten hour plasma drug concentration analysis. British journal of clinical
pharmacology 13(5):665–73

[62] Mendelson J, Upton RA, Everhart ET, Jacob III P, Jones RT (1997) Bioavailability of Sublingual
Buprenorphine. The Journal of Clinical Pharmacology 37(1):31–37

[63] Kuhlman JJ, Lalani S, Magluilo J, Levine B, Darwin WD, Johnson RE, Cone EJ (1996) Human
Pharmacokinetics of Intravenous, Sublingual, and Buccal Buprenorphine. Journal of Analytical
Toxicology 20(6):369–378

[64] Huestis M, Cone E, Pirnay S, Umbricht A, Preston K (2013) Intravenous buprenorphine and
norbuprenorphine pharmacokinetics in humans. Drug and Alcohol Dependence 131(3):258–262

[65] Olkkola K, Maunuksela E, Korpela R (1989) Pharmacokinetics of intravenous buprenorphine in
children. British Journal of Clinical Pharmacology 28(2):202–204

36

A.1 supplementary document to publication i 153



154 supplementary documents

a.2 supplementary document to publication ii – pbpk modeling

of fentanyl in adult and pediatric patients



Pharmaceutics

Supplementary Materials: PBPK Modeling
Providing Insights into Fentanyl Pharmacokinetics

in Adults and Pediatric Patients

Lukas Kovar, Andreas Weber, Michael Zemlin, Yvonne Kohl, Robert Bals, Bernd Meibohm,
Dominik Selzer and Thorsten Lehr

Contents
1 PBPK Model Building 2

1.1 PBPK Model Building – General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Clearance in Neonates with Increased Intraabdominal Pressure . . . . . . . . . . . . . . 3
1.3 System-dependent Parameters and Virtual Populations . . . . . . . . . . . . . . . . . . . 4

2 Drug-Drug-Interaction (DDI) Modeling 6
2.1 DDI Modeling – General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Mathematical Implementation of DDIs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Competitive Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Mechanism-Based Inhibition (MBI) . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 PBPK Model Evaluation 8
3.1 Adult PBPK Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Pediatric PBPK Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Quantitative PBPK Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Mean Relative Deviation (MRD) Values of Fentanyl and Norfentanyl Plasma Concen-

tration Predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.5 Geometric Mean Fold Error (GMFE) of AUClast Predictions . . . . . . . . . . . . . . . . 23
3.6 Fentanyl and Norfentanyl PBPK Model Sensitivity Analysis . . . . . . . . . . . . . . . . 24

References 26

1

A.2 supplementary document to publication ii 155



1 PBPK Model Building
1.1 PBPK Model Building – General
For a priori physiologically-based pharmacokinetic (PBPK) predictions in pediatrics, a common
workflow is to first model and evaluate the PBPK model with published pharmacokinetics (PK)
data in adults. Subsequently, the model is extrapolated to pediatric populations [1–5]. While the
general model building process is depicted in the methods section of the main manuscript, this section
provides additional model information.

The fentanyl PBPK model includes the metabolic pathway of fentanyl to the inactive metabolite
norfentanyl via Cytochrome P450 (CYP) 3A4 and CYP3A7 [6], an unspecific hepatic clearance meta-
bolizing fentanyl to other non-specified metabolites, distribution and excretion via P-glycoprotein
(P-gp), as well as renal excretion through glomerular filtration [7–9]. The involvement of CYP3A7
in the metabolic elimination of fentanyl is still unclear [6, 10]. As CYP3A4 and CYP3A7 share a
similar substrate spectrum [5, 11] and since CYP3A7 is the major fetal form of CYP3A [11], this CYP
enzyme might be important for PK predictions of fentanyl in pediatric populations. Hence, CYP3A7
was incorporated in the model. Unfortunately, Km and Vmax values for the metabolism of fentanyl
via CYP3A7 have not been published in the literature. Yet, a study by Williams and colleagues
provided information on the relative metabolic capabilities of CYP3A4 and CYP3A7 to metabolize
various molecules (n=15) and compared respective Km [µmol/L] and Vmax [nmol/min/nmol P450]
values [11]. The dataset was further expanded with the Km and Vmax values from three more
molecules [12]. On average, Km values for CYP3A7 were 5.1 times higher in comparison to the
corresponding Km values of CYP3A4 for the investigated substances, while Vmax values appeared to
be 75% lower. Subsequently, these factors were utilized and multiplied with the Km and kcat values
for the metabolism of fentanyl through CYP3A4 (117 µmol/L and 20.6 1/min) in order to obtain the
model input parameters for CYP3A7. This resulted in a Km value of 596 µmol/L and a kcat value
of 5.22 1/min.

In addition, various in vitro and animal studies as well as a DDI study with quinidine suggest that
fentanyl is a substrate of P-gp [13–16]. As a consequence, fentanyl was implemented to be a substrate
of the transport protein P-gp in the developed PBPK model. In contrast, there were no information,
which state that norfentanyl is a substrate of P-gp. As a result, norfentanyl was not implemented as
a substrate of the transport protein P-gp. Since norfentanyl is predominantly eliminated via urine,
a renal clearance was implemented [8]. Parameter optimization yielded a glomerular filtration rate
fraction of 4.3 indicating tubular secretion in the PBPK model.
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Table S1: Tissue-plasma partition coefficients of the final fentanyl PBPK model.
Fentanyla Norfentanylb

Organ Adults Neonates Infants Children Adults

Bone 1.43 1.46 1.39 1.27 2.11
Brain 1.55 1.97 1.90 1.73 28.53
Fat 2.15 1.82 2.05 2.09 1.37
Gonads 4.07 3.51 3.31 3.04 11.77
Heart 3.68 3.13 2.95 2.72 21.02
Kidney 7.77 6.26 5.88 5.43 16.76
Large Intestine 4.40 4.09 3.87 3.55 8.15
Liver Pericentral 7.13 5.83 5.47 5.05 19.23
Liver Periportal 7.13 5.83 5.47 5.05 19.23
Lung 6.19 5.11 4.81 4.43 9.27
Muscle 4.21 3.77 3.58 3.28 2.81
Pancreas 3.38 3.34 3.18 2.91 4.31
Saliva 0.21 0.33 0.32 0.29 0.82
Skin 3.10 3.33 3.19 2.90 6.70
Small Intestine 4.40 4.09 3.87 3.55 8.15
Spleen 4.94 4.01 3.76 3.47 6.86
Stomach 4.40 4.09 3.87 3.55 8.15

Partition coefficients between intracellular space and plasma.
Mean ages of the adult, child, infant, and neonate population were 32 years,
2.7 years, 6.5 months, and 0.4 days, respectively, adapted from [8, 17, 18]
a Estimated via Rodgers and Rowland [19–21]
b Estimated via Schmitt [22]

1.2 Clearance in Neonates with Increased Intraabdominal Pressure
In the gathered pediatric clinical trial data, several of the neonates showed a significantly reduced
fentanyl clearance [18, 23, 24]. It was hypothesized that this might partly be due to an increased intra-
abdominal pressure resulting in a decreased hepatic clearance [18, 23, 24]. The plasma concentration-
time profiles of four of these patients were depicted in the study by Gauntlett et al. and Koehntop et
al., respectively [23, 24]. The profiles were digitized and used as an internal training dataset. In order
to account for the reduced elimination, a factor was estimated for each patient and multiplied with
the catalytic rate constant values for CYP3A4 and CYP3A7 as well as with the unspecific hepatic
clearance. The resulting factors are shown in Table S2. The arithmetic mean of these factors was
then used to adapt the clearance of the remaining 6 patients with proposed increased intraabdominal
pressure. If no information on intraabdominal pressure was available in a study, the clearance was
adapted for all patients with abdominal surgery [23].

Table S2: Estimated factors for clearance adjustment in pediatric patients who had abdominal surgery.
Study ID Estimated Factor Study Reference

Gauntlett et al. (1) 0.168 [23]
Gauntlett et al. (2) 0.148 [23]
Koentrop et al. (1) 0.089 [24]
Koentrop et al. (2) 0.259 [24]

Arithmetic mean 0.166
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1.3 System-dependent Parameters and Virtual Populations
The demographic characteristics of the study populations (see Tables 1–2 in the main manuscript)
were used to create virtual individuals with the respective system-dependent physiological parame-
ters such as blood flow rates and organ compositions in PK-Sim®. The applied algorithms for the
generation of these virtual individuals have been previously reported [25]. If no information on the
patient demographics were available, a 30-year-old male was assumed with body weight, height and
BMI values according to the PK-Sim® database.

As Stader and colleagues pointed out, for most anatomical, physiological, and biological parameters,
a sample size of at least 100 individuals is recommended [26]. For system parameters with high vari-
ability, such as enzyme and transporter abundance, a virtual population containing 500 individuals
might be more appropriate [26]. Simulations with n=100 and n=500 for various dosing regimens
(i.e. including iv bolus, short infusions and long-term infusions) were tested resulting in negligibly
small differences in simulated plasma concentration-time profiles. Thus, predictions with virtual
populations were simulated with 100 individuals.

Virtual individuals were generated for virtual populations according to the respective population
demographics (see Tables 1–2 in the main manuscript) for each study separately. Demographics of
virtual individuals (i.e. age, height, weight and corresponding organ volumes, tissue compositions,
blood flow rates, etc.) were varied by an implemented algorithm in PK-Sim® within the limits of
the ICRP (International Commission on Radiological Protection) and NHANES (National Health
and Nutrition Examination Survey) databases, respectively [27, 28]. If no age range was reported
in the clinical trial with adult patients, virtual populations were created with individuals 20 to 50
years of age and without specific weight or height restrictions as implemented in PK-Sim®. Tissue
expression distributions of enzymes and proteins were used according to the PK-Sim® expression
database [29–31].

Furthermore, expression variability of the implemented enzymes (i.e. CYP3A4 and CYP3A7) and
of the transport protein P-gp was implemented. System-dependent parameters, such as information
on reference concentrations and the respective variabilities of enzymes and transporters are shown
in Table S3.
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2 Drug-Drug-Interaction (DDI) Modeling
2.1 DDI Modeling – General
Voriconazole is an inhibitor of two CYP enzymes, CYP3A4 and CYP2C9. While voriconazole in-
hibits CYP2C9 competitively, it acts as both a competitive and mechnism-based inhibitor in case of
CYP3A4 [39]. For the assessment of the DDI with voriconazole a previously developed voriconazole
PBPK model was used [39]. Voriconazole shows dose- and time-dependent nonlinear pharmacoki-
netics which was well captured in the simulations of the used voriconazole PBPK model [39]. The
parameters of the model can be found in the respective publication [39].
The DDI simulations presented in the manuscript are pure predictions. The DDI study was not used
for model input parameter estimation during fentanyl and norfentanyl PBPK model development.
Interaction parameters necessary for DDI simulation were obtained from the published DDI perpe-
trator PBPK model. With that, the adult PBPK model could not only be evaluated by its predictive
performance with the test dataset but also by prediction of a DDI study [7].

2.2 Mathematical Implementation of DDIs
2.2.1 Competitive Inhibition

Competitive inhibition describes the competition of substrate and inhibitor for reversibly binding
to the active site of an enzyme or transporter. The inhibition can be overcome by high substrate
concentrations leading to a concentration-dependency of the inhibition. Hence, the maximum reac-
tion velocity Vmax is not affected during a competitive inhibition, while Km is increased through the
inhibition process yielding Km,app (Equation S1). The reaction velocity (v) for the substrate during
concomitant administration with a competitive inhibitor is described by Equation S2 [33]:

Km,app =Km ⋅ (1 + [I]
Ki

) (S1)

v = Vmax ⋅ [S]
Km,app + [S] (S2)

with Km,app = Michaelis-Menten constant in the presence of inhibitor, Km = Michaelis-Menten con-
stant, [I]= free inhibitor concentration, Ki = dissociation constant of the inhibitor-enzyme/transporter
complex, v = reaction velocity, Vmax = maximum reaction velocity, [S] = free substrate concentra-
tion.

2.2.2 Mechanism-Based Inhibition (MBI)

While competitive inhibition is a reversible mechanism, mechanism-based inhibition (MBI) is an
irreversible type of inhibition. De novo synthesis of the inactivated protein and clearance of the
mechanism-based inactivator is required for the enzyme or transporter to return to baseline activity
(time-dependency). During an MBI the protein degradation rate constant (kdeg) is increased yielding
kdeg,app (Equation S3), while the synthesis (Rsyn) is not affected by the inhibition process. The protein
turnover during MBI is described by Equation S4. In addition, as mechanism-based inactivators are
also competitive inhibitors, the Km in the Michaelis-Menten reaction velocity equation is substituted
by Km,app as in Equation S5 [33]:
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kdeg,app = kdeg + (kinact ⋅ [I]
KI + [I] ) (S3)

dE(t)
dt

= Rsyn − kdeg,app ⋅E(t) (S4)

v = Vmax ⋅ [S]
Km,app + [S] = kcat ⋅E(t) ⋅ [S]

Km,app + [S] (S5)

with kdeg,app = enzyme or transporter degradation rate constant in the presence of mechanism-based
inactivator, kdeg = enzyme or transporter degradation rate constant, kinact = maximum inactivation
rate constant, [I] = free inactivator concentration, KI = concentration for half-maximal inactivation,
E(t) = enzyme or transporter concentration, Rsyn = rate of enzyme or transporter synthesis, v =
reaction velocity, Vmax = maximum reaction velocity, [S] = free substrate concentration, Km,app =
Michaelis-Menten constant in the presence of inactivator, kcat = catalytic rate constant.

Hereby, kdeg can be computed from the half-lives (t1/2) of the specific enzyme, which are depicted
in Table S2, with kdeg = ln(2)/t1/2. Moreover, Rsyn is calculated by Rsyn = E0,Enzyme ⋅ kdeg, with
E0,Enzyme being the amount of this enzyme in the tissue of interest before mechanism-based inhibi-
tion.
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3 PBPK Model Evaluation
The descriptive and predictive performance of the developed adult and pediatric PBPK models is
comprehensively depicted in this section. Semilogarithmic and linear plots of plasma concentration-
time profiles (population predictions) are compared to the profiles observed for both adult and
pediatric PBPK models in Figures S1, S2, S5 and S6. Additionally, plots of population predictions
of fractions of fentanyl excreted unchanged in urine (linear plots) are compared to measured values
in Figure S2. Moreover, goodness-of-fit plots comparing predicted to observed plasma concentrations
are shown in Figures S3 and S7.

Predicted compared to observed area under the plasma concentration-time curves from the first to
the last data point (AUClast) values are depicted in Figures S4 and S8.

The mean relative deviation (MRD) values as well as the predicted and observed AUClast values
including the geometric mean fold errors (GMFE) are listed in Tables S4 and S5. Local sensitivity
analyses were performed with the PBPK model for adult, child, infant, full-term neonate and preterm
neonate subpopulations. Detailed descriptions and the results of the sensitivity analyses are shown
in Section 3.6.
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3.1 Adult PBPK Model Evaluation
In this section, semilogarithmic and linear plots of plasma concentration-time profiles, linear plots
of fractions of fentanyl dose excreted unchanged in urine (Figures S1 and S2), a goodness-of-fit plot
of predicted compared to observed plasma concentrations (Figure S3) and a goodness-of-fit plot
of predicted compared to observed AUClast values (Figure S4) after intravenous administration of
fentanyl in adults are shown.
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Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl in adults. Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.
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Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl in adults. Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.(continued)
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Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl in adults. Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.(continued)
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl in adults.
Observed data are shown as circles, if available ± standard deviation (SD). Population simulation (n=100)
geometric means are shown as lines; the shaded areas represent the predicted population geometric SD. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl in adults.
Observed data are shown as circles, if available ± standard deviation (SD). Population simulation (n=100)
geometric means are shown as lines; the shaded areas represent the predicted population geometric SD. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.(continued)
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl in adults.
Observed data are shown as circles, if available ± standard deviation (SD). Population simulation (n=100)
geometric means are shown as lines; the shaded areas represent the predicted population geometric SD. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.(continued)
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Figure S3: Predicted versus observed plasma concentrations of fentanyl and norfentanyl after intravenous adminis-
tration of fentanyl in adults. Each symbol represents a single plasma concentration (circles: fentanyl, triangles:
norfentanyl). The black solid line marks the line of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation.
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( b ) AUC - Arterial vs. Venous Blood
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Figure S4: Predicted versus observed fentanyl and norfentanyl AUC values after intravenous administration of fentanyl
in adults grouped by test and training dataset (a) and by arterial and venous blood samples (b). Each
symbol represents the AUClast of a different plasma profile. The black solid lines mark the lines of identity.
Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AUC, area under the plasma
concentration-time curve from the first to the last data point.
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3.2 Pediatric PBPK Model Evaluation
In this section, semilogarithmic and linear plots of plasma concentration-time profiles (Figures S5
and S6), a goodness-of fit plot of predicted compared to observed plasma concentrations (Figure S7)
and a goodness-of-fit plot of predicted compared to observed AUClast values (Figure S8) after intra-
venous administration of fentanyl in pediatrics are shown.
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Figure S5: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (semilogarithmic) after intravenous administration of fentanyl in pediatrics. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are
shown as lines; the shaded areas represent the predicted population geometric SD. References with numbers in
parentheses link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript).
Predicted and observed AUClast are compared in Table S5. iv, intravenous.
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Figure S5: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (semilogarithmic) after intravenous administration of fentanyl in pediatrics. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are
shown as lines; the shaded areas represent the predicted population geometric SD. References with numbers in
parentheses link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript).
Predicted and observed AUClast are compared in Table S5. iv, intravenous.(continued)
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Figure S6: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (linear) after intravenous administration of fentanyl in pediatrics. Observed data are shown
as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are shown as
lines; the shaded areas represent the predicted population geometric SD. References with numbers in parentheses
link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript). Predicted
and observed AUClast values are compared in Table S5. iv, intravenous.
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Figure S7: Predicted versus observed plasma concentrations of fentanyl for the pediatric PBPK model. Squares
depict values for individual patients with adjusted clearances due to increased intraabdominal pressure, circles
depict values for study populations without adjustment of clearances. Here, each symbol represents a single
concentration. The black solid line marks the line of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. abdom, abdominal.
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Figure S8: Predicted versus observed AUC of fentanyl for the pediatric PBPK model. Squares depict values for indi-
vidual patients with adjusted clearances due to increased intraabdominal pressure, circles depict values for study
populations without adjustment of clearances. Here, each symbol represents the AUC of a single concentration-
time profile. The black solid line marks the line of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. abdom, abdominal; AUC, area under the plasma concentration-time curve from
the first to the last data point.
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3.3 Quantitative PBPK Model Evaluation
Two quantitative performance measures, the mean relative deviations (MRD) of the predicted plasma
concentrations for all observed and the respective predicted plasma concentrations and the geometric
mean fold errors (GMFE) of the predicted versus observed AUClast values, were calculated according
to Equation S6 and Equation S7, respectively. Cmax values were not calculated as Cmax values of a
substance administered as intravenous bolus injection or as short-term infusions are very sensitive to
the timing of blood sampling.

MRD = 10x with x =
¿ÁÁÀ 1

n

n∑
i=1 (log10 ĉi − log10 ci)2 (S6)

Here, ci is the ith observed plasma concentration, ĉi is the respective predicted plasma concentration
and n equals the number of observed values. Calculated MRD values for all studies are given in
Table S4.

GMFE = 10x with x = 1
n

n∑
i=1

RRRRRRRRRRRRlog10
⎛⎝

ˆAUCi

AUCi

⎞⎠
RRRRRRRRRRRR (S7)

Here, AUCi is the ith observed AUClast value, ˆAUCi is the predicted AUClast value and n equals the
number of studies. The calculated GMFE values are shown in Table S5.

3.4 Mean Relative Deviation (MRD) Values of Fentanyl and Norfentanyl Plasma
Concentration Predictions

Table S4: Mean relative deviation (MRD) values of fentanyl and norforfentanyl plasma concentration predictions.
Study ID Compound Blood Sample Dose [µg/kg]a Dose [µg/h]b Administration MRD Reference

Fentanyl iv adults
Bentley et al. 1982 (Adult) Fentanyl arterial 10.0 iv (bolus) 1.61 [40]
Bentley et al. 1982 (Eldery) Fentanyl arterial 10.0 iv (bolus) 1.94 [40]
Bovill and Sebel 1980 Fentanyl venous 60.0 iv (2 min) 1.41 [41]
Christrup et al. 2008 Fentanyl venous 1.5 iv (-) 2.56 [42]
Duthie et al. 1986 (1) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 1.79 [43]
Duthie et al. 1986 (2) Fentanyl venous 1.5 100.0 iv (24 h + bolus) 2.00 [43]
Duthie et al. 1986 (3) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 1.30 [43]
Duthie et al. 1986 (4) Fentanyl venous 7.2 100.0 iv (26 h + bolus) 2.37 [43]
Gourlay et al. 1989 Fentanyl venousc 1 iv (1 min) 2.71 [44]
Gupta et al. 1995 Fentanyl venousd 50.0 iv (48 h) 1.34 [45]
Holley and van Steennis 1988 (1) Fentanyl arterial 1.3 25.0 iv (loading dose + 24 h) 1.17 [46]
Holley and van Steennis 1988 (2) Fentanyl arterial 2.5 50.0 iv (loading dose + 24 h) 1.07 [46]
Holley and van Steennis 1988 (3) Fentanyl arterial 5.0 100.0 iv (loading dose + 24 h) 1.33 [46]
Holley and van Steennis 1988 (4) Fentanyl arterial 6.5 125.0 iv (loading dose + 24 h) 1.22 [46]
Lim et al. 2012 Fentanyl venous 1.5 iv (5 min) 2.62 [47]
MacLeod et al. 2012 Fentanyl arterial 0.3 iv (5 sec) 1.49 [48]
McClain and Hug 1980 Fentanyl arterial 6.4 iv (1.5 min) 1.77 [9]
Saari et al. 2008 Fentanyl venous 5.0 iv (2 min) 1.49 [7]
Saari et al. 2008 Norfentanyl venous 5.0 iv (2 min) 1.87 [7]
Saari et al. 2008 (DDI) Fentanyl venous 5.0 iv (2 min) 1.51 [7]
Saari et al. 2008 (DDI) Norfentanyl venous 5.0 iv (2 min) 2.40 [7]
Singleton et al. 1987 (1) Fentanyl arterial 20.7 iv (2 min) 1.65 [17]
Stoeckel et al. 1982 Fentanyl venous 7.6 iv (bolus) 2.00 [49]
Streisand et al. 1991 Fentanyl arterial 15.0 iv (8 min) 1.87 [50]
Varvel et al. 1989 Fentanyl arterial 11.4 iv (5 min) 1.51 [51]
Varvel et al. 1989 Fentanyl venous 11.4 iv (5 min) 1.29 [51]

a dose of bolus injection or short-infusion
b dose of long-term infusion
c venous blood samples from a central venous catheter
d sample information was not specified, venous blood samples were assumed
DDI: drug-drug-interaction, iv: intravenous, MRD: mean relative deviation
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Table S4: Mean relative deviation (MRD) values of fentanyl and norforfentanyl plasma concentration predictions. (continued)
Study ID Compound Blood Sample Dose [µg/kg]a Dose [µg/h]b Administration MRD Reference

Ziesenitz et al. 2015 Fentanyl venous 5.0 iv (10 min) 1.72 [8]
Ziesenitz et al. 2015 Norfentanyl venous 5.0 iv (10 min) 1.12 [8]

MRD 1.77 (1.07–2.71)
22/28 with MRD ≤ 2

Fentanyl iv children
Collins et al. 1985 Fentanyl arterial 30.0 iv (1 min) 3.16 [52]
Gauntlett et al. 1988 (1) Fentanyl arterial 52.5 iv (2 min) 2.43 [23]
Gauntlett et al. 1988 (2) Fentanyl arterial 56.5 iv (2 min) 2.25 [23]
Koehntop et al. 1986 (1) Fentanyl arterial 25.0 iv (1–3 min) 2.62 [24]
Koehntop et al. 1986 (2) Fentanyl arterial 50.0 iv (1–3 min) 1.71 [24]
Saarenmaa et al. 2000 Fentanyl arterial 10.5 1.5 iv (1 h + 58 h) 1.79 [18]
Singleton et al. 1987 (2) Fentanyl arterial 31.2 iv (2 min) 1.53 [17]
Singleton et al. 1987 (3) Fentanyl venous 30.8 iv (2 min) 1.64 [17]

MRD 2.04 (1.53–3.16)
4/8 with MRD ≤ 2

a dose of bolus injection or short-infusion
b dose of long-term infusion
c venous blood samples from a central venous catheter
d sample information was not specified, venous blood samples were assumed
DDI: drug-drug-interaction, iv: intravenous, MRD: mean relative deviation
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3.6 Fentanyl and Norfentanyl PBPK Model Sensitivity Analysis
A sensitivity analysis of the developed PBPK models (adults and pediatrics) to single parameter
changes was performed (local sensitivity analysis). It needs to be noted, that sensitivity to parame-
ters regarding the metabolite norfentanyl was not investigated for the pediatric models as norfentanyl
plasma concentration measurements were only available in clinical studies with adults. In case of
full-term neonates, sensitivity was examined for model parameters (1) with metabolic clearance adap-
tion due to increased intraabdominal pressure (see Section 1.2) and (2) without metabolic clearance
adaption. Sensitivities of the PBPK models were calculated as the relative changes of the predicted
area under the plasma concentration-time curve extrapolated to infinity (AUCinf) of fentanyl and
norfentanyl, respectively, to the relative variation of model input parameters in a short infusion sce-
nario (20.7 µg/kg fentanyl administered over two minutes [17]). Parameters, optimized as well as
parameters fixed to literature values, were included into the analysis if they had significant impact in
former models (e.g. glomerular filtration rate fraction), if they could have a decisive influence due to
calculation methods used in the model (e.g. lipophilicity) and/or if they have been optimized. The
analyses were performed using a relative perturbation of parameters of 10%. Model sensitivity to a
parameter was calculated as follows:

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S8)

where S is the sensitivity of the AUCinf to the examined model parameter, ∆AUCinf is the change
of the AUCinf , AUCinf is the simulated AUCinf with the original parameter value, p is the original
model parameter value and ∆p is the change of the model parameter value. A sensitivity value of+1.0 signifies that a 10% increase of the examined parameter causes a 10% increase of the simulated
AUCinf.
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Figure S9: Sensitivity analyses of the fentanyl PBPK model in different populations. Sensitivity of the model to single
parameters, calculated as change of the simulated AUCinf of fentanyl and norfentanyl, respectively, following
a short infusion scenario (20.7 µg/kg of fentanyl administered over two minutes [17]). AUCinf: area under
the plasma concentration-time curve extrapolated to infinity, CYP: Cytochrome P450, fen: fentanyl, GFR:
glomerular filtration rate, kcat: catalytic rate constant, Km: Michaelis-Menten constant, norfen: norfentanyl,
P-gp: P-glycoprotein, undef: undefined metabolite, unspec. hep. CL: unspecific hepatic clearance.
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1 PBPK/PD model development
In this study, a physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) parent-
metabolite model of nicotine and cotinine was developed. 90 reported observed plasma concentration-
time profiles after intravenous (iv), oral, transdermal and pulmonary administration, a brain tissue
concentration-time profile and 11 heart rate profiles were digitized from 34 clinical studies and split
into an internal training and an external test dataset.

The training dataset was selected in a way to inform all the physiological processes implemented in
the model. Hence, for cotinine PBPK model building three plasma profiles of cotinine administered
intravenously were used which covered a broad dosing range and included information on urinary
excretion of cotinine. For the nicotine PBPK model building plasma profiles of nonsmokers and
smokers after intravenous administration were included in the training dataset with a broad dosing
range including studies with cotinine metabolite data, information on fraction of nicotine excreted
unchanged to urine and fraction of nicotine metabolized to cotinine. Moreover, a study with plasma
concentrations of cytochrome P450 (CYP) 2A6 poor metabolizer (PM) and a study with brain tissue
concentrations after nicotine intake were included in the training dataset in order to inform model
input parameters for CYP2B6 and brain transporters.
For the PD heart rate model, three studies with intravenous administration were used for model
training which covered the largest timeframe of heart rate measurements and the highest nicotine
plasma concentrations.

A tabular overview of all clinical studies and the division into test and training datasets are shown
in Tables S2.6.1 to S2.6.3.

2 PBPK/PD model building
2.1 General PBPK model building
Drug-specific model input parameters for nicotine and cotinine were obtained from published in vitro
and human phramacokinetic (PK) data (see Table S2.7.1). Cotinine and nicotine model input pa-
rameters which could not be adequately informed from literature were estimated using the parameter
identification function in PK-Sim®.

Parameter estimation was performed by

1. fitting the cotinine model to

• cotinine observed intraveneous data

• published fractions of cotinine dose excreted unchanged to urine

2. fitting the nicotine model to

• nicotine and cotinine observed intraveneous data

• nicotine and cotinine observed oral data

• nicotine brain tissue concentrations after pulmonary nicotine intake

• published fractions of nicotine dose excreted unchanged to urine

• published fraction of nicotine dose metabolized to cotinine [1]

of the training dataset with the Monte Carlo algorithm.

3

A.3 supplementary document to publication iii 187



For the simulation of different studies, the reported mean values for age, weight, height and ethnic
and genetic background of each study protocol were used to create representative virtual individu-
als. If no information on these demographics was available, a standard 30-year-old male European
was assumed with weight and height values according to the PK-Sim® database. Distribution and
elimination processes including CYP enzymes and transporters were implemented according to lit-
erature [1–3]. The nicotine model incorporates (1) metabolism of nicotine to its major metabolite
cotinine via two CYP enzymes, (2) unspecific metabolic hepatic clearance (responsible for the re-
maining hepatic metabolism of nicotine including metabolism via UGT2B10 (uridine 5’-diphospho-
glucuronosyltransferase 2B10) and FMO3 (flavin-containing monooxygenase 3)) and (3) influx and
efflux transport of nicotine over the blood-brain-barrier (BBB). For cotinine, an unspecific metabolic
hepatic clearance was implemented in the model. Additionally, renal excretion through glomerular
filtration was implemented as an elimination pathway for both compounds, as they are subject to
glomerular filtration under physiological conditions [2, 4].

To model the metabolic clearance of nicotine to cotinine, which accounts for about three quarters of
nicotine elimination, nicotine metabolism via CYP2A6 and CYP2B6 was implemented in accordance
with literature [1, 2]. Nicotine is primarily metabolized via CYP2A6. However, in CYP2A6-PM
that lack CYP2A6 metabolism, and thus cotinine production diminishes, CYP2B6 is responsible for
a modest nicotine conversion to cotinine [2]. A PM plasma-concentration time profile was included
in the training dataset to estimate CYP2B6 metabolism in the model [5]. Relative CYP enzyme
expression in different organs of the body was implemented using PK-Sim® expression database
reverse transcription-polymerase chain reaction profile (CYP2A6) [6] and protein tissue data from
the ProteomicsDB database (CYP2B6) [7].

The Michaelis-Menten constant (Km) value for CYP2A6 was fitted with bounds obtained from litera-
ture [8–11]. According to published data, nicotine clearance in smokers is about 15% lower compared
to nonsmokers [12]. To account for this difference, the catalytic rate constant (kcat) of CYP2A6 was
estimated seperately for the smoker subpopulation leading to a lower kcat in comparison to the non-
smoker subpopulation. Since PM show no CYP2A6 activity, kcat for PM was set to 0 [5]. Moreover,
since nicotine is metabolized not solely to cotinine, an unspecific first-order hepatic clearance was
implemented and was fitted during parameter optimization.

As published literature suggests, influx and efflux of nicotine over the BBB play an important role
for nicotine brain tissue concentration kinetics [3]. Hence, an influx and an efflux transporter with
nicotine specific transport and Michaelis-Menten kinetics were added to the BBB in PK-Sim®. The
kcat value for the BBB nicotine influx transporter and Km and kcat values for the BBB efflux trans-
porter were fitted to nicotine brain tissue concentrations from literature [13], the Km value for the
BBB influx transporter was obtained from literature [3]. Subsequently, this implementation yielded
to a reasonable description of experimental nicotine brain tissue concentrations (see Figures S3.5.1r
and S3.5.2r). A summary of all drug-dependent PBPK model parameters is shown in Table S2.7.1.

2.2 Nicotine gum PBPK model building
To model and simulate nicotine gum consumption, nicotine was administered via the oral route
in PK-Sim®. The corresponding nicotine release from the gum was implemented according to an
empirical release function (PK-Sim® table release) based on published in vitro release profile data
of Nicorette® chewing gum [14]. Although bucal absorption was neglected, predictions of plasma
concentration-time profiles showed very promising results (see Figures S3.3.1j to S3.3.1t and Fig-
ures S3.3.2j to S3.3.2t).
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2.3 Transdermal patch PBPK model building
The modeling and simulation of the administration of nicotine via transdermal therapeutic systems
(TTS) was implemented via a two-compartment skin model. Here, the skin is divided into the
lipophilic stratum corneum (SC) and hydrophilic deeper skin layers (DSL) which are composed of
the viable Epidermis and Dermis. As shown before, a two-compartment skin model is typically a
sufficiently accurate description for the transport of various compounds if the storage capacity and/or
the permeability of the SC and DSL compartments should be taken into account [15–17].

TTS SC DSL

PBPK Model

Plasma
(venous blood)

k1

k−1

k2

k−2

k3

k−3

Figure S2.3.1: Schematic depiction of the nicotine transdermal absorption model.

Since detailed information about TTS composition is typically scarce it was assumed that the trans-
dermal patch could be described as a homogenous matrix system. A schematic representation of the
transdermal absorption model is depicted in Figure S2.3.1. Diffusion is considered the main driving
force of substance transport through the skin. Thus, the mass flux between the compartments was
modeled via first-order kinetics (Equations S1 to S3). The transdermal model was implemented in
MoBi® and subsequently connected to the PBPK model.

dmTTS

dt
= k−1 ⋅mSC − k1 ⋅mTTS (S1)

dmSC

dt
= k1 ⋅mTTS − k−1 ⋅mSC + k−2 ⋅mDSL − k2 ⋅mSC (S2)

dmDSL

dt
= k2 ⋅mSC − k−2 ⋅mDSL + k−3 ⋅mPlasma − k3 ⋅mDSL (S3)

Simulations for plasma concentration-time profiles after TTS application of nicotine are shown in
Figure S3.4.1 and Figure S3.4.2. Estimated transfer parameters are summarized in Table S2.8.3.

2.4 Pulmonary PBPK model building
Inhalation of combustible cigarettes and electronical cigarettes (e-cigarettes) was modeled as zero-
order pulmonary administration kinetics since overall specific activity in mainstream smoke was
shown to be constant from puff to puff in a radioisotopically labelled tobacco constituents study [18].
The rate of nicotine delivery equals the nicotine dose administered divided by the number of puffs
and the puff duration. If the number of puffs and the puff duration were not provided, the delivery
rate was set equal to the nicotine dose administered divided by the smoking period. The intracellular
subcompartment of the lung was selected as target compartment in PK-Sim®.

Studies on inhalation of combustible cigarettes typically state nicotine doses derived from machine
smoked yields of the investigated brand or type of cigarette. However, machine smoked yields of
combustible cigarettes are typically not equivalent to human nicotine uptake for the products under
investigation since they do not adequately represent human smoking behavior leading to a false

5
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representation of the actual amount of nicotine reaching systemic circulation [19]. To overcome this
issue two sets of simulations were performed:

• The application of combustible cigarettes was simulated with the stated cigarette nicotine yield
provided by the study protocol (Figure S3.6.1 and Figure S3.6.2).

• The actual pulmonary nicotine exposure with combustible cigarettes was estimated (Table S2.8.2)
while fixing all other model parameters (Figure S3.5.1 and Figure S3.5.2). This was executed
for all studies with combustible cigarettes where venous blood plasma concentrations were
reported.

The mean deviation of estimated pulmonary nicotine exposure to machine smoked nicotine yields was
31% (see Table S2.8.2). For simulation of plasma concentration-time profiles for e-cigarettes, nicotine
doses as stated in the respective study were used. For combustible cigarettes and e-cigarettes, 100%
of the administered dose was assumed to reach the lung compartment since bioavailability of nicotine
after smoking is reported to be very high [2].

2.5 PBPK/PD model building
A PD model was added to the PBPK model to be able to describe the positive chronotropic effect of
nicotine [20, 21] based on its PK. Direct-effect Emax models implemented as relative (proportional to
heart rate baseline) and absolute effect with and without tolerance development were used to describe
the effect. The model, which best described heart rate including drug effect, was the direct-effect
Emax model with absolute effect including a tolerance development based on a recently published
heart rate tolerance model [22]. This model had been developed to characterize the decrease in heart
rate by the selective S1P1 receptor modulator ponesimod.

Here, placebo data had been utilized to characterize heart rate changes during the course of the day
due to circadian rhythm in the absence of a drug before the direct-effect Imax model with tolerance
development was added. However, in contrast to the drug ponesimod, nicotine does not decrease but
increases heart rate via activation of nicotine receptors. Therefore, the Imax effect was changed to an
Emax effect and the PD model for heart rate (HR) was defined as

circ = amp ⋅ cos(2π
24
⋅ (t − shift)) (S4)

E = Emax ⋅ ch
ECh50 + ch (S5)

tol = 1 + Aγtol
tolγ50

(S6)

dAtol
dt

= tolin ⋅ c − tolout ⋅Atol (S7)

αtotal = E

tol
(S8)

HR =HRbaseline(1 + circ) + αtotal (S9)

where circ is a circadian function with a 24-h period, t is the time, amp denotes the daily heart rate
variation as percentage of the estimated baseline heart rate (HRbaseline) and shift represents the
time from dosing until time of the maximum daily heart rate. tolin and tolout are first-order rate
constants describing appearance and disappearance of tolerance in a tolerance compartment (Atol), c
is the concentration of nicotine in the peripheral venous blood plasma, Emax the maximum positive

6
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chronotropic effect of nicotine without tolerance, h the hill coefficient and EC50 the concentration
required to achieve half of the maximum drug effect. tol50 and γ represent scaling parameters describ-
ing the relationship between the tolerance compartment and the overall tolerance (tol) influencing
the drug effect and leading to a total effect αtotal.

The tolerance compartment was implemented to describe the extent of acute tolerance development of
the system and its subsequent reduction of the drug effect on heart rate following the administration
of nicotine. The appearance of tolerance was set to depend on the concentration of nicotine which has
been shown in the literature [23]. To obtain values for the PD model input parameters, optimization
was performed by fitting the PD model to heart rate data of the training dataset using the parameter
identification function with the Monte Carlo algorithm in MoBi® while fixing the parameters of the
PK model. The circadian amplitude (amp) was provided by the published tolerance model [22].
Circadian shift time for each study was fitted if no dosing information with regards to daytime was
available. Otherwise, the circadian shift was calculated using the time of dosing and the time for
maximum heart rate. Time of peak heart rate was gathered from the published tolerance model and
set to 5:42 PM – a value that is in good agreement with data published before [24, 25]. For studies
which lack data on absolute heart rate values, published mean heart rate data was added to heart
rate changes from baseline [26]. Figure 1 in the main manuscript shows a structural overview of the
developed PBPK/PD model. The parameter set for the PD model is summarized in Table S2.9.1
and simulated heart rate profiles after the administration of nicotine in comparison to observed data
is depicted in Figure S3.11.1.

7
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Table S2.7.2: Tissue-plasma partition coefficients of the final nicotine-cotinine PBPK model.
Tissue Nicotinea Cotinineb

Bone 1.27 0.70
Brain 1.89 0.88
Fat 0.74 0.74
Gonads 3.27 0.82
Heart 2.24 0.81
Kidney 4.15 0.82
Stomach 2.90 0.84
Small intestine 2.90 0.84
Large intestine 2.90 0.84
Liver periportal 3.96 0.81
Liver pericentral 3.96 0.81
Lung 3.25 0.83
Muscle 3.05 0.83
Pancreas 2.46 0.77
Skin 2.10 0.72
Spleen 2.86 0.80

Partition coefficients between intracellular space and plasma
a Estimated via Rodgers and Rowland [62–64]
b Estimated via PK-Sim® Standard [61]
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2.8 Formulation-dependent parameters of the final nicotine-cotinine PBPK model

Table S2.8.1: Formulation-dependent parameters of the final nicotine-cotinine PBPK model for oral application of nicotine.
Dissolution

Study tlag [min] 50 % dissolved [min] Shape Tablet time
delay factor

Description

Benowitz et al. 1991b (1) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 1991b (2) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 1991b (3) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 2010 [35] - - - - oral solution
Green et al. 1999 (1) [36] 167.4 346.9 0.5 0.7 capsule
Green et al. 1999 (2) [36] 167.4 346.9 0.5 0.7 capsule
Jarvis et al. 1988 [37] - - - - oral solution
Xu et al. 2002 (NM) [5] 5 59.6 1.8 0.2 capsule
Xu et al. 2002 (PM) [5] 5 59.6 1.8 0.2 capsule
Benowitz et al. 1988 (1) [21] - - - - guma

Choi et al. 2003 (1) [38] - - - - guma

Choi et al. 2003 (2) [38] - - - - guma

Choi et al. 2003 (3) [38] - - - - guma

Choi et al. 2003 (4) [38] - - - - guma

Du 2018 (1) [40] - - - - guma

Du 2018 (2) [40] - - - - guma

Dautzenberg et al. 2007 [39] - - - - guma

Hansson et al. 2017 (1) [41] - - - - guma

Hansson et al. 2017 (2) [41] - - - - guma

Hansson et al. 2017 (3) [41] - - - - guma

Brain tissue concentration
simulation (gum, 2 mg)

- - - - guma

Brain tissue concentration
simulation (gum, 4 mg)

- - - - guma

Heart rate simulation
(gum, 2 mg)

- - - - guma

NM, normal metabolizer; PM, poor metabolizer
a Release kinetics profile used from Morjaria et al. (PK-Sim® table release) [14]
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Table S2.8.2: Reported machine smoked nicotine yield and estimated human pulmonary nicotine exposure of combustible
cigarettes for studies under investigation.

Exposure [mg]

Study Machine smoked
nicotine yield

Estimated yield

Benowitz et al. 1982 (1) [46] 0.4 0.4
Fearon et al. 2017 (Study 2) [47] 0.5 0.7
Feyerabend et al. 1985 (3) [30] 0.8 1.1
Mendelson et al. 2008 [48] 0.8 1.2
Fearon et al. 2017 (Study 1) [47] 1.0 1.3
Benowitz et al. 1982 (2) [46] 1.2 1.4
Feyerabend et al. 1985 (4) [30] 1.3 1.5
Feyerabend et al. 1985 (2) [30] 1.3 2.0
Russell et al. 1983 [49] 1.4 2.2
Benowitz et al. 1988 (2) [21] 1.5 1.6
Gourlay and Benowitz 1997 (2) [31] 1.9 2.2
Feyerabend et al. 1985 (5) [30] 2.4 1.5
Benowitz et al. 1982 (3) [46] 2.5 1.8
St. Helen et al. 2019 (2) - 2.4

-, not given

Table S2.8.3: Drug product-dependent and system-dependent parameters of the transdermal nicotine PBPK model.
TTS/SC SC/DSL DSL/Plasma

Study Loading dose [mg] k1 [ 1
min ] k-1 [ 1

min ] k2 [ 1
min ] k-2 [ 1

min ] k3 [ 1
min ] k-3 [ 1

min ]

Bannon et al. 1989 (1) [42] 15.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (2) [42] 30.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (3) (m.d.) [42] 30.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (4) [42] 60.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Benowitz et al. 1991a (2) [28] 52.50 2.24E-04 8.35E-02 8.27E-01 1.18E-04 8.10E-03 1.64E-05

Fant et al. 2000 [43]
(Upjohn, m.d.)

24.90 3.69E-01 4.60E+00 2.98E-02 8.57E-01 5.42E-01 1.85E+00

Fant et al. 2000 [43]
(Novartis, m.d.)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

Fant et al. 2000 [43]
(Alza, m.d.)

114.00 1.57E-01 1.35E+01 2.24E+00 1.63E-01 3.60E-02 6.26E+01

Gupta et al. 1993 (1) [44] 105.05 9.83E-01 2.40E+01 1.17E-01 9.93E-01 8.24E-01 4.00E+01
Gupta et al. 1993 (2) (m.d.) [44] 105.05 9.83E-01 2.40E+01 1.17E-01 9.93E-01 8.24E-01 4.00E+01
Brain tissue concentration
simulation (transdermal)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

Heart rate simulation
(transdermal)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

k1, first order rate constant for nicotine transport from nicotine patch into stratum corneum
k-1, first order rate constant for nicotine transport from stratum corneum back into nicotine patch
k2, first order rate constant for nicotine transport from stratum corneum into deeper skin layers
k-2, first order rate constant for nicotine transport from deeper skin layers back into stratum corneum
k3, first order rate constant for nicotine transport from deeper skin layers into plasma
k-3, first order rate constant for nicotine transport from plasma back into deeper skin layers
DSL, deeper skin layers; m.d., multiple dose; SC, stratum corneum; TTS, transdermal therapeutic system
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2.9 Parameters of the final PD heart rate model

Table S2.9.1: Drug-dependent and system-dependent parameters of the final PD model.
Parameter Unit Value Reference Standard deviation Descriptiona

Emax bpm 111.6 n.a. Maximum possible heart rate
elevation without tolerance

EC50 ng/mL 33.7 n.a. Concentration at half-maximum elevation
h 1.3 n.a. Hill coefficient
tolin 1/h 15.3 n.a. Tolerance appearance rate
tolout 1/h 0.2 n.a. Tolerance disappearance rate
tol50 ng/mL 11.7 n.a. Scaling parameter for tolerance
γ 0.4 n.a. Nonlinearity parameter
amp % 6.3c [22] Circadian amplitude
HRBL[27] bpm 111.5 n.a. 10.0 [26] Baseline heart rate for [27]
HRBL[21](1) bpm 65.2 n.a. 7.0 [26] Baseline heart rate for [21] (1)
HRBL[21](2) bpm 64.7 n.a. 7.0 [26] Baseline heart rate for [21] (2)
HRBL[53](1) bpm 73.6 n.a. 10.0 [26] Baseline heart rate for [53] (1)
HRBL[53](2) bpm 78.5 n.a. 10.0 [26] Baseline heart rate for [53] (2)
HRBL[31] bpm 81.6 n.a. 7.0 [26] Baseline heart rate for [31]
HRBL[48] bpm 68.8 n.a. 10.0 [26] Baseline heart rate for [48]
HRBL[50] bpm 72.2 n.a. 7.0 [26] Baseline heart rate for [50]
HRBL[23](1) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](1)
HRBL[23](2) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](2)
HRBL[23](3) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](3)
HRBL, HR simulations bpm 78.0 [26] 7.0 [26] Baseline heart rate for HR simulations
shiftBL[27] h 9.7 [22, 27]b Circadian time shift for [27]
shiftBL[21](1) h 10.7 n.a. Circadian time shift for [21] (1)
shiftBL[21](2) h 10.7 n.a. Circadian time shift for [21] (2)
shiftBL[53](1) h 8.2 [22, 53]b Circadian time shift for [53] (1)
shiftBL[53](2) h 8.2 [22, 53]b Circadian time shift for [53] (2)
shiftBL[31] h 2.7 n.a. Circadian time shift for [31]
shiftBL[48] h 7.7 [22, 48]b Circadian time shift for [48]
shiftBL[50] h 8.2 [22, 50]b Circadian time shift for [50]
shiftBL[23](1) h 6.7 n.a. Circadian time shift for [23] (1)
shiftBL[23](2) h 6.7 n.a. Circadian time shift for [23] (2)
shiftBL[23](3) h 6.7 n.a. Circadian time shift for [23] (3)

n.a., not available
a Descriptions carried over from [22]
b Computed
c amp was set to 0 for HR simulations in Section 3.12 for better comparability
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2.10 System-dependent parameters and virtual populations
System-dependent parameters for the PBPK/PD model, including reference concentrations with
geometric standard deviation, tissue expression as well as protein half-lives of all enzymes and trans-
porters implemented in the model are summarized in Table S2.10.1.

Table S2.10.1: System-dependent parameters and expression of relevant enzymes, transporters and other ADME processes.
Reference concentration Half-live [h]

Mean [µmol/L]a GSDb Relative expression Liver Intestine

Enzymes
CYP2A6-NM 2.72 [65] 1.40 RT-PCRc [66] 26.0 23.0
CYP2A6-PM 2.72 [65] 1.40 RT-PCRc [66] 26.0 23.0
CYP2B6 1.56 [65] 1.40 ProteomicsDBd [7] 32.0 23.0

Transporters
BBB-transporterin 1.00e [6] 1.40 36.0 23.0
BBB-transporterout 1.00e [6] 1.40 36.0 23.0

Processes
Unspecific hepatic clearance of nicotine - 1.40
Unspecific hepatic clearance of cotinine - 1.40

ADME, absorption, distribution, metabolism and elimination; CYP, cytochrome P450; GSD, Geometric standard deviation;
NM, normal metabolizer; PM, poor metabolizer; RT-PCR, reverse transcription polymerase chain reaction
a In the tissue of the highest expression
b Geometric standard deviation with coefficient of variation (CV) of 35% assumed
c PK-Sim® expression database profile
d ProteomicsDB entry for CYP2B6. https://www.proteomicsdb.org/proteomicsdb/#human/proteinDetails/P20813/expression. Accessed 21 Oct 2019
e If no information available it was set to 1.0 µmol/L and kcat optimized according to [6]

Virtual populations of 100 individuals for each study were set up according to the population demo-
graphics of each respective simulated study. If no age range was specified, virtual populations were
created with individuals 20 to 50 years of age and without specific body weight or height restrictions
as implemented in PK-Sim®.

In the generated virtual populations demographics such as age, height, weight and corresponding
organ volumes, tissue compositions, blood flow rates, etc. were varied by an implemented algorithm
in PK-Sim® within the limits of the ICRP (International Commission on Radiological Protection)
or Japanese databases [61, 67]. Furthermore, the reference concentrations of both the metabolizing
enzymes CYP2A6 and CYP2B6 and the nicotine transporters in the BBB as well as unspecific
hepatic clearance rates of nicotine and cotinine were set to be log-normally distributed with a relative
standard deviation of 35%. Heart rate was set to be normally distributed with variabilities according
to Umetani et al. [26]. For details on study populations see Tables S2.6.1 to S2.6.3. Simulations
were generated with the virtual populations with geometric mean ± geometric standard deviation
and plotted with the corresponding observed data (see Section 3).
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3 PBPK/PD model evaluation
The descriptive (internal training dataset) and predictive (external test dataset) performance of
the PBPK/PD model is comprehensively demonstrated: Linear and semilogarithmic plots of pop-
ulation predictions are compared to observed plasma concentration-time profiles, fractions excreted
to urine, brain tissue concentrations (Sections 3.1 to 3.6) and heart rate profiles (Section 3.11).
Moreover, goodness-of-fit plots comparing predicted to observed plasma concentrations are shown in
Figures S3.1.3, S3.2.3, S3.3.3, S3.4.3, S3.5.3, S3.6.3 and S3.11.2.

Predicted compared to observed area under the concentration–time curves from the first to the
last data point (AUClast) and maximum concentrations (Cmax) values of all studies are shown in
Figure S3.9.1 and of each route of administration seperately in Figures S3.1.4, S3.2.4, S3.3.4, S3.4.4,
S3.5.4 and S3.6.4. The predicted and observed AUClast and Cmax values of all studies including the
geometric mean fold error (GMFE) and the mean relative deviation (MRD) values of all studies are
listed in Tables S3.8.1 and S3.8.2.

A local sensitivity analysis was performed with a simulation of the highest studied pulmonary dose in
steady-state (30 times 2.5 mg over 15 hours). A detailed description and the results of the sensitivity
analysis can be found in Section 3.10.
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3.1 Intravenous administration of nicotine
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of nicotine dose excreted unchanged to urine (Figs. S3.1.1 and S3.1.2), goodness-of-
fit plots of predicted compared to observed plasma concentrations (Fig. S3.1.3) and goodness-of-fit
plots of predicted compared to observed AUClast and Cmax values (Fig. S3.1.4) after intravenous
administration of nicotine are shown.
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Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. Observed data are
shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are
shown as lines; the shaded areas represent the predicted population geometric SD. References with numbers
in parentheses link to a specific observed dataset described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose.
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Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. Observed data are
shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are
shown as lines; the shaded areas represent the predicted population geometric SD. References with numbers
in parentheses link to a specific observed dataset described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose. (continued)
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Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. Observed data are
shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means are
shown as lines; the shaded areas represent the predicted population geometric SD. References with numbers
in parentheses link to a specific observed dataset described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose. (continued)
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Figure S3.1.2: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (semilogarithmic) after
intravenous administration of nicotine. Observed data are shown as circles, if available ± standard deviation
(SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the
predicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and
observed AUClast and Cmax values are compared in Table S3.8.2. iv, intravenous; m.d., multiple dose.
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Figure S3.1.2: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (semilogarithmic)
after intravenous administration of nicotine. Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. References with numbers in parentheses link to a specific observed
dataset described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. iv, intravenous; m.d., multiple dose.
(continued)
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(b) Cotinine metabolite
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Figure S3.1.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after intra-
venous administration of nicotine. The black solid ( ) lines mark the lines of identity. Black dotted lines
( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation.
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Figure S3.1.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after intrave-
neous administration of nicotine. Each symbol represents the AUClast or Cmax of a different plasma profile.
The black solid ( ) lines mark the lines of identity. Black dotted lines ( ) indicate 1.25-fold, black dashed
lines ( ) indicate 2-fold deviation. AUC, area under the plasma concentration–time curve from the first to
the last data point; Cmax, maximum plasma concentration.
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3.2 Intravenous administration of cotinine
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of cotinine dose excreted unchanged to urine (Figs. S3.2.1 and S3.2.2), a goodness-of-
fit plot of predicted compared to observed plasma concentrations (Fig. S3.2.3) and goodness-of-fit
plots of predicted compared to observed AUClast and Cmax values (Fig. S3.2.4) after intravenous
administration of cotinine are shown.
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Figure S3.2.1: Cotinine plasma concentration-time profiles (linear) and cotinine fraction excreted unchanged to urine
after intravenous administration of cotinine. Observed data are shown as circles (●, ●), if available ±
standard deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the
shaded areas represent the predicted population geometric SD. References with numbers in parentheses link
to a specific observed dataset described in the study table (Table S2.6.2). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. iv, intravenous.
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Figure S3.2.1: Cotinine plasma concentration-time profiles (linear) and cotinine fraction excreted unchanged to urine
after intravenous administration of cotinine. Observed data are shown as circles (●, ●), if available ±
standard deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the
shaded areas represent the predicted population geometric SD. References with numbers in parentheses link
to a specific observed dataset described in the study table (Table S2.6.2). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. iv, intravenous. (continued)
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Figure S3.2.2: Cotinine plasma concentration-time profiles (semilogarithmic) after intravenous administration of co-
tinine. Observed data are shown as circles (●), if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines (−); the shaded areas represent the predicted population geo-
metric SD. References with numbers in parentheses link to a specific observed dataset described in the study
table (Table S2.6.2). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. iv,
intravenous.
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Figure S3.2.3: Predicted versus observed plasma concentrations after intravenous administration of cotinine. The
black solid ( ) line marks the line of identity. Black dotted lines ( ) indicate 1.25-fold, black dashed lines
( ) indicate 2-fold deviation.
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Figure S3.2.4: Predicted versus observed cotinine AUC (a) and Cmax (b) values after intraveneous administration of
cotinine. Each symbol represents the AUClast or Cmax of a different plasma profile. The black solid ( )
lines mark the lines of identity. Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate
2-fold deviation. AUC, area under the plasma concentration–time curve from the first to the last data point;
Cmax, maximum plasma concentration.
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3.3 Oral administration of nicotine (including nicotine gums)
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.3.1
and S3.3.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.3.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.3.4)
after oral administration of nicotine including nicotine gums are shown.
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Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD). Population
simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the predicted
population geometric SD. References with numbers in parentheses link to a specific observed dataset described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily.
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Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD). Population
simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the predicted
population geometric SD. References with numbers in parentheses link to a specific observed dataset described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)

32

216 supplementary documents



(s)

0
2

4
6

8
10

12
14

gum, 4 mg

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 3 6 9 12

●

●

●

●
●

●

●

●

●

●

●
● ●

● Nicotine, Hansson et al. 2017 (2)

(t)

0
10

20
30

40

gum, 4 mg (12 gums)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 6 12 18 24 30

●

●

●

● ●

● ●

●
● ● ●

●●

●

●
●
●
●

●
●

● Nicotine, Hansson et al. 2017 (3)

Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD). Population
simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the predicted
population geometric SD. References with numbers in parentheses link to a specific observed dataset described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD).
Population simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily.
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD).
Population simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. Observed data are shown as circles (●, ●), if available ± standard deviation (SD).
Population simulation (n=100) geometric means are shown as lines (−, −); the shaded areas represent the pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after oral
administration of nicotine (including nicotine gums). The black solid ( ) lines mark the lines of identity.
Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation.
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Figure S3.3.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after oral
administration of nicotine. Each symbol represents the AUClast or Cmax of a different plasma profile. The
black solid ( ) lines mark the lines of identity. Black dotted lines ( ) indicate 1.25-fold, black dashed
lines ( ) indicate 2-fold deviation. 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 Transdermal administration of nicotine (nicotine patches)
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.4.1
and S3.4.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.4.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.4.4)
after transdermal administration of nicotine with nicotine patches are shown.
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Figure S3.4.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after transdermal admin-
istration of nicotine (nicotine patch). Observed data are shown as circles (●, ●), if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the shaded areas
represent the predicted population geometric SD. References with numbers in parentheses link to a specific
observed dataset described in the study table with detailed information about dosing regimens (Table S2.6.1).
Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch, transdermal therapeutic
system (nicotine patch).
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Figure S3.4.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after transdermal admin-
istration of nicotine (nicotine patch). Observed data are shown as circles (●, ●), if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the shaded areas
represent the predicted population geometric SD. References with numbers in parentheses link to a specific
observed dataset described in the study table with detailed information about dosing regimens (Table S2.6.1).
Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch, transdermal therapeutic
system (nicotine patch). (continued)
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Figure S3.4.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after transder-
mal administration of nicotine (nicotine patch). Observed data are shown as circles (●, ●), if available± standard deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the
shaded areas represent the predicted population geometric SD. References with numbers in parentheses link
to a specific observed dataset described in the study table with detailed information about dosing regimens
(Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch,
transdermal therapeutic system (nicotine patch).
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Figure S3.4.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after transder-
mal administration of nicotine (nicotine patch). Observed data are shown as circles (●, ●), if available± standard deviation (SD). Population simulation (n=100) geometric means are shown as lines (−, −); the
shaded areas represent the predicted population geometric SD. References with numbers in parentheses link
to a specific observed dataset described in the study table with detailed information about dosing regimens
(Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch,
transdermal therapeutic system (nicotine patch). (continued)
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Figure S3.4.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after trans-
dermal administration of nicotine (nicotine patches). The black solid ( ) lines mark the lines of identity.
Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation.
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Figure S3.4.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after trans-
dermal administration of nicotine (nicotine patches). Each symbol represents the AUClast or Cmax of a
different plasma profile. The black solid ( ) lines mark the lines of identity. Black dotted lines ( ) indicate
1.25-fold, black dashed lines ( ) indicate 2-fold deviation. AUC, area under the plasma concentration–time
curve from the first to the last data point; Cmax, maximum plasma concentration.
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3.5 Pulmonary administration of nicotine (combustible cigarettes with estimated
pulmonary nicotine exposure and e-cigarettes)

In this section, linear and semilogarithmic plots of plasma and brain tissue concentration-time profiles
(Figs. S3.5.1 and S3.5.2), goodness-of-fit plots of predicted compared to observed plasma concentra-
tions (Fig. S3.5.3) and predicted versus observed AUClast and Cmax values (Fig. S3.5.4) after admin-
istration of combustible cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes are
shown.
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Figure S3.5.1: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (linear) after inhalation (com-
bustible cigarettes and e-cigarettes). Observed data are shown as circles, if available ± standard deviation
(SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the
predicted population geometric SD. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous.
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Figure S3.5.1: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (linear) after inhalation (com-
bustible cigarettes and e-cigarettes). Observed data are shown as circles, if available ± standard deviation
(SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the
predicted population geometric SD. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous. (continued)
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Figure S3.5.2: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (semilogarithmic) after inhalation
(combustible cigarettes and e-cigarettes). Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous.
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Figure S3.5.2: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (semilogarithmic) after inhalation
(combustible cigarettes and e-cigarettes). Observed data are shown as circles, if available ± standard
deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded areas represent
the predicted population geometric SD. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous. (continued)
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Figure S3.5.3: Predicted versus observed nicotine concentrations after pulmonary administration of combustible
cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes. The black solid ( ) line
marks the line of identity. Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold
deviation.
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Figure S3.5.4: Predicted versus observed nicotine AUC (a) and Cmax (b) values after pulmonary administration of
combustible cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes. Each symbol
represents the AUClast or Cmax of a different profile. The black solid ( ) lines mark the lines of identity.
Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation. AUC, area
under the concentration–time curve from the first to the last data point; Cmax, maximum concentration.
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3.6 Pulmonary administration of nicotine (combustible cigarettes with machine
smoked nicotine yields)

In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.6.1
and S3.6.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.6.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.6.4)
after administration of combustible cigarettes (with machine smoked nicotine yields) are shown.
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Figure S3.6.1: Nicotine plasma (●, ●) concentration-time profiles (linear) after inhalation (combustible cigarettes with
machine smoked nicotine yields). Observed data are shown as circles, if available ± standard deviation (SD).
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD. Machine smoked nicotine yields from the respective studies were used for nicotine
doses (see Table S2.8.2). References with numbers in parentheses link to a specific observed dataset described
in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv, intravenous.
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Figure S3.6.1: Nicotine plasma (●, ●) concentration-time profiles (linear) after inhalation (combustible cigarettes with
machine smoked nicotine yields). Observed data are shown as circles, if available ± standard deviation (SD).
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD. Machine smoked nicotine yields from the respective studies were used for nicotine
doses (see Table S2.8.2). References with numbers in parentheses link to a specific observed dataset described
in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv, intravenous. (continued)
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Figure S3.6.2: Nicotine plasma (●, ●) concentration-time profiles (semilogarithmic) after inhalation (combustible
cigarettes with machine smoked nicotine yields). Observed data are shown as circles, if available ±
standard deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded
areas represent the predicted population geometric SD. Machine smoked nicotine yields from the respective
studies were used for nicotine doses (see Table S2.8.2). References with numbers in parentheses link to a
specific observed dataset described in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv,
intravenous.

53

A.3 supplementary document to publication iii 237



(j)
inhalation, 1.3 mg, 21 comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1
10

2

0 3 6 9 12 15

●●

●

●
●
●●

●
●

●
●
●
●

●
●
●
●

●

●

●

●
●
●
●
●

●
●●●●●

●
●
●
●

●
●●●●

● Nicotine, Feyerabend et al. 1985 (4)

(k)
inhalation, 1.9 mg, comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

1
10

2

0 0.5 1 1.5

●

●
●●

●
●

●

●
● ●

●

●

●

●

●
●●

●
●

●
●●

●

●
●

●

●
●

●

●

Nicotine, Gourlay and Benowitz 1997 (2)

Nicotine, Gourlay and Benowitz 1997 (2)
(arterial blood plasma)

(l)
inhalation, 0.8 mg, 3 comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1
10

2

0 1 2 3 4

●
●
●
●

●

●
●●

●●
●

● ●

●
●●

●●
●

● ● ●

● Nicotine, Mendelson et al. 2008

(m)
inhalation, 1.4 mg, comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

1

0 0.5 1 1.5 2

●

●

●

●

●

●

●
●

●

●

●

● Nicotine, Russell et al. 1983

Figure S3.6.2: Nicotine plasma (●, ●) concentration-time profiles (semilogarithmic) after inhalation (combustible
cigarettes with machine smoked nicotine yields). Observed data are shown as circles, if available ±
standard deviation (SD). Population simulation (n=100) geometric means are shown as lines; the shaded
areas represent the predicted population geometric SD. Machine smoked nicotine yields from the respective
studies were used for nicotine doses (see Table S2.8.2). References with numbers in parentheses link to a
specific observed dataset described in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv,
intravenous. (continued)
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Figure S3.6.3: Predicted versus observed nicotine plasma concentrations after pulmonary administration of com-
bustible cigarettes with machine smoked nicotine yields. The black solid ( ) line marks the line of
identity. Black dotted lines ( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation.
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Figure S3.6.4: Predicted versus observed nicotine AUClast (a) and Cmax (b) values after pulmonary administration
of combustible cigarettes with machine smoked nicotine yields. Each symbol represents the AUClast or
Cmax of a different plasma profile. The black solid ( ) lines mark the lines of identity. Black dotted lines
( ) indicate 1.25-fold, black dashed lines ( ) indicate 2-fold deviation. AUC, area under the plasma
concentration–time curve from the first to the last data point; Cmax, maximum plasma concentration.
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3.7 Brain tissue concentration simulations
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Figure S3.7.1: Simulations of nicotine brain tissue concentration-time profiles after pulmonary (16 hours), oral (2 mg
and 4 mg gums, 16 hours) and transdermal (patch, 24 hours) nicotine administration. Population sim-
ulation (n=100) geometric means are shown as lines (−); the shaded areas represent the predicted population
geometric SD. Detailed information about dosing regimens, study populations and model input parameters
is given in Tables S2.6.1, S2.8.1 and S2.8.3. patch, transdermal therapeutic system (nicotine patch).
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3.8 Quantitative PBPK model evaluation
As quantitative performance measures, mean relative deviations (MRD) of the predicted plasma con-
centrations for all observed and the corresponding predicted plasma concentrations and the geometric
mean fold errors (GMFE) of the AUClast and Cmax were calculated according to Equation S10 and
Equation S11, respectively.

MRD = 10x with x =
¿ÁÁÀ 1

n

n∑
i=1(log10 ĉi − log10 ci)2 (S10)

Here, ci is the ith observed plasma concentration, ĉi is the respective predicted plasma concentration
and n equals the number of observed values. Overall MRD values of ≤ 2 were considered as reasonable
predictions [68]. MRD values for all studies are given in Table S3.8.1.

The GMFE was calculated for all observed AUClast and Cmax values according to Equation S11.

GMFE = 10x with x = 1
n

n∑
i=1 ∣ log10( âiai )∣ (S11)

Here, ai is the ith observed AUClast or Cmax value, respectively, âi is the predicted AUClast or Cmax
value, respectively, and n equals the number of studies. The calculated GMFE values are shown in
Table S3.8.2.

3.8.1 Mean relative deviation (MRD) values of nicotine and cotinine concentration predictions

Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions.
Route Dose MRD Reference

Nicotine
iv (1 min, s.d.) 25.0 µg/kg 1.41 Feyerabend et al. 1985 (1) [30]
iv (10 min, s.d.) 28.0 µg/kg 1.62 Molander et al. 2001 (young) [32]
iv (10 min, s.d.) 28.0 µg/kg 1.50 Molander et al. 2001 (elderly) [32]
iv (24 h, s.d.) 19.8 mg 1.06 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.) 288.0 µg/kg 1.12 Benowitz et al. 1994b [29]
iv (30 min, m.d.) 75.0 µg/kg 1.16 Porchet et al. 1988 (1) [23]
iv (30 min, m.d.) 75.0 µg/kg 1.19 Porchet et al. 1988 (2) [23]
iv (30 min, m.d.) 75.0 µg/kg 1.19 Porchet et al. 1988 (3) [23]
iv (30 min, s.d.) 15.0 µg/kg 1.09 Andersson and Arner 2001 [27]
iv (30 min, s.d.) 60.0 µg/kg 1.11 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 15.0 µg/kg 1.15 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.) 15.0 µg/kg 1.13 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.) 60.0 µg/kg 1.16 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.) 60.0 µg/kg 1.20 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.) 60.0 µg/kg 1.40 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 1.17 Zevin et al. 1997 (1) [33]
iv (30 min, s.d.) 15.0 µg/kg 1.20 Zevin et al. 1997 (2) [33]
iv and inhalation (1 min, m.d.
plus 6 combustible cigarettes)

1.8; 2.0 mg 1.21 Feyerabend et al. 1985 (2) [30]

po (cap, s.d.) 4.0 mg 1.17 Benowitz et al. 1991b (2) [34]
po (cap, s.d.) 3.0 mg 1.26 Benowitz et al. 1991b (1) [34]
po (cap, s.d.) 6.0 mg 1.31 Benowitz et al. 1991b (3) [34]
po (cap, s.d.) 6.0 mg 1.60 Green et al. 1999 (1) [36]
po (cap, s.d.) 15.0 mg 1.48 Green et al. 1999 (2) [36]
po (cap, s.d.) 4.0 mg 3.10 Xu et al. 2002 (NM) [5]
po (cap, s.d.) 4.0 mg 1.75 Xu et al. 2002 (PM) [5]

Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions. (continued)
Route Dose MRD Reference

gum (m.d., 12 gums) 2.0 mg 1.28 Dautzenberg et al. 2007 [39]
gum (m.d., 12 gums) 4.0 mg 1.37 Hansson et al. 2017 (3) [41]
gum (m.d., 13 gums) 4.0 mg 1.89 Choi et al. 2001 (3) [38]
gum (m.d., 13 gums) 2.0 mg 1.15 Choi et al. 2001 (2) [38]
gum (s.d.) 4.0 mg 3.51 Benowitz et al. 1988 (1) [21]
gum (s.d.) 2.0 mg 2.96 Choi et al. 2001 (1) [38]
gum (s.d.) 4.0 mg 1.21 Choi et al. 2001 (4) [38]
gum (s.d.) 2.0 mg 1.50 Du 2018 (1) [40]
gum (s.d.) 4.0 mg 1.55 Du 2018 (2) [40]
gum (s.d.) 2.0 mg 2.26 Hansson et al. 2017 (1) [41]
gum (s.d.) 4.0 mg 1.72 Hansson et al. 2017 (2) [41]
inhalation (13 combustible cigarettes, m.d.) 1.1 mg 1.40 Feyerabend et al. 1985 (3) [30]
inhalation (13 combustible cigarettes, m.d.) 1.5 mg 1.39 Feyerabend et al. 1985 (5) [30]
inhalation (21 combustible cigarettes, m.d.) 1.5 mg 1.15 Feyerabend et al. 1985 (4) [30]
inhalation (3 combustible cigarettes, m.d.) 1.2 mg 1.27 Mendelson et al. 2008 [48]
inhalation (30 combustible cigarettes, m.d.) 1.8 mg 1.58 Benowitz et al. 1982 (3) [46]
inhalation (30 combustible cigarettes, m.d.) 1.4 mg 1.48 Benowitz et al. 1982 (2) [46]
inhalation (30 combustible cigarettes, m.d.) 0.4 mg 1.25 Benowitz et al. 1982 (1) [46]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.19 Gourlay and Benowitz 1997 (2) [31]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.73 Gourlay and Benowitz 1997 (2)

(arterial blood plasma) [31]
inhalation (combustible cigarettes, s.d.) 1.6 mg 1.09 Benowitz et al. 1988 (2) [21]
inhalation (combustible cigarettes, s.d.) 0.7 mg 1.08 Fearon et al. 2017 (Study 2) [47]
inhalation (combustible cigarettes, s.d.) 1.3 mg 1.36 Fearon et al. 2017 (Study 1) [47]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.20 Russell et al. 1983 [49]
inhalation (combustible cigarettes, s.d.) 2.4 mg 1.08 St. Helen et al. 2019 (2) [51]
inhalation (combustible cigarettes, s.d.) 2.1 mg 1.69 Armitage et al. 1975

(arterial blood plasma) [45]
inhalation (combustible cigarettes, s.d.) 0.14 mg 1.57 Rose et al. 2010 [13]
inhalation (e-cigarettes, s.d.) 0.9 mg 1.17 St. Helen et al. 2019 (1) [51]
inhalation (e-cigarettes, s.d.) 1.2 mg 1.16 St. Helen et al. 2016 [50]
transdermal (16 h, m.d.) 15.0 mg 1.08 Fant et al. 2000 (Novartis) [43]
transdermal (24 h, m.d.) 21.0 mg 1.34 Fant et al. 2000 (Alza) [43]
transdermal (24 h, m.d.) 21.0 mg 1.19 Fant et al. 2000 (Upjohn) [43]
transdermal (24 h, m.d., 7 days) 30.0 mg 1.36 Bannon et al. 1989 (3) [42]
transdermal (24 h, q.d., 7 days) 36.0 mg 1.40 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.) 52.5 mg 1.56 Benowitz et al. 1991a (2) [28]
transdermal (24 h, s.d.) 15 mg 1.18 Bannon et al. 1989 (1) [42]
transdermal (24 h, s.d.) 30 mg 1.07 Bannon et al. 1989 (2) [42]
transdermal (24 h, s.d.) 60 mg 1.22 Bannon et al. 1989 (4) [42]
transdermal (24 h, s.d.) 36 mg 1.12 Gupta et al. 1993 (1) [44]

Nicotine MRD 1.44 (60/64 with MRD ≤ 2)
Cotinine
iv (1.5-3 min, s.d.) 20.0 mg 1.10 Curvall et al. 1990 (3) [52]
iv (1.5-3 min, s.d.) 10.0 mg 1.14 Curvall et al. 1990 (2) [52]
iv (1.5-3 min, s.d.) 5.0 mg 1.24 Curvall et al. 1990 (1) [52]
iv (10 min, s.d.)a 28.0 µg/kg 1.08 Molander et al. 2001 (young) [32]
iv (10 min, s.d.)a 28.0 µg/kg 1.04 Molander et al. 2001 (elderly) [32]
iv (24 h, s.d.)a 19.8 mg 4.74 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.)a 288.0 µg/kg 1.32 Benowitz et al. 1994b [29]
iv (30 min, s.d.)a 60.0 µg/kg 1.46 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 60.0 µg/kg 1.37 Benowitz and Jacob 1994a (2) [1]
iv (30 min, s.d.)a 15.0 µg/kg 1.87 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.)a 60.0 µg/kg 2.22 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.)a 60.0 µg/kg 1.68 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.)a 60.0 µg/kg 2.32 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.)a 60.0 µg/kg 2.36 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 1.25 Zevin et al. 1997 (3) [33]
iv (30 min, s.d.) 15.0 µg/kg 1.26 Zevin et al. 1997 (4) [33]
iv (30 min, s.d.) 20.0 mg 1.10 De Schepper et al. 1987 (3) [4]
iv (30 min, s.d.) 10.0 mg 1.14 De Schepper et al. 1987 (2) [4]

Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions. (continued)
Route Dose MRD Reference

iv (30 min, s.d.) 5.0 mg 1.09 De Schepper et al. 1987 (1) [4]
po (-, q.i.d., 5 days)a 0.05 mg 1.42 Benowitz et al. 2010 [35]
po (cap, 7 times/day, 5 days)a 4.0 mg 2.14 Jarvis et al. 1988 [37]
po (cap, s.d.)a 6.0 mg 1.12 Green et al. 1999 (1) [36]
po (cap, s.d.)a 15.0 mg 1.18 Green et al. 1999 (2) [36]
po (cap, s.d.)a 4.0 mg 2.01 Xu et al. 2002 (NM) [5]
po (cap, s.d.)a 4.0 mg 2.20 Xu et al. 2002 (PM) [5]
transdermal (24 h, q.d., 7 days)a 36.0 mg 1.06 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.)a 36.0 mg 1.91 Gupta et al. 1993 (1) [44]

Cotinine MRD 1.77 (20/27 with MRD ≤ 2)
Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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3.9 AUClast and Cmax goodness of fit plots
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Figure S3.9.1: Predicted versus observed nicotine and cotinine AUClast (a) and Cmax (b) values. Each symbol represents
the AUClast or Cmax of a different plasma profile (circles: nicotine, triangles: cotinine metabolite and cotinine
iv). The black solid ( ) lines mark the lines of identity. Black dotted lines ( ) indicate 1.25-fold, black
dashed lines ( ) indicate 2-fold deviation. AUC, area under the concentration–time curve from the first to
the last data point; Cmax, maximum concentration; iv, intravenous; patch, transdermal therapeutic system
(nicotine patch); po, oral.
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3.10 Nicotine and cotinine PBPK model sensitivity analysis
A sensitivity analysis of the final nicotine and cotinine PBPK model to single parameter changes
(local sensitivity analysis) was performed. Sensitivity of the PBPK model was measured as the
relative change of the AUC from the last applied dose in a steady-state scenario extrapolated to
infinity (AUCinf) of the largest applied pulmonary dose of nicotine in the clinical studies used for
the PBPK model development (30 times 2.5 mg during 15 hours). Parameters, optimized as well as
parameters fixed to literature values, were included into the analysis if they had significant impact
in former models (e.g. glomerular filtration rate fraction) or if they might have a strong influence
due to calculation methods used in the model (e.g. fraction unbound) and/or if they have been
optimized. Model sensitivity to a model parameter was calculated as the ratio of the relative change
of the simulated AUCinf of nicotine and cotinine metabolite, respectively, to the relative variation of
the parameter around the value used in the final model according to Equation S12.

S = ∆AUCinf
∆p

⋅ p

AUCinf
(S12)

where S is the sensitivity of the AUCinf to the examined model parameter, ∆AUCinf is the change
of the AUCinf , AUCinf is the simulated AUCinf with the original parameter value, p is the original
model parameter value and ∆p is the variation of the model parameter value. A sensitivity value of+1.0 signifies that a 10% increase of the examined parameter causes a 10% increase of the simulated
AUCinf. The analysis was performed using a relative perturbation of parameters of 10%.
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Figure S3.10.1: Nicotine and cotinine PBPK model local sensitivity analysis. Sensitivity of the model to single parame-
ters, measured as change of the simulated area under the plasma concentration-time curve of nicotine and
cotinine metabolite, respectively, from the last applied dose in a steady-state scenario (30 times 2.5 mg over
15 hours) extrapolated to infinity (AUCinf). A sensitivity value of +1.0 signifies that a 10% increase of the
examined parameter causes a 10% increase of the simulated AUCinf.

The results of the local sensitivity analysis (see Figure S3.10.1) reveal that, among the tested param-
eters, lipophilicity of nicotine and fraction unbound and unspecific hepatic clearance of cotinine have
the biggest impact on the tested nicotine and cotinine AUCinf. The analysis underlines the model’s
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sensitivity to changes in the lipophilicity of nicotine, which plays a key role in many calculation
methods (e.g. partition coefficients) in the PBPK model. The fact that the unspecific heaptic clear-
ance of cotinine represents the major route of elimination for cotinine in the model explains the high
sensitivity of the model to this parameter. Additionally, the high sensitivity to the fraction unbound
of cotinine is to be expected, as the fraction unbound determines the concentrations available for all
pharmacokinetic processes. Values for the fractions unbound used in the model have been obtained
from literature [58, 59] and were not subject to any fitting endeavours.
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3.11 Heart rate population predictions after nicotine intake compared to observed data
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Figure S3.11.1: Heart rate profiles after intravenous, oral and pulmonary administration of nicotine. Observed data
are shown as circles (●), if available ± standard deviation (SD). Population simulation (n=100) geometric
means are shown as lines (−); the shaded areas represent the predicted population geometric SD. References
with numbers in parentheses link to a specific observed dataset described in the study table with detailed
information about dosing regimens (Tables S2.6.3 and S2.8.2). comb. cig., combustible cigarette; e-cig.,
e-cigarette; iv, intravenous; m.d., multiple dose.
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Figure S3.11.1: Heart rate profiles after intravenous, oral and pulmonary administration of nicotine. Observed data
are shown as circles (●), if available ± standard deviation (SD). Population simulation (n=100) geometric
means are shown as lines (−); the shaded areas represent the predicted population geometric SD. References
with numbers in parentheses link to a specific observed dataset described in the study table with detailed
information about dosing regimens (Tables S2.6.3 and S2.8.2). comb. cig., combustible cigarette; e-cig.,
e-cigarette; iv, intravenous; m.d., multiple dose.(continued)
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Figure S3.11.2: Predicted versus observed heart rates after nicotine intake. The black solid ( ) line marks the line of
identity, black dotted lines ( ) indicate 1.25-fold deviation.
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3.12 Heart rate simulations
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Figure S3.12.1: Simulations of heart rate profiles after pulmonary (16 cigarettes and 4 cigarettes, respectively), oral (16
gums) and transdermal (1 patch) nicotine administration. Population simulation geometric means are
shown as lines (−); the shaded areas represent the predicted population geometric SD. Detailed information
about dosing regimens, study populations and model input parameters is given in Tables S2.6.3, S2.8.1
and S2.8.3. patch, transdermal therapeutic system (nicotine patch).
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