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A B S T R A C T

The overall aim of precision medicine is to provide the right treatment to the
right patient at the right time and, consequently, improving clinical outcome and
minimizing toxicities. However, substantial inter- and intra-individual variability
in drug exposure and response often impedes successful treatment which calls
for tailoring drug therapy to individual needs. Here, precision dosing repre-
sents an essential component of precision medicine to improve individual drug
treatment. Despite the application of therapeutic drug monitoring or pharma-
cogenetic testing to optimize the dose for specific drugs, a significant need for
advanced dosing strategies remains. Model-informed precision dosing, a crucial
development in personalized medicine, uses pharmacometric models to guide
clinicians in making dosing decisions by predicting tailored dosing regimens for
individual patients or specific patient populations. This thesis aimed to develop
and provide mechanistic pharmacometric models for the two tyrosine kinase
inhibitors dasatinib and imatinib as well as for the selective estrogen receptor
modulator (E)-clomiphene and an empirical pharmacometric model for the mon-
oclonal antibody infliximab, helping to enhance treatment efficacy and reduce the
risk of toxicities. These models and their presented applications may be leveraged
to foster future precision dosing efforts in healthcare.
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Z U S A M M E N FA S S U N G

Zu den Hauptzielen der Präzisionsmedizin gehört die Anwendung der rich-
tigen Therapie für den richtigen Patienten zum richtigen Zeitpunkt, um die
klinische Wirksamkeit zu verbessern und Toxizitäten zu minimieren. Einer erfolg-
reichen Arzneimitteltherapie steht häufig eine hohe inter- und intra-individuelle
Variabilität im Ansprechen an die Therapie entgegen. Das Konzept der Präzisi-
onsdosierung ist daher eine wichtige Komponente der Präzisionsmedizin. Doch
trotz der Anwendung von Therapeutischem Drug-Monitoring oder pharmakoge-
netischer Tests für vereinzelte Arzneistoffe zur individuellen Dosisoptimierung
besteht weiterhin ein großer Bedarf an fortschrittlicheren Dosierungsstrategien:
Mit der Modell-informierten Präzisionsdosierung, die eine Weiterentwicklung
in der Präzisionsmedizin darstellt, können basierend auf pharmakometrischen
Modellen und Patienten-bezogenen Informationen individuelle Dosen für Pati-
enten oder Patientengruppen vorhergesagt werden. Das Ziel dieser Thesis war
es, mechanistische pharmakometrische Modelle für die beiden Tyrosin Kinase
Inhibitoren Dasatinib und Imatinib und den selektiven Estrogen-Rezeptor In-
hibitor (E)-Clomifen zu entwickeln sowie ein empirisches pharmakometrisches
Modell für den monoklonalen Antikörper Infliximab bereitzustellen. Diese Model-
le können zukünftig für individuelle Dosisanpassungen in der Klinik angewendet
werden, um höhere Therapieansprechraten zu erzielen und das Risiko für Toxizi-
täten zu minimieren.
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1
I N T R O D U C T I O N

1.1 motivation

Approximately 50% of Phase II and III studies in drug development fail due to
lack of efficacy of the tested drug product [3]. However, also approved drugs may
show lack or loss of therapeutic response when evaluated in broader populations
or real-world settings [4, 5].
In drug development, a “one-size-fits-all” paradigm is commonly applied in-
cluding only a limited number of drug doses tested due to practicality and cost
effectiveness [3]. In addition, drugs are typically investigated in a well-selected
study population and eligibility criteria for clinical trial participation ensure the
internal validity of studies and reduce the risk for vulnerable populations [3,
6]. As a result, however, populations in clinical studies usually do not represent
the diversity of real-world patient populations including patients with organ
dysfunctions, age-related physiological parameter changes (e.g., geriatrics) and
others [6]. Consequently, the “one-size-fits-all” dosing, established by randomized
controlled trials, often does not provide optimal dosing for all patients, especially
if specific subpopulations were underrepresented in the trial cohorts [6]. Hence,
tailoring drug therapy based on the drug, the disease state and the individual
patient can be crucial to not only improve treatment efficacy but also to reduce
the occurrence of adverse drug reactions (ADRs) [6].
ADRs – defined as a “response to a medicinal product which is noxious and
unintended” [7] – have been estimated to be the fourth to sixth leading cause
of mortality in the U.S., resulting in 100,000 deaths per year [8, 9]. Hospital
admissions due to ADRs range from 2.4% to 16.5% in different studies [10, 11].
Moreover, the overall incidence of ADRs during hospitalization was found to be
around 10%, leading to longer hospital stays [8, 12]. Consequently, ADR-related
morbidity and mortality have been estimated to result in enormous costs ranging
from 30 billion to more than 130 billion dollars annually in the U.S. [13, 14].
Especially the elderly population (≥ 65 years) is affected by ADRs, showing a four
times higher ADR-related hospitalization rate compared to younger people, likely
due to co-morbidities, organ dysfunctions but also polypharmacy [15–17]: Drug–
drug interactions (DDIs) following concomitant drug administrations, drug–gene
interactions (DGIs) due to pharmacogenetic variations in metabolizing enzymes or
transporters and the combination of both (drug–drug–gene interactions (DDGIs))
can significantly alter drug disposition and thereby represent important causes of
preventable ADRs [18–20].
These aspects emphasize the need of shifting to a more personalized medicine
approach for many drug therapies in the future.
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2 introduction

1.2 personalized medicine

The area of medicine has experienced a revolution due to advances in the fields
of genomics, proteomics, metabolomics, bioinformatics, molecular diagnostics
and data science, leading to the emergence of personalized medicine, also termed
as precision medicine [21, 22]. This new paradigm is defined as tailoring disease
treatment and prevention by taking individual genetic and nongenetic character-
istics, environmental as well as lifestyle factors into account [23, 24]. Personalized
medicine aims for the right treatment to the right patient at the right time and
consequently improving clinical outcomes and minimizing toxicities [23, 25]. This
transformation was triggered by insights into the human genome, gained from
novel technologies such as next-generation sequencing, identifying alterations
and patterns in genes for potential predisposition and drivers for specific diseases
[23, 26]. New treatments tailored to individual characteristics, such as a patient’s
genotype or the genetic profile of tumors, have since been approved by the U.S.
Food and Drug Administration (FDA) [23]. Here, molecularly targeted cancer
therapy in chronic myeloid leukemia (CML) illustrates a successful example of
personalized medicine [27]. Since the advent of imatinib, the first tyrosine kinase
inhibitor (TKI) applied in oncology, patients with CML now have a near-normal life
expectancy [27]. In addition to selecting the right treatment for the right patient,
the administration of the right dose and route at the right time (i.e., precision
dosing) based on the genetic makeup and other individual attributes such as
co-medications or concurrent diseases is an essential cornerstone of personalized
medicine to ensure safer and more effective treatment strategies [28–30].

1.3 precision dosing

Precision dosing (also termed personalized or individualized dosing [24]) is an
integral component of personalized medicine to optimize drug exposure [28] and
has been defined "as dose selection by a prescriber for an individual patient at
a given time" [3, 31]. The importance of finding the right dose has already been
pointed out more than 500 years ago by Paracelsus: “All things are poison, and
nothing is without poison, but the dose alone makes it so a thing is not a poison”
(Paracelsus, 1493/1494–1541, translated into English) [31]. The administered dose
of a given drug determines whether the patient will show the desired efficacy,
non-response or sometimes even fatal toxicities, emphasizing the need of moving
toward more individualized treatment strategies for many drug therapies [6].
This can be achieved by either stratified dosing or precision dosing. A stratified
dosing approach categorizes patients into different subgroups based on common
factors such as co-medication or patient characteristics like age, body weight,
genetics or organ function and tailors the respective dose to each subgroup [24].
The precision dosing approach advances one step further, tailoring drug dosing
individually based on patient characteristics that affect drug disposition and
response [24]. To realize these personalized medicine approaches, various tech-
niques such as pharmacogenetic and pharmacogenomic (PGx) testing, therapeutic
drug monitoring (TDM) and/or the innovative model-informed precision dos-
ing (MIPD) approach can be leveraged [32–35]. A graphical illustration of the



1.3 precision dosing 3

“one-size-fits-all”, stratified and precision dosing approaches is shown in Fig-
ure 1.1. PGx testing, TDM and MIPD approaches will be outlined in the following
subsections.

(a) One-size-fits-all 

dosing
(b) Stratified dosing (c) Precision dosing

Figure 1.1: Comparison of different dosing approaches: (a) “One-size-fits-all” dosing:
a uniform dose is applied to all patients; (b) Stratified dosing: the dose
is adjusted for different subgroups based on co-medications or patient at-
tributes; (c) Precision dosing: the dose is tailored to individual patient at-
tributes. Drawings were adapted from Servier Medical Art [2], licensed
under a Creative Commons Attribution 4.0 (CC BY 4.0) Unported License
(https://creativecommons.org/licenses/by/4.0/).

1.3.1 Pharmacogenetics and pharmacogenomics (PGx)

Pharmacogenetics and Pharmacogenomics (PGx) are key components of personal-
ized medicine to ensure safe and effective drug treatment based on individual
genetic characteristics [30, 36]. While the discipline of pharmacogenetics focuses
on genes determining a drug’s pharmacokinetic(s) (PK) (including absorption,
distribution, metabolism and excretion (ADME)) or pharmacodynamic(s) (PD),
the discipline of pharmacogenomics assesses the role of the human genome in
drug response [36, 37]. Nevertheless, the distinction between the two terms is
somewhat arbitrary and both terms are frequently used interchangeably [37].
In the last two decades, advances in genotyping and sequencing technologies,
statistical genetic analysis and clinical trial designs have facilitated the under-
standing of the role of genetic variations in drug response [38]. As indicated
by twin studies, 80–91% of variability in drug response might be explained by
additive genetic effects and the remainder by unique environmental factors, high-
lighting the relevance of PGx testing for tailoring drug selection and dosing to the
individual’s genetic characteristics [39, 40].
A prominent example is the cytochrome P450 (CYP) 2D6 enzyme encoded by the
highly polymorphic CYP2D6 gene [41]. While CYP2D6 accounts for merely 2–4% of
the hepatic CYP pool, it is involved in the metabolism of approximately 20–30% of
commonly used drugs [30, 42]. CYP2D6 metabolizes a broad spectrum of centrally
acting drugs including opioids, antidepressants, antihypertensives or selective

https://creativecommons.org/licenses/by/4.0/
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estrogen receptor modulators (SERMs) [42]. The relatively short CYP2D6 gene is
located on chromosome 22 (22q13.2) and contains nine exons [42]. CYP2D6 shows
high expression in liver, brain, intestinal tissue and lymphoid cells [42]. Genetic
variants in the CYP2D6 gene, such as single nucleotide variations, copy number
variants or structural rearrangements contribute to the pronounced variability in
CYP2D6 enzyme activity, and thus, may result in significant variability in drug
response, both within a population and across ethnically differing populations
[30, 43]. The predominant CYP2D6 allelic variants are single nucleotide variations,
consisting of single nucleotide polymorphisms as well as insertions or deletions
of one or a small number of nucleotides [43].
Translation of these CYP2D6 allelic variants and their enzymatic activities into
clinically actionable guidelines was accomplished by grouping them into standard
haplotypes and predicted metabolizer phenotypes [30, 44]. Here, the haplotype is
assigned based on the star (*)-allele nomenclature, cataloged by the Pharmacogene
Variation Consortium, where each *-allele comprises a predefined combination
of variants [30, 43]. To date, > 160 distinct *-alleles for CYP2D6 have been de-
scribed by the Pharmacogene Variation Consortium and assigned to one of the
following enzymatic activities by the Clinical Pharmacogenetics Implementation
Consortium (CPIC): no, decreased, normal, increased or unknown enzyme activity
[45–47]. The individual diplotype (also known as the genotype) is determined by
the combination of two CYP2D6 alleles each of which can be allocated to a specific
activity value of 0 for no activity, 0.25 or 0.5 for decreased, 1 for normal and 2

for increased activity [30, 41]. The sum of activity values from both alleles then
constitutes the activity score (AS) [41, 48].
Furthermore, based on the CYP2D6 diplotype, predicted phenotypes can be as-
signed which are categorized into four different CYP2D6 metabolizer categories:
poor metabolizer (PM) (AS = 0), intermediate metabolizer (IM) (0.25 ≥ AS ≤ 1),
normal metabolizer (NM) (1.25 ≥ AS ≤ 2.25) and ultrarapid metabolizer (UM) (AS

> 2.25) [30, 41]. For instance, CYP2D6 *1/*1 refers to a NM with an AS of 2 [41]. An
overview of selected CYP2D6 alleles and their respective assigned activity value,
required for calculating the AS of a specific genotype, is shown in Table 1.1.

Table 1.1: Assignment of CYP2D6 activity values for selected CYP2D6 alleles from the CPIC

[45–47].

Allele Type CYP2D6 alleles Activity Value

No function *3, *4, *5, *6 0

Decreased function *9, *10, *41 0.25

Decreased function *17, *29 0.5

Normal function *1, *2, *35 1

Increased function *1x2, *2x2 2

CYP2D6 allele frequencies have been observed to vary substantially, both within
a population and across ethnically differing populations: About 2–3% of Asians
and up to 7% of Europeans are CYP2D6 PM, carrying two nonfunctional alleles that
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encode for CYP enzymes not capable of metabolizing or bioactivating drugs via the
CYP2D6 pathway [45–47]. In contrast, UM carry a duplication or multiplication of a
normal-function allele [49]. Consequently, PM typically have a higher risk for ADRs

during treatment with CYP2D6 substrates or, in the case of prodrugs bioactivated
by CYP2D6, lack of therapeutic response [43]. For UM, these risks apply vice versa
[43]. Yet, a patient’s phenotype does not only depend on a patient’s genotype [48].
In addition to genetic factors, (patho-)physiological factors (e.g., inflammation)
and other factors (e.g., DDIs) can directly or indirectly affect CYP2D6 activity [48].
Hence, inter-individual variability in populations with the same CYP2D6 genotype
can be observed [48]. Determining a patient’s phenotype for a metabolizing
enzyme such as CYP2D6, allows the application of precision dosing approaches
for DGIs and DDGIs. To date, PGx testing is already recommended for many drugs
[42]. However, its application in clinical practice translating PGx tests into clinical
actions requires a comprehensive knowledge of clinical pharmacology [50]. Here,
several professional societies including the CPIC and the Dutch Pharmacogenetics
Working Group have developed clinical guidelines for several DGIs that are freely
accessible (www.pharmgkb.org) [42]. Nevertheless, there is still a significant need
for further efforts from various stakeholders including pharmaceutical companies,
academia and regulatory affairs to extend such PGx guidelines [51].

1.3.2 Therapeutic drug monitoring (TDM)

The discipline of PK studies what the body does to the drug and covers drug
ADME, whereas the area of PD studies the effects of a drug on the body [52].
In clinical practice, therapeutic success can sometimes be monitored assessing
surrogate PD parameters such as blood pressure or blood glucose [53]. However,
such surrogate parameters are not available for many drugs [53]. Here, monitoring
drug concentrations and adjusting drug doses using TDM can help to improve
therapeutic responses if a significant relationship between the PK (i.e., drug
concentrations) and PD effect (i.e., efficacy and/or safety) has been established
[53].
In the early 1970s, TDM has emerged to individualize patient’s drug therapy
[54]. Subsequently, with the development of immunoassays during the 1980s,
the implementation of TDM services was established in the clinic [54, 55]. In
TDM, drug concentrations in biological fluids, typically in blood and plasma,
are measured to adjust a patient’s dosing regimen for optimal benefit [32, 56].
Thereby, the approach aims to improve therapeutic responses and prevent ADRs by
maintaining drug concentrations within a predefined therapeutic target window
where drug therapy is assumed to be both safe and effective [54, 56, 57]. An
overview of the TDM strategy is depicted in Figure 1.2.

www.pharmgkb.org
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Figure 1.2: Overview of the TDM strategy. Blood samples are collected after drug admin-
istration and analyzed using validated bioanalytical assays [53]. The drug
concentrations are clinically interpreted to determine if they fall within the
therapeutic window [53]. After medical assessment, decisions about individual
dose adjustments are made [53]. This process can be repeated in subsequent
dosing intervals as required [53].

Especially narrow therapeutic index (NTI) drugs benefit from TDM [56]. TDM

has shown to improve safety for NTI drugs such as digoxin, phenytoin, lithium,
cyclosporine and aminoglycoside antibiotics [6, 56]. Moreover, TDM may also
be advantageous in cases where a “one-size-fits-all” dosing approach results in
significant differences in drug response among patients (inter-individual variabil-
ity) or within the same patient over time (intra-individual variability) [54]. Here,
TDM can be used to adjust individual dosing, accounting for variability in the PK

and consequently variability in response [53]. A summary of the most important
criteria for drugs suited for TDM is depicted in Figure 1.3.
While the area under the plasma concentration–time curve (AUC), the time above
a threshold concentration, maximum plasma concentration (Cmax) and trough
concentration (Cmin) all represent common measures of exposure [58], TDM is
often based on Cmin samples [53]. For some drugs, prospective clinical studies in-
vestigating the suitability of TDM have been conducted and guidelines of potential
dosing strategies provided [59–63]. Today, TDM is mainly applied in antiepileptic,
immunosuppressive, antibiotic, antifungal, antipsychotic, cardiovascular system
and anticancer drugs [64].
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Figure 1.3: A summary of important criteria for drugs suited for TDM. These include
absence of measurable biomarkers, a narrow therapeutic index, long-term
therapy, high inter- and/or intra-individual variability, an exposure–response
relationship as well as available validated bioanalytical methods and dose
adjustment strategies [54, 65]. PK, pharmacokinetics; TDM, therapeutic drug
monitoring.

1.3.3 Model-informed precision dosing (MIPD)

A rather novel and innovative approach individualizing patient’s drug therapy
is the application of pharmacometric models in MIPD [24]. The term pharmaco-
metrics can be defined as "the science of developing and applying mathematical
and statistical methods to characterize, understand, and predict a drug’s phar-
macokinetic, pharmacodynamic, and biomarker–outcomes behavior" [66]. This
bridging discipline describes and quantifies interactions between xenobiotics and
patients and can be leveraged in various ways [67]. For example, pharmacometric
models can be used for personalized medicine, integrating various sources of
information on the drug, disease and patient (population) to predict personalized
dosing regimens for an individual patient or a specific patient group (MIPD) [58].
With that, MIPD can be seen as an advanced discipline of TDM, which provides
individualized dosing strategies based on pharmacometric models, patient char-
acteristics, intra- and inter-patient variability as well as, if available, TDM data for
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better patient care [68]. An overview of an MIPD workflow is depicted in Figure 1.4.
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Figure 1.4: An exemplary representation of an MIPD framework. In contrast to TDM, the
initial dose can be optimized based on drug- and patient-specific data using a
pharmacometric model [55]. After drug administration, blood samples can
be collected, followed by sample analysis to determine the respective drug
concentration(s) [55]. A modeling and simulation approach can be utilized
to find the optimal dosing regimen for the individual patient, integrating
patient-specific and, if available, TDM data [55]. Based on model simulations,
recommendations for dosing regimens can be provided to achieve the target
threshold, supporting clinicians in the selection of the right dose for the right
patient at the right time.

Different types of pharmacometric models, including primarily data-driven and
descriptive models (i.e., non-mechanistic/empirical) as well as complex, mecha-
nistic models, can be leveraged for MIPD [69]. Here, important pharmacometric
modeling approaches include physiologically based pharmacokinetic (PBPK) and
population pharmacokinetic (popPK) modeling [69].
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1.4 pharmacometric approaches : physiologically based pharma-
cokinetic (pbpk) and population pharamcokinetic (poppk)
modeling

Both empirical (e.g., popPK) and mechanistic (e.g, PBPK) modeling approaches
have attained considerable significance in driving model-informed drug devel-
opment (MIDD) [70]. In MIDD, pharmacometric models are developed based on
preclinical and/or clinical data and applied to inform pre-/clinical drug devel-
opment and decision-making [70]. Consequently, MIDD and MIPD share the same
idea to support and improve drug therapy through modeling and simulation
techniques [71]. Differences lie in their respective application as MIDD primar-
ily informs drug research and development, while MIPD aims to advance drug
therapy through precision dosing [71]. In contrast to regulatory applications, the
application of modeling and simulation for MIPD is still rare, yet has shown a
notable growth in interest [55].

1.4.1 PBPK modeling

In recent years, PBPK modeling has become a promising framework for assessing
drug exposure in virtual individuals and populations and for gaining mechanistic
insights into a drug’s PK by integrating drug- and system-specific information
into a dynamically interconnected model [72]. With that, PBPK models allow a
mechanistic investigation of drug disposition in a biological system, enabling a
priori simulations of drug and metabolite concentration–time profiles [73]. Thus,
the PBPK modeling approach can be employed to predict unknown scenarios
leveraging prior knowledge and information [73].
Whole-body PBPK models comprise of multiple compartments representing dif-
ferent organs and tissues, which are connected via the arterial and venous blood
compartments and parameterized by the respective tissue and organ volumes,
knowledge about their composition, blood flow rates, etc. [73]. Consequently,
whole-body PBPK models can mimic the human body to simulate drug expo-
sure in blood plasma and other organs and tissues of interest [74]. The above-
mentioned compartments are subdivided into four sub-compartments including
blood plasma, erythrocytes, intracellular and interstitial space [74]. The drug
absorption and distribution between (sub-)compartments may occur passively or
actively via transporters [74]. Drug metabolism and excretion from various organs
can be implemented via enzymatic degradation or passive elimination through
glomerular filtration, among other mechanisms [74]. To mechanistically model
drug absorption in the gastrointestinal tract (GIT), the GIT is divided into multiple
segments, consisting of a lumen, mucosa and non-mucosa and parametrized by
sub-tissue volume, transit time and pH [75–77]. An overview of the whole-body
PBPK model structure implemented in the modeling and simulation software
PK-Sim® is shown in Figure 1.5.
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Figure 1.5: Structural overview of the multi-compartmental model implemented in PK-
Sim®. Each organ or tissue is represented by a compartment, connected via the
arterial and venous blood flow and subdivided into four sub-compartments
including blood plasma, erythrocytes, intracellular and interstitial space
[74]. Drawings were adapted from Servier Medical Art [2], licensed un-
der a Creative Commons Attribution 4.0 (CC BY 4.0) Unported License
(https://creativecommons.org/licenses/by/4.0/).

1.4.2 PopPK modeling

The popPK modeling approach aims to quantify sources of PK variability and
investigates sources of variability in drug concentrations over time across individ-
uals [24]. In addition to drug concentration–time data from various individuals,
relevant covariate information such as age, sex, race, organ dysfunction and
co-medication is required to identify covariates that affect a drug’s PK [78].
Using the individual concentration–time and covariate data, a compartmental
model can be developed that describes and partially explains the variability by
categorical (e.g., sex) and continuous (e.g., body weight) covariates [78]. A popPK

model consists of (i) a structural model, (ii) a statistical model and (iii) a covariate
model [78]. The typical concentration–time profile of the studied population is
described by the structural model [78]. One-, two- and three-compartment models
are most commonly assessed [78]. Exemplary graphical illustrations of a one-,
two- and three-compartment model after intravenous application are shown in
Figure 1.6.

https://creativecommons.org/licenses/by/4.0/
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Figure 1.6: Structural illustration of a one-, two- and three-compartment model after
intravenous application of a drug of interest. Cl, clearance; Q, intercompart-
mental clearance; Vc, central volume of distribution; Vp, peripheral volume of
distribution.

Furthermore, the statistical model accounts for the random variability in the
measured drug concentrations including inter-individual, inter-occasional and the
random unexplained variability [78]: Variability between subjects is covered by
the inter-individual, while variability between different occasions within a single
individual is quantified by the inter-occasional variability [78]. Lastly, the random
unexplained variability describes the remaining, unexplained variability in the
drug concentrations [78]. Variability that can be explained by differences in subject
characteristics (body weight, albumin levels, anti-drug antibody status, etc.) is
captured by the covariate model [78]. With that, a popPK model describes the
concentration–time profile for a typical individual with inter-individual variability
partially explained by covariates and random unexplained variability [78].

1.4.3 PopPK and PBPK modeling in MIDD

Early application of MIDD to inform regulatory decisions at the FDA date back
to the 1990s, marking the advent of popPK and PK/PD modeling in regulatory
submissions [70]. At this time, the main focus of these models was on drug and
product characterization [70]. However, over the last 30 years, there has been a
rapid growth in applying MIDD to inform drug development and in regulatory
review [70]. The scope of MIDD applications primarily through empirical mod-
eling approaches has been broadened to include supporting dose selection and
trial design, assessing safety and contributing to the evaluation of efficacy [70].
Today, MIDD is widely applied in drug development and has not only become
recognized but also encouraged by various regulatory agencies including FDA and
European Medicines Agency (EMA) [79]. This entails the increasing application of
PBPK modeling and simulation by pharmaceutical companies in the field of MIDD

over the last years [79].
PBPK models can be used for a wide range of applications: These encompass
but are not limited to the assessment of disposition characteristics of new drug
candidates and the investigation and quantification of PK liabilities (i.e., poor
bioavailability, DDIs, DGIs and DDGIs) as well as the application for dose adjust-
ments in special populations (e.g., pediatrics, the elderly, patients with organ
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impairment) [80, 81]. Over the period of 2019 to 2023, a total of 243 novel drugs
were approved by the FDA, and approximately one third of novel drug applica-
tions involved the use of PBPK modeling and simulation [79]. While the annual
number of FDA-approved drug applications which included a PBPK modeling
package was seven on average during the period of 2013 to 2018, the number had
doubled during the period of 2019 and 2023, with an average of ~15 approved
novel drugs per year including PBPK model submissions [79]. Based on FDA data
between 2019 and 2023, PBPK models involved in approved drug submissions were
predominantly used in the area of DDI predictions (56.7% enzyme-mediated DDIs,
17.5% transporter-mediated DDIs and 4.2% gastric-mediated DDIs), DGI predictions
(4.2%), organ impairment (4.2% hepatic impairment, 2.5% renal impairment),
pediatrics (4.2%) as well as to investigate disease effects (2.5%) and food effects
(1.7%) [79]. PBPK DDI study predictions with weak and moderate index inhibitors
and inducers as alternatives to prospective clinical studies are supported by the
FDA in case an adequate model performance has already been demonstrated
using clinical data from prospective DDI studies with strong index perpetrator
drugs [82].

1.4.4 PopPK and PBPK modeling in MIPD

In addition to regulatory applications, pharmacometric models hold great poten-
tial for individualizing drug therapy, however, their implementation into clinical
practice, especially of PBPK models, is still rare [55, 83]. While the application
of empirical models in MIPD is usually restricted to the scope for which the
model has been established, the power of PBPK models lies in the extrapolation to
untested scenarios (e.g., different enzyme/transporter genotypes or diseases) [83].
A specific (sub-)population or individual, also referred to as “virtual twin” of
the patient, can be created by integrating relevant information on demographics,
results of liver and kidney function tests, co-medication or drug metabolizing
enzyme genotypes and/or phenotypes into a PBPK model [84, 85]. Subsequently,
model simulations of the drug’s PK can be used to provide dose adjustments, test
different administration routes or predict drug exposure in a variety of clinical
settings, e.g., untested (complex) DDI scenarios [72]. There are a noticeable num-
ber of FDA-approved drug labels containing PGx information that recommend
PGx testing (e.g., irinotecan, carbamazepine, warfarin) to support clinical decision
making [72, 81]. However, various drugs remain for which such guidelines are
missing, for example due to the lack of clinical studies. Here, PBPK modeling
demonstrates considerable promise as an approach to describe and quantify
exposure differences in patients with different enzyme or transporter genotypes
and could be leveraged to provide dosing guidance for precision medicine [72].
In addition, an increasing interest in the application of popPK modeling in the
field of MIPD has been recently observed [33–35]. MIPD through the application
of popPK(/PD) models can be implemented using two different approaches: a
priori or a posteriori dose optimization [86, 87]. Here, a popPK(/PD) model serves
as a Bayesian prior [86, 87]. In a priori dose optimization, dose recommenda-
tions are solely based on patient covariates that have been identified to affect
the drug’s PK and/or PD [86, 87]. In contrast, a posteriori dose optimization, also
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known as maximum a posteriori probability (MAP) Bayesian estimation approach,
additionally leverages information on the individual patient from TDM drug
concentration measurements [86, 87]. With that, based on patient characteristics
and TDM drug concentration measurements, the individual PK parameters can
be estimated (empirical Bayes PK parameter estimates (EBE)) and utilized to
simulate and identify dosing regimens through which a predefined exposure
target can be attained [86]. Hence, pharmacometric models not only present
to be powerful tools in the field of MIDD but can also be leveraged to facilitate
personalized medicine approaches by tailoring individual patient dosing and
thereby improving individual treatment efficacy and preventing toxicities.





2
O B J E C T I V E S

The overall aim of this thesis was to establish mechanistic and empirical pharma-
cometric models for selected drugs suited for the application of MIPD, helping to
provide personalized dosing strategies for patients and encouraging precision
dosing in drug therapy. Here, the CYP3A4 substrates dasatinib and imatinib, the
CYP3A4 and CYP2D6 substrate (E)-clomiphene as well as the monoclonal antibody
infliximab, that often show supra- and/or subtherapeutic drug concentrations
– for example as a result of DDI, DGI, DDGI or specific patient characteristics –
were chosen as example candidates to demonstrate the benefits of shifting from a
"one-size-fits-all dosing" to more personalized dosing approaches.
The work was supported by the German Federal Ministry of Education and Re-
search (BMBF) funded project "GUIDE-IBD" in collaboration with Prof. Matthias
Schwab and the Dr. Margarete Fischer-Bosch Institute of Clinical Pharmacology.

The aim of this thesis was realized within the scope of the following four projects:

P ro j e c t I – P h y s i o l o g i c a l ly b a 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 o f da sat i n i b

The objectives of project I were (i) to develop a whole-body PBPK model for
the TKI dasatinib, listed as sensitive CYP3A4 substrate for the use in clinical
DDI studies by the FDA, (ii) to describe and predict clinically tested enzyme-
mediated DDIs involving dasatinib as victim drug and as CYP2C8, organic
anion transporting polypeptide (OATP)1B1 and OATP1B3 perpetrator drug,
(iii) to predict the effect of acid-reducing agents (ARAs) on the exposure of
dasatinib, (iv) to apply the model for simulations of several untested DDI

scenarios including single and multiple DDIs and (v) to provide model-based
dose adaptations for those DDI scenarios, supporting precision dosing of
dasatinib with PBPK modeling.

P ro j e c t I I – P h y s i o l o g i c a l ly b a 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 o f i m at i n i b

The objectives of project II were (i) to develop a whole-body parent–metabolite
PBPK model for imatinib and its main metabolite N-desmethyl imatinib, listed
as a moderate CYP3A4 inhibitor for the use in clinical DDI studies by the FDA,
(ii) to describe and predict clinically tested enzyme-mediated DDIs involving
imatinib as victim drug and as CYP2C8, CYP2D6 and CYP3A4 perpetrator drug,
and thereby (iii) to facilitate future investigations of various DDI scenarios and
for MIPD of imatinib.

P ro j e c t I I I – P h y s i o l o g i c a l ly b a 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 o f ( e ) -

c l o m i p h e n e a n d i t s m a i n m e ta b o l i t e s

The objectives of project III were (i) to develop a whole-body parent–metabolite
PBPK model for (E)-clomiphene and its three main metabolites

15
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(E)-4-hydroxyclomiphene ((E)-4-OH-Clom), (E)-N-desethylclomiphene ((E)-DE-Clom)
and (E)-4-hydroxy-N-desethylclomiphene ((E)-4-OH-DE-Clom), (ii) integrating
an in vitro–in vivo extrapolation approach to predict DGIs, (iii) to investigate
different DDI and DDGI scenarios with strong CYP3A4 and CYP2D6 inhibitors,
(iv) to gain insights into the contribution of different metabolic pathways to
(E)-clomiphene elimination and (v) to provide a basis for future investiga-
tions of DDI and DDGI scenarios involving additional moderate and weak CYP

inhibitors and CYP3A4 inducers as well as for MIPD of (E)-clomiphene.

P ro j e c t I V – E x t e r na l p e r f o r m a n c e e va l uat i o n o f i n f l i x i m a b p o p u l at i o n

p h a r m ac o k i n e t i c m o d e l s

The objectives of project IV were (i) to obtain an overview of published in-
fliximab popPK models in patients with inflammatory bowel disease (IBD), (ii)
to perform a predictive external model performance evaluation of available
models with a focus on differences between anti-drug antibody (ADA)-negative
and ADA-positive subpopulations in a Bayesian forecasting setting and (iii)
to provide guidance for a selection of a suitable popPK model for an MIPD

framework to adapt individual infliximab dosing regimens, which could be
applied in the observational clinical trial “GUIDE-IBD” to support clinicians
in the selection of patient-specific, individual dosing regimens.



3
M E T H O D S

3.1 investigated compounds

Pharmacometric models were established for the following four drug candidates,
covering different therapeutic areas.

3.1.1 Imatinib and dasatinib

Imatinib (Gleevec®), the first generation TKI, has been approved by the FDA for
the treatment of Philadelphia chromosome positive (Ph+) CML in pediatric and
adult patients as well as Ph+ acute lymphoblastic leukemia (ALL), gastrointestinal
stromal tumors (GIST) and multiple other oncologic diseases in adult patients [88,
89]. CML is commonly characterized by a reciprocal translocation between the
Abelson (ABL) 1 gene on chromosome nine and the breakpoint cluster region (BCR)
on chromosome 22 [90, 91]. The resulting so-called Philadelphia chromosome (Ph)
encodes for the BCR-ABL1 oncoprotein with permanent tyrosine kinase activity,
causing uncontrolled proliferation, differentiation arrest and resistance to cell
death of myeloid cells [91]. Imatinib represents a selective inhibitor of the BCR-
ABL1 oncoprotein, becoming the first-line standard therapy of newly diagnosed
patients with CML [92]. As stated in the package insert, the recommended dosing
regimen of imatinib is 400 mg once daily (q.d.) for adult patients in the chronic
phase of CML, while a higher dose of 600 mg q.d. is proposed in the accelerated
phase and blast crisis [89]. Since imatinib is a substrate of CYP2C8, CYP3A4 and
different transporters, it is highly susceptible to DDIs [93–98]. Yet, specific dosing
recommendations for DDI scenarios, are not provided in the current package
insert [89].
Imatinib resistance caused mostly by point mutations in the BCR-ABL1 kinase
domain as well as therapy relapses pose a rising issue in clinical practice and
have led to the development of novel second and third generation TKIs [99–101].
Dasatinib (Sprycel®), a second generation and multi-targeted TKI, is approved
for the treatment of Ph+ CML in the chronic, accelerated, or myeloid or lymphoid
blast phase with resistance or intolerance to prior therapy (e.g., imatinib) [102].
Additionally, dasatinib is indicated for the treatment of Ph+ ALL [102]. In contrast
to imatinib, dasatinib binds to both the active and the inactive conformation
of BCR-ABL1, shows approximately 325-fold higher potency against wild-type
BCR-ABL1 and retains activity against various imatinib-resistant BCR-ABL1 kinase
domain mutations in vitro [103, 104]. For adult patients, 100 mg dasatinib is
administered orally q.d. in the chronic phase of CML, while 140 mg q.d. is rec-
ommended for the accelerated, myeloid or lymphoid blast phase CML and for
the Ph+ ALL [105]. However, as a sensitive CYP3A4 substrate and weak base with
strong pH-sensitive solubility, dasatinib is also prone to enzyme-mediated DDIs

involving CYP3A4 perpetrators and to pH-dependent DDIs with ARAs [106–109].

17
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In contrast to imatinib, the package insert recommends to consider dasatinib dose
adaptations in case of co-administration with strong CYP3A4 inhibitors, whereas
dosing recommendations for concomitant administration of moderate CYP3A4

inhibitors are not provided [89, 102].

3.1.2 (E)-clomiphene

Clomiphene (Clomid®), a SERM, has been approved in 1967 by the FDA for the
treatment of infertility in women with ovulation disorders that can be caused
by polycystic ovary syndrome (PCOS) [110, 111]. Clomiphene is given orally as a
racemic mixture of (E)- and (Z)-clomiphene following a recommended dosing
regimen of 50 mg q.d. over five days [110]. If ovulation has not been induced
after the first cycle, an increased dose of 100 mg q.d. for five days should be
administered [110]. The therapeutic effect can be mainly attributed to the two ac-
tive metabolites (E)-4-OH-Clom and (E)-4-OH-DE-Clom of (E)-clomiphene [112]. Both
inhibit estrogen receptors at the hypothalamic arcuate nucleus, triggering the
release of gonadotropin-releasing hormones and, subsequently, elevating follicle-
stimulating and luteinizing hormone levels, which in turn induces ovulation [112,
113]. However, studies have shown that a large proportion of women do not re-
spond to clomiphene therapy due to different factors such as hyperandrogenemia,
obesity or CYP2D6 genotype [112–115]. (E)-clomiphene is primarily metabolized
via CYP3A4 and the highly polymorphic CYP2D6 enzyme [112, 113, 115]. These
two enzymes are also mainly responsible for the formation and elimination of the
three main metabolites, making (E)-clomiphene prone to DDIs, DGIs and DDGIs

[112, 113, 115]. In a clinical study, all CYP2D6 IM showed clinical response to
clomiphene therapy, while 30% of NM failed to respond [116]. Recommendations
to avoid concomitant intake of clomiphene with CYP2D6 and CYP3A4 inhibitors or
CYP3A4 inducers are not provided in the current package insert [117]. Similarly,
dose adaptations for different CYP2D6 phenotypes are not listed in the current
package insert or the CPIC guidelines.

3.1.3 Infliximab

Infliximab (Remicade®), a tumor necrosis factor alpha (TNF-α) antagonist, has
been approved in 1999 by the EMA and is indicated and widely used for the
treatment of immune-mediated diseases such as IBD (i.e., Crohn’s disease (CD)
and ulcerative colitis (UC)) in adult and pediatric patients as well as rheumatoid
arthritis, ankylosing spondylitis, psoriatic arthritis and psoriasis in adult patients
[118]. Infliximab is a recombinant chimeric human-murine monoclonal antibody
and inhibits both soluble and membrane-bound TNF-α – a pro-inflammatory cy-
tokine which plays a major role in the pathophysiology of the above-mentioned
inflammatory indications [119, 120].
For the treatment of IBD, Remicade® can be administered intravenously with
weight-based dosing of 5 mg/kg at weeks 0, 2 and 6 (induction phase) followed
by maintenance therapy at 8-weekly intervals if patients have shown response
[121, 122]. However, about one third of patients treated with infliximab do not
show clinical response to induction therapy (called “primary non-response”) and
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up to 50% of patients experience “secondary non-response” during maintenance
therapy [4, 5, 122]. A correlation between negative clinical outcome and subthera-
peutic infliximab Cmin has been demonstrated in various studies [123–126]. As a
result, and due its high inter- and intra-individual variability in drug exposure
[122, 127–147], infliximab therapy is an ideal candidate for the application of MIPD

to improve treatment efficiency. Several retrospective evaluations investigating
the correlation between Cmin and clinical outcome have established different target
Cmin [63, 122, 124, 148–153]. However, while the drug label suggests that a dose of
10 mg/kg every 8 weeks could be considered in case of secondary non-response,
neither a particular target threshold nor specific dose adaptations have been
included in the drug label yet [121].
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3.2 pbpk modeling

PBPK models in project I (for dasatinib), project II (for imatinib and its main
metabolite) and in project III (for (E)-clomiphene and its three main metabo-
lites) were developed and applied following the high-level workflow depicted in
Figure 3.1.
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Figure 3.1: PBPK modeling workflow. PBPK models are commonly informed with system-,
drug- and study-dependent parameters impacting model components. An
exemplary PBPK model structure is depicted here. Each organ/tissue is repre-
sented by a compartment and subdivided into four sub-compartments [74].
PBPK models have been built and evaluated leveraging a stepwise predict-
learn-confirm cycle. Subsequently, the models have been applied either for
the prediction of different drug interactions and/or for dose optimization
purposes. Drawings were adapted from Servier Medical Art [2], licensed
under a Creative Commons Attribution 4.0 (CC BY 4.0) Unported License
(https://creativecommons.org/licenses/by/4.0/). ADME, absorption, distribu-
tion, metabolism and excretion; DDGIs, drug–drug–(gene) interactions; DDIs,
drug–drug interactions; DGIs, drug–gene interactions; GET, gastric emptying
time.

https://creativecommons.org/licenses/by/4.0/
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3.2.1 PBPK model building

3.2.1.1 Data acquisition

PBPK modeling was initiated with a literature search for system-dependent
(anatomical and physiological information) and drug-dependent parameters
(physiochemical and ADME information) of the respective compound of interest.
In addition, data from clinical PK studies including plasma concentration–time
profiles and, if applicable, renal excretion profiles, information on dosing reg-
imens and drug formulations as well as study population characteristics were
collected.

3.2.1.2 Creation of virtual typical individuals

“Virtual typical individuals” representing the mean individual of each clinical
study were created in the applied software PK-Sim® based on reported mean
or mode of age, sex, body weight, height, body mass index and ethnicity in
the respective study. In case of missing study population characteristics for
healthy volunteers, a 30-year-old male individual of respective ethnicity with
values for body weight and height based on the corresponding database (e.g.,
the International Commission on Radiological Protection (ICRP) database for
Europeans [154] or the third National Health and Nutrition Examination Survey
(NHANES) database for Americans [155]) was used. For dasatinib and imatinib
PBPK model development, plasma profiles of healthy subjects and cancer patients
were included. In case of patients with missing demographics, the average age
and mode of sex for the respective disease was selected and, subsequently, a
standard individual with values for body weight and height according to the
databases used.

3.2.1.3 Enzymes and metabolic processes

Protein expressions across different organs were implemented according to the
PK-Sim® expression database [156]. A detailed overview of expression and local-
ization of relevant enzymes and transporters implemented in the PBPK models
for dasatinib, (E)-clomiphene and imatinib is shown in the supplementary docu-
ments of the respective publication. Metabolism and transport via CYP enzymes
and transporters, respectively, were implemented using Michaelis-Menten kinet-
ics (Equation 3.1), while metabolism via other enzymes was described with an
unspecific hepatic first-order clearance process (Equation 3.2) [74].

v =
vmax · [S]

Km + [S]
=

kcat · [E] · [S]

Km + [S]
(3.1)

with v = reaction velocity, vmax = maximum reaction velocity, [S] = free substrate
concentration, Km = substrate concentration at half maximum velocity (Michaelis-
Menten constant), kcat = catalytic rate constant and [E] = amount of enzyme or
transporter.
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v = CLspec · [E] · [S] (3.2)

with v = reaction velocity, CLspec = specific enzymatic clearance, [E] = enzyme
concentration and [S] = free substrate concentration.

3.2.1.4 Assignment of clinical data to test and training datasets

The available clinical PK profiles were divided into a training and a test dataset
for model building and evaluation, respectively. PK profiles were allocated to
the training and test datasets in a deliberate, non-randomized manner. This
approach ensured that the training dataset included a broad range of doses,
various dosing regimens (such as single and multiple dosing) and profiles with
intensive PK sampling, as outlined in the respective publication. This strategy
aimed for enriching the training dataset with diverse and informative data for
robust model building, while also maximizing the number of PK profiles available
in the test dataset for thorough model evaluation.

3.2.1.5 Model parametrization

To estimate model parameters that could not be reliably informed via literature
and/or were pivotal for critical quantitative structure-activity relationship es-
timations, a middle-out approach was leveraged, combining prior information
on system- and drug-dependent information (bottom-up) with observed clini-
cal data (top-down). Here, model predictions were fitted to the corresponding
observed plasma concentrations of the training dataset using either the Levenberg-
Marquardt or the Monte-Carlo optimization algorithm implemented in PK-Sim®.
Here, the statistical optimization routines such as the Levenberg-Marquardt or the
Monte-Carlo algorithm vary selected input parameters within a defined range,
aiming to minimize the residuals between predicted and clinically observed
concentrations [74].

3.2.2 PBPK model evaluation

PBPK model performance was evaluated applying different graphical and statisti-
cal methods.

3.2.2.1 Graphical evaluation

Graphical evaluation was conducted by comparing predicted plasma concentration–
time and, if available, renal excretion profiles to the corresponding observed clini-
cal data. This was complemented using goodness-of-fit plots assessing predicted
versus observed AUC from the time of the first concentration measurement to
the time of the last concentration measurement (AUClast), Cmax values as well as
plasma concentrations, respectively.
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3.2.2.2 Quantitative measures for model evaluation

In addition, quantitative measures for model evaluation were calculated. These
included the mean relative deviation (MRD) of predicted plasma concentrations
(Equation 3.3) and the geometric mean fold error (GMFE) of predicted Cmax and
AUClast values, respectively (Equation 3.4).

MRD = 10
√

1
m ∑m

i=1(log10 ĉi−log10 ci)
2

(3.3)

with ĉi = i-th predicted plasma concentration, ci = corresponding observed
plasma concentration and m = total number of observed values.

GMFE = 10
1
n ∑n

i=1

∣∣∣log10

(
ĉi
ci

)∣∣∣ (3.4)

with ĉi = i-th predicted AUClast and Cmax value, respectively, ci = corresponding
observed value and n = total number of observed plasma profiles.

3.2.2.3 Creation of virtual populations

For the assessment of the models’ capability to describe and predict the variabil-
ity and central tendency in the observed clinical data, simulations with virtual
populations matching the respective clinical study population demographics were
performed (i.e., population simulations). The virtual populations were created
using the implemented algorithm in PK-Sim® according to the respective de-
mographic characteristics based on the NHANES database for white Americans
[155], the ICRP database for Europeans [154] and according to [157] for Japanese
populations. The algorithms for generating the virtual populations have been re-
ported by Willmann et al. [158]. System-dependent parameters including enzyme
and transporter reference concentrations that have been used in the projects are
shown in the corresponding supplementary materials.

3.2.2.4 Sensitivity analysis

Sensitivity analyses allow the assessment of the impact of single parameter
changes on model outputs [159]. In project I-III, the predicted AUC extrapolated
to infinity (AUCinf) was used as model output of interest in the sensitivity analyses.
Parameters were included in the sensitivity analyses if they (i) had been optimized
during parameter optimization or (ii) if they were assumed to considerably affect
drug exposure (e.g., as a result of their use in the calculation of drug permeabilities
or partition coefficients). Sensitivity analyses were performed under steady-state
conditions after oral administration of the recommended dose as stated in the
respective package insert. The relative impact of each selected parameter on
AUCinf was calculated according to Equation 3.5 [74].

S =
∆AUCin f

∆p
· p

AUCin f
(3.5)
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with S = sensitivity of the AUCinf to the investigated model parameter, ∆AUCinf
= change of the AUCinf, ∆p = variation of the model parameter value, p = original
model parameter value and AUCinf = simulated AUCinf with the original model
parameter value.

3.2.3 Drug–gene interaction (DGI) modeling

In project III, the impact of CYP2D6 genetic polymorphisms on the PK of (E)-
clomiphene and its metabolites was investigated. Here, DGIs were modeled by
applying distinct catalytic rate constant (kcat) values for the different CYP2D6 AS

groups. This was realized by extrapolating the metabolic process-specific kcat

values from the AS=2 NM population to other AS groups (AS=0.5, AS=0.75, AS=1

and AS=3), leveraging data on in vitro CYP2D6 AS-dependent formation rates
according to Equation 3.6 [160]. CYP2D6 kcat values for the PM population were
assumed to be zero.

kcat, AS=i = kcat, AS=2 · IVSFi (3.6)

with kcat, AS=i = catalytic rate constant for the ith CYP2D6 AS, kcat, AS=2 = catalytic
rate constant for the AS=2 NM population, IVSFi = in vitro scaling factor for the
ith AS group calculated based on the in vitro metabolite formation rate relative to
the corresponding formation rate in NM.

3.2.4 Drug–drug–(gene) interaction (DD(G)I) modeling

The investigated DDI and DDGI scenarios can be categorized into the following
two groups: (i) enzyme- and transporter-mediated DDIs and DDGIs as well as (ii)
pH-dependent DDIs.

3.2.4.1 Enzyme-and transporter-mediated DD(G)Is

Enzyme- and transporter-mediated DDIs and DDGIs were modeled coupling the
developed PBPK models of dasatinib, imatinib and (E)-clomiphene with previ-
ously established PBPK models of enzyme and/or transporter substrates and/or
perpetrator drugs. For dasatinib in project I, the model was linked with vari-
ous CYP3A4 inhibitors (clarithromycin, erythromycin, fluconazole, fluvoxamine,
grapefruit juice, itraconazole, ketoconazole and voriconazole) and the CYP3A4

inducer carbamazepine as well as efavirenz and rifampicin (inducer and inhibitor
of CYP3A4) investigating dasatinib’s PK as a DDI victim drug. In project II, DDIs

between imatinib/N-desmethyl imatinib and the perpetrator drugs ketoconazole,
rifampicin and gemfibrozil were investigated. In addition, the DDI perpetrator
potential of dasatinib (CYP3A4, CYP2C8 and OATP1B1/OATP1B3 inhibition) and
imatinib (CYP3A4 and CYP2D6 inhibition) was assessed, studying the following
DDI scenarios in project I and project II, respectively: simvastatin-dasatinib-DDI,
simvastatin-imatinib-DDI and metoprolol-imatinib-DDI. The parent–metabolite
PBPK model of (E)-clomiphene was coupled with the strong CYP3A4 inhibitor
clarithromycin and the strong CYP2D6 inhibitor paroxetine for DDI assessments.
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Simultaneously, the effect of CYP2D6 genetic variations on the clarithromycin
and paroxetine DDIs (i.e., DDGI scenarios) was assessed. The investigated DDI and
DDGI scenarios included both competitive and mechanism-based inhibition as
well as induction processes. These were implemented according to Equation 8a,
Equation 8b, Equation 9a, Equation 9b, Equation 10a and Equation 10b, respec-
tively [74]. The interaction parameters were sourced from the literature and the
published PBPK perpetrator models.

Competitive inhibition

Km, app = Km ·
(

1 +
[I]
Ki

)
(8a)

v =
vmax · [S]

Km, app + [S]
=

kcat · [E] · [S]

Km, app + [S]
(8b)

with Km,app = Michaelis-Menten constant in the presence of inhibitor, Km =
Michaelis-Menten constant in the absence of inhibitor, [I] = free inhibitor concen-
tration, Ki = dissociation constant of the inhibitor-protein complex, v = reaction
velocity, vmax = maximum reaction velocity, [S] = free substrate concentration, kcat

= catalytic rate constant and [E] = amount of enzyme or transporter.

Mechanism-based inhibition

kdeg, app = kdeg +
kinact · [I]
KI + [I]

(9a)

d[E]

dt
= Rsyn − kdeg, app · [E] (9b)

with kdeg,app = enzyme degradation rate constant in the presence of mechanism-
based inactivator, kdeg = enzyme degradation rate constant, kinact = maximum
inactivation rate constant, [I] = free mechanism-based inactivator concentration, KI

= inactivator concentration for half-maximal inactivation, d[E]
dt = enzyme turnover,

Rsyn = enzyme synthesis rate and [E] = enzyme concentration.

Induction

Rsyn, app = Rsyn ·
(

1 +
Emax · [Ind]

EC50 + [Ind]

)
(10a)

d[E]

dt
= Rsyn, app − kdeg · [E] (10b)

with Rsyn,app = enzyme synthesis rate in the presence of inducer, Rsyn = en-
zyme synthesis rate, Emax = maximum induction effect, [Ind] = free inducer
concentration, EC50 = inducer concentration for half-maximal induction, d[E]

dt =
enzyme turnover, kdeg = enzyme degradation rate constant and [E] = enzyme
concentration.
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3.2.4.2 pH-dependent DDIs

pH-dependent DDIs were investigated in project I: Gastric solubility of the weak
base dasatinib may be reduced through pH elevation following intake of ARAs.
The pH-dependent DDIs were modeled by increasing the gastric pH according to
published values and adjusting the gastric emptying time if applicable.

3.2.5 Model performance evaluation of DGI and DD(G)I scenarios

DGI, DDI and DDGI model performance was evaluated comparing predicted
plasma concentration–time profiles and, if available, renal excretion profiles
to the corresponding observed clinical data. In addition, AUClast and Cmax effect
ratios were calculated according to Equation 3.7 and goodness-of-fit plots created,
showing predicted versus observed AUClast and Cmax effect ratios, respectively. For
graphical assessment of DGIs, DDIs and DDGIs goodness-of-fit plots, the limits by
Guest et al. with 1.25-fold variability were used [161].

PK effect ratio =
PKeffect

PKcontrol
(3.7)

with PKeffect = AUClast or Cmax value in the DGI, DDI or DDGI setting and PKcontrol
= AUClast or Cmax value of the corresponding control setting.

3.2.6 Software

PBPK modeling and simulation was performed within PK-Sim® and MoBi® (part
of the Open Systems Pharmacology (OSP) Suite,
http://www.open-systems-pharmacology.org). GetData Graph Digitizer version
2.26.0.20 (S. Fedorov) was used to digitize published data according to guidelines
introduced by Wojtyniak and coworkers [162]. Calculation of PK parameters,
evaluation of model performance and generation of model output graphics was
accomplished with the R programming language (R Foundation for Statistical
Computing, Vienna, Austria) [163].

3.3 external performance evaluation of infliximab poppk models

For certain drugs, multiple non-linear mixed effects popPK models derived from
different datasets are developed and published by various research groups, as is
the case for the monoclonal antibody infliximab (project IV) [122, 127–147]. How-
ever, before applying one of these models in clinical practice for individualization
of drug dosing (i.e., for MIPD), thorough model evaluation is crucial, assessing
model accuracy, robustness and predictive performance [164, 165]. While an inter-
nal model evaluation assesses a model’s ability to describe/predict the data that
was used to develop the model, an external model evaluation assesses the model
performance with an independent, new dataset, which was not used for model
development [165, 166]. Hence, for an external model performance evaluation,
the following three major components are required: a pharmacometric model, a
modeling software and an external dataset.

http://www.open-systems-pharmacology.org
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3.3.1 Literature search

The external model performance evaluation in project IV was initiated with a
literature search on published infliximab popPK models, gathering information
about the respective structural models, the statistical models, the covariate models
as well as study- and population-related information. Subsequently, popPK models
matching the setting and patient population of interest (i.e., similar age groups,
disease type, dose levels, co-morbidities, analytical assay(s), etc. [167]) were
implemented in the non-linear mixed effects modeling software NONMEM®,
setting fixed and random effect parameters to published values.

3.3.2 External dataset

Another important component in an external model performance evaluation is
the external dataset that has neither been used for model building nor for internal
model evaluation [165]. A dataset represents a time-ordered set-up of records
showing the time course of a PK and/or PD event related to drug administration
from one or several clinical trials [168]. For an external performance evaluation,
relevant covariates from the investigated popPK models should be available in the
dataset [165]. (Graphical) assessment of the data is an auxiliary step to identify,
e.g., implausible/erroneous datapoints (such as a significant increase in serum
concentrations without drug administration) or to investigate the number of
concentrations below the limit of quantification (BLQ).

3.3.3 Handling below limit of quantification (BLQ) data

The lower limit of quantification (LLOQ) can be defined as the lowest concentration
on the calibration curve associated with a coefficient of variation of <20% [169].
Stuart Beal has provided an overview of seven approaches how to handle BLQ data
in PK modeling analyses (M1-M7 method) [170]. Since only three concentrations
in the dataset available for external model evaluation were below LLOQ (<1% of
samples), the M1 method was used, excluding the BLQ concentrations from the
analysis.

3.3.4 Maximum a posteriori (MAP) Bayesian estimation process

A MAP Bayesian estimation approach using the first-order conditional estimation
with interaction (FOCE-I) algorithm was leveraged to evaluate the predictive per-
formance of the infliximab popPK models from the literature in the external model
performance evaluation. To quantify and explain variability in drug concentra-
tions across individuals, popPK models are generally developed [171]. The MAP

Bayesian estimation approach grounds on this prior (i.e., a priori) distribution of
inter-individual and residual variability and aims to identify point estimates of
the most likely individual PK parameters (EBE) for an individual given a set of
patient-specific data (i.e., covariates, drug concentration measurements, dosing
history) [171]. With that, future drug concentration–time profiles can be predicted
for this individual based on the a posteriori EBEs and various potential dosing
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regimens investigated that could attain a desired target threshold (Bayesian
forecasting) [171].

3.3.5 Graphical and quantitative evaluation

Graphical evaluation of predictive model performances was conducted comparing
individual predicted serum concentrations to the corresponding observed clinical
data from the external dataset in goodness-of-fit plots. In addition, prediction-
and variability-corrected visual predictive checks were performed for each popPK

model based on multiple replicates (n=1000) of the original dataset. Here, ob-
served concentrations were grouped into bins. For each bin and dataset, the
median, 5th and 95th percentiles of simulated concentrations, their 95% confi-
dence intervals as well as the median, 5th and 95th percentiles of the prediction-
and variability-corrected observed concentrations were plotted against time after
dose.
For quantitative predictive model performance evaluation, the median symmet-
ric accuracy (ζ) (Equation 12a) and the symmetric signed percentage bias (SSPB)
(Equation 12b) were calculated to assess model prediction accuracy and prediction
bias, respectively [172].

ζ = 100
[

e
(

median
(∣∣∣ln

(
yi
xi

)∣∣∣
))

− 1
]

(12a)

SSPB = 100 ·
[

sign
(

median
(

ln
(

yi

xi

)))]
·
[

e
(∣∣∣median

(
ln
(

yi
xi

))∣∣∣
)
− 1

]
(12b)

with xi = ith observed serum concentration and yi = corresponding predicted
serum concentration.
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Abstract
Dasatinib, a second-generation tyrosine kinase inhibitor, is approved for treating 
chronic myeloid and acute lymphoblastic leukemia. As a sensitive cytochrome 
P450 (CYP) 3A4 substrate and weak base with strong pH-sensitive solubility, 
dasatinib is susceptible to enzyme-mediated drug–drug interactions (DDIs) 
with CYP3A4 perpetrators and pH-dependent DDIs with acid-reducing agents. 
This work aimed to develop a whole-body physiologically-based pharmacoki-
netic (PBPK) model of dasatinib to describe and predict enzyme-mediated and 
pH-dependent DDIs, to evaluate the impact of strong and moderate CYP3A4 
inhibitors and inducers on dasatinib exposure and to support optimized dasat-
inib dosing. Overall, 63 plasma profiles from perorally administered dasatinib in 
healthy volunteers and cancer patients were used for model development. The 
model accurately described and predicted plasma profiles with geometric mean 
fold errors (GMFEs) for area under the concentration–time curve from the first to 
the last timepoint of measurement (AUClast) and maximum plasma concentration 
(Cmax) of 1.27 and 1.29, respectively. Regarding the DDI studies used for model 
development, all (8/8) predicted AUClast and Cmax ratios were within twofold of 
observed ratios. Application of the PBPK model for dose adaptations within vari-
ous DDIs revealed dasatinib dose reductions of 50%–80% for strong and 0%–70% 
for moderate CYP3A4 inhibitors and a 2.3–3.1-fold increase of the daily dasatinib 
dose for CYP3A4 inducers to match the exposure of dasatinib administered alone. 
The developed model can be further employed to personalize dasatinib therapy, 
thereby help coping with clinical challenges resulting from DDIs and patient-
related factors, such as elevated gastric pH.
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INTRODUCTION

The introduction of tyrosine kinase inhibitors (TKIs) 
transformed the treatment and prognosis of chronic 
myeloid leukemia (CML), a myeloproliferative disor-
der accounting for approximately 15% of all newly diag-
nosed leukemias in adults.1 Dasatinib (Sprycel®), an oral 
second-generation and multi-targeted TKI, is utilized in 
the treatment of Philadelphia chromosome positive (Ph+) 
CML in all phases and is also approved for Ph+ acute 
lymphoblastic leukemia (ALL).2 Here, a comprehensive 
understanding of its pharmacokinetics (PK), encompass-
ing absorption, distribution, metabolism and excretion 
(ADME) is vital for maximizing therapeutic efficacy and 
managing side effects.

Dasatinib, a weak base and a Biopharmaceutical 
Classification System (BCS) class II compound, demon-
strates low solubility and high permeability, making it 
prone to drug–drug interactions (DDIs) with acid-reducing 
agents (ARAs) because of its pH-dependent solubility.3 
Given its strong pH-dependent solubility with improved 
solubility in acidic conditions, co-administration with 
proton pump inhibitors (PPIs), H2-antagonists, and ant-
acids can modify its absorption and consequently, thera-
peutic efficacy.4,5

Dasatinib is primarily metabolized by cytochrome 
P450 (CYP) 3A4 via hydroxylation and N-dealkylation to 
three major metabolites.6,7 Hence, systemic exposure of 
dasatinib can be significantly impacted by DDIs with both 
CYP3A4 inhibitors and inducers. The United States Food 
and Drug Administration has listed dasatinib as a sensi-
tive CYP3A4 substrate for use in clinical DDI studies.8 
For instance, the strong CYP3A4 inhibitor ketoconazole 
increased dasatinib's area under the concentration–time 
curve (AUC) over one dosing interval nearly five-fold.9 
Conversely, pretreatment with rifampicin, a strong 
CYP3A4 inducer, can decrease the AUC by approximately 
80%.3 Moreover, dasatinib can affect the PK of other drugs, 
acting as a weak mechanism-based inhibitor of CYP3A4 
and a competitive inhibitor of CYP2C8 and several trans-
porters, such as organic anion transporting polypeptide 
(OATP) 1B1 and OATP1B3.10–12

Given dasatinib's susceptibility to both enzyme-
mediated and pH-dependent DDIs, managing its ther-
apeutic application presents clinical challenges. Here, 
physiologically-based pharmacokinetic (PBPK) mod-
eling emerges as a valuable tool for exploring DDI sce-
narios and supporting precision dosing of dasatinib.13 
Specifically, the PBPK approach can provide insights 
into how various drugs might influence dasatinib PK 

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
As a sensitive cytochrome P450 (CYP) 3A4 substrate and weak base with strong 
pH-sensitive solubility, dasatinib is susceptible to enzyme-mediated and pH-
dependent drug–drug interactions (DDIs) with CYP3A4 perpetrator drugs and 
acid-reducing agents, respectively.

WHAT QUESTION DID THIS STUDY ADDRESS?
This work aimed to develop a whole-body physiologically-based pharmacokinetic 
(PBPK) model of dasatinib to describe and predict enzyme-mediated and pH-
dependent DDIs as well as to investigate a selection of clinically relevant DDIs, 
supporting optimized dasatinib precision dosing.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A PBPK model for the CYP3A4 substrate dasatinib was developed and coupled 
with various strong and moderate CYP3A4 perpetrator models to provide model-
based dasatinib dosing recommendations within single as well as complex mul-
tiple DDIs.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The presented dasatinib model may serve as a tool to further personalize dasat-
inib therapy, providing strategies to navigate clinical challenges that result from 
single and multiple DDIs and/or patient-related factors or to perform DDI simu-
lations with drugs under development involving dasatinib as sensitive CYP3A4 
substrate.
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by modeling their complex biological ADME and in-
teraction processes. Furthermore, these models can be 
utilized to simulate and predict the PK, guiding optimi-
zation of treatment regimens under complex conditions, 
such as multiple DDIs, thereby facilitating personalized 
and safer treatment strategies.14

Considering dasatinib's complex PK profile and its 
susceptibility to DDIs, this study aimed to develop a 
whole-body PBPK model with the objective to describe 
and predict the impact of various clinically studied DDIs 
including enzyme-mediated and pH-dependent DDIs on 
the exposure of dasatinib. As the package insert does not 
provide explicit dose adaptations for dasatinib when a 
specific perpetrator drug is co-administered,15 our PBPK 
model was applied to simulate a selection of clinically 
relevant DDI scenarios involving various CYP3A4 per-
petrator drugs, not previously explored in clinical DDI 
trials. Among others, simulations with the potent anti-
fungal agents fluconazole, itraconazole, ketoconazole, 
and voriconazole as well as macrolide antibiotics such 
as clarithromycin were performed as patients with blood 
malignancies are more susceptible to opportunistic in-
fections.16,17 Notably, since around a third of CML pa-
tients suffer on anxiety and depression particularly 
during TKI therapy,18 co-administration of selective 
serotonin reuptake inhibitors as effective antidepres-
sants (e.g., fluvoxamine) frequently occurs. As a result, 
model-based dose adaptations for dasatinib, under co-
treatment with these CYP3A4 inhibitors and addition-
ally, with different CYP3A4 inducers, were performed 
to enhance support for precision dosing in patients. 
The model files will be made publicly available in the 
Clinical Pharmacy Saarland University GitHub reposi-
tory (http://​models.​clini​calph​armacy.​me/​).

METHODS

Software

The dasatinib PBPK model was developed using PK-
Sim® and MoBi® (Open Systems Pharmacology Suite 
version 11.0, http://​www.​open-​syste​ms-​pharm​acolo​gy.​
org).19 Digitization of published concentration–time 
profiles was performed with GetData Graph Digitizer 
version 2.26.0.20 (© S. Fedorov) according to Wojtyniak 
and coworkers.20 Model parameter estimation via the 
Levenberg–Marquardt algorithm and local sensitivity 
analysis were conducted within PK-Sim®. Calculation 
of PK parameters, model performance metrics as well 
as generation of graphics and dose adaptations were 
employed using R 4.2.1 (R Foundation for Statistical 
Computing, Vienna, Austria).21

PBPK model building

PBPK model development was initiated with a compre-
hensive literature search to gather information about the 
physicochemical properties and ADME processes of da-
satinib. Plasma concentration–time profiles following oral 
administration of dasatinib (as tablet, solution, or suspen-
sion) at fasted and fed state were extracted from 19 clini-
cal trials including single- and multiple-dose studies with 
healthy volunteers and cancer patients. An overview of all 
clinical studies, including administration protocols and 
demographics of participants, is presented in Tables  S1, 
S7 and S9.

For the development of the dasatinib PBPK model, 
a middle-out approach was employed. The concen-
tration–time profiles were digitized and divided into a 
training and test dataset for model building (5 profiles) 
and evaluation (58 profiles), respectively. The middle-
out strategy merges prior information on drug- and 
system-specific parameters with a parameter estimation 
step based on clinical trial data.22 Initial model input 
parameters were informed through a combination of 
in  vitro, in silico, and clinical data. If model parame-
ter values could not be reliably sourced via literature or 
were pivotal for critical quantitative structure–activity 
relationship estimations, parameter estimation was per-
formed by fitting model simulations to the plasma pro-
files of the training dataset.

Dissolution kinetics of dasatinib tablets, suspensions 
and solutions were described using a mechanistic Noyes–
Whitney type model, selected for its applicability to parti-
cle dissolution processes. Model parameterization utilized 
either particle size distributions derived from the literature 
(for suspensions and tablets)23 or immediately dissolved 
particle radii of <0.01 μm (for solutions).24 Dasatinib su-
persaturation in the intestine was considered, as indicated 
by prior research,25 but redissolution processes of precip-
itated drug were discarded because of dasatinib's low in-
testinal solubility.23

Virtual “mean individuals” were created for each study 
as outlined in Section S1.2. In addition, population sim-
ulations were employed to predict the drug's PK across a 
virtual population, accounting for variability in physio-
logical factors (see Section S1.3). Here, we created virtual 
populations of 100 individuals for each study, mirroring 
the demographics of the actual study populations. The eth-
nicity and demographic characteristics for these simula-
tions were selected based on the specific study participant 
profiles, utilizing distributions from relevant databases. 
These included the third National Health and Nutrition 
Examination Survey (NHANES) for White Americans,26 
the International Commission on Radiological Protection 
(ICRP) database for Europeans27 and the integrated 
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database for the Japanese population.28 Population vari-
ability in CYP3A4 expression was considered by varying 
the corresponding reference concentration within the vir-
tual population according to Table S2.

PBPK model evaluation

PBPK model performance was evaluated using graphi-
cal and quantitative approaches. The predicted plasma 
concentration–time profiles were compared with corre-
sponding observed profiles. Goodness of fit plots were 
generated to compare predicted and observed AUC from 
the first to the last timepoint of measurement (AUClast), 
maximum plasma concentration (Cmax) values and 
plasma concentrations, respectively. As quantitative 
measures, the mean relative deviation (MRD) of pre-
dicted plasma concentrations and the geometric mean 
fold error (GMFE) of predicted AUClast and Cmax values 
were calculated as previously described.29 Additionally, 
a local sensitivity analysis was performed as described 
in Section S2.4.1.

PBPK drug–drug interaction modeling

Modeling of clinically studied DDI scenarios was per-
formed with five perpetrator drugs (ketoconazole, ri-
fampicin, rabeprazole, famotidine and Maalox®, an 
over-the-counter antacid containing aluminum hydrox-
ide and magnesium hydroxide as active ingredients) 
and one victim drug (simvastatin).3–5,9 The investigated 
DDI scenarios were categorized into two primary types: 
enzyme-mediated DDIs and pH-dependent DDIs. For 
the enzyme-mediated DDIs, the dasatinib PBPK model 
was coupled with previously published PBPK models of 
ketoconazole,29 rifampicin30 and simvastatin.31 Here, 
inhibition and induction processes were implemented 
as described in the Open Systems Pharmacology Suite 
manual,32 using interaction parameters sourced from 
published PBPK models for each perpetrator drug.29,30 
For the pH-dependent DDIs, the reduced gastric solubil-
ity due to intake of the ARAs rabeprazole,4 famotidine5 
and Maalox®5 was captured by increasing the gastric pH as 
previously performed33 and adjusting the gastric emptying 
time for rabeprazole and Maalox®. Gastric pH values were 
only measured in the DDI study with rabeprazole.4 Here, 
the mean gastric pH was measured to be 4.1 (2.8–5.2) fol-
lowing the administration of 20 mg rabeprazole and 0.7 
(0.5–3.6) after intake of 20 mg rabeprazole plus 1500 mg 
betaine hydrochloride (BHCl), respectively, while the me-
dian gastric pH in the control group was 0.6 (0.5–1.8).4 For 
administration of 40 mg famotidine (10 h prior to a 50 mg 

dasatinib intake), the gastric pH was adjusted to 2.8, as 
reported in the literature.34 In a separate instance involv-
ing the concomitant administration of 30 mL Maalox®, the 
gastric pH was adjusted to 3.0, as documented in a differ-
ent study.35 For the control setting, the PK-Sim® default 
gastric pH of 2.0 in the fasted state was utilized.

PBPK drug–drug interaction 
model evaluation

Performance of the DDI model was evaluated by graphical 
comparison of predicted and observed plasma concentra-
tion–time profiles with and without concomitant use of 
the perpetrator drugs. DDI effects were evaluated by cal-
culating predicted AUClast and Cmax effect ratios accord-
ing to Equations  1 and 2 comparing predicted ratios to 
the respective observed values. Here, the prediction suc-
cess limits proposed by Guest et al. were applied to assess 
predictive accuracy for DDI ratios, representing a stricter 
criterium for DDI predictions than the traditional twofold 
range, especially when the relative AUC and Cmax change 
is small.

For DDI model performance evaluation, AUClast, effect and 
Cmax, effect represent the AUClast and Cmax values of the vic-
tim drug when administered with the perpetrator drug. 
Conversely, AUClast, control and Cmax, control represent the 
AUClast and Cmax values of the victim drug when adminis-
tered alone.

Exposure simulations for model-informed 
precision dosing

The developed PBPK model was applied to simulate da-
satinib exposure in untested DDI scenarios with moder-
ate and strong inhibitors as well as inducers of CYP3A4: 
The model was coupled with previously published PBPK 
perpetrator models of the inhibitors clarithromycin,30 
erythromycin,36 fluconazole,37 fluvoxamine,38 grapefruit 
juice,39 itraconazole,30 and voriconazole40 as well as the 
inducers carbamazepine41 and efavirenz41,42 to evaluate 
their impact on the exposure of dasatinib. Additionally, 
co-administration of dasatinib with two perpetrator 
drugs simultaneously was investigated. Inhibition and 
induction processes were implemented using interaction 

(1)AUClast ratio =
AUClast, effect

AUClast, control

(2)Cmax ratio =
Cmax, effect

Cmax, control
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parameters from the respective published PBPK models. 
The selected dosing regimens for each perpetrator drug 
and further information on the exposure simulations are 
given in Section S5.1. The magnitude of dose adjustments 
in the simulated DDI scenarios matching the exposure of 
dasatinib monotherapy was investigated for the two rec-
ommended daily dasatinib dosing regimens of 100 mg and 
140 mg. Here, the simulated dasatinib doses were adapted 
in increments of 10 mg (in a range of 20–420 mg) until 
the steady-state AUC (AUCss) matched the AUCss (80%–
125%) of the monotherapy setting.

RESULTS

PBPK model building and evaluation

The training dataset for model building included five 
mean plasma concentration–time profiles from three 
single-dose and one multiple-dose study in healthy vol-
unteers as well as a DDI study with ketoconazole in can-
cer patients, covering a dasatinib dose range from 20 to 
140 mg. The test dataset consisted of 58 mean plasma pro-
files from healthy volunteers and cancer patients, who re-
ceived single and multiple doses of dasatinib ranging from 
15 to 200 mg.

Modeled elimination processes included metabolism 
via CYP3A4, implemented as Michaelis–Menten kinet-
ics, an unspecific hepatic clearance to cover CYP3A4-
independent metabolism and renal excretion through 
passive glomerular filtration. The Michaelis–Menten 
constant (Km) for metabolism via CYP3A4, inhibition 
constants for CYP2C8, OATP1B1, and OATP1B3 as well 
as the CYP3A4 mechanism-based inhibition parame-
ters of dasatinib were derived from the literature.7,11,12 
Catalytic rate constant for CYP3A4-mediated metabolism 
(kcat,CYP3A4) and the unspecific hepatic clearance were 
fitted. Here, kcat,CYP3A4 was informed by including the ke-
toconazole DDI study for model training. Based on the 
estimated kcat,CYP3A4 and the corresponding Km obtained 
from in vitro studies, an overall fraction metabolized via 
CYP3A4 resulting from metabolism in all tissues express-
ing this enzyme (see Table S3) was predicted to be ~92% 
of the absorbed drug. An overview of all integrated met-
abolic pathways and investigated DDIs is illustrated in 
Figure  1a–c, respectively. Drug-dependent model input 
parameters of dasatinib are listed in Table S4. The PBPK 
model file of dasatinib can be found in Appendix S2.

Plasma concentration–time profiles of the training 
dataset, a selection of plasma profiles of the test dataset 
and the corresponding goodness of fit plots showing pre-
dicted compared with observed AUClast, Cmax, and plasma 
concentrations are depicted in Figure 2.

Overall, the developed whole-body PBPK model of 
dasatinib successfully described and predicted plasma 
concentration–time profiles of the training and test data-
set including their shapes in both healthy volunteers and 
cancer patients. In addition, the model was able to capture 
minor effects of meal intake on dasatinib PK as demon-
strated in Section S4. For the entire dasatinib dataset, 96% 
of predicted AUClast, 98% of predicted Cmax values, and 90% 
of predicted plasma concentrations were within the two-
fold acceptance criterion of their observed values. GMFEs 
for predicted AUClast and Cmax values were 1.27 (train-
ing dataset: 1.12 and test dataset: 1.28) and 1.29 (training 
dataset: 1.18 and test dataset: 1.30), respectively, while the 
overall MRD value for predicted plasma concentrations 
was 1.54. Detailed values are presented in Tables S5 and 
S6. Considering the training and test dataset separately, 
MRD values were calculated to be 1.35 and 1.56, respec-
tively. Moreover, 49 out of 53 plasma concentration–times 
profiles show MRD values ≤2, supporting the adequate 
model predictions of longitudinal plasma concentration–
time profile trajectories. As shown in Figure S6, residuals 
are randomly dispersed over time with no apparent trend, 
suggesting that the model does not exhibit systematic bias 
across the range of fits and predictions.

Of note, about half of the observed plasma profiles 
of cancer patients showed consistently lower plasma 
concentrations compared with the concentrations in 
healthy volunteers receiving similar dasatinib doses. As 
mentioned before, gastric pH plays a pivotal role in mod-
ulating dasatinib absorption. Moreover, co-morbidities 
and administration of ARAs could negatively affect the 
absorption of dasatinib. To mitigate these factors and re-
fine model predictions, we adjusted the gastric pH for 
a subset of cancer patients showing consistently lower 
dasatinib exposure compared with healthy volunteers to 
the upper end of the physiological range in the fasted 
state (1.5–2.5).43 As a result, the model performance 
could be improved, reducing the MRD for the corre-
sponding plasma profiles from 1.92 to 1.60. Local sensi-
tivity analysis, conducted for a 100 mg once daily dosing 
regimen, identified the two pKa values, gastric pH and 
lipophilicity as the parameters most sensitive to dasat-
inib exposure at steady-state (details are presented in 
Section S2.4.2).

PBPK drug–drug interaction 
modeling and evaluation

Eight dasatinib plasma profiles from five clinical DDI 
studies3–5,9 were employed to prepare and evaluate the 
model predicting DDI scenarios. In enzyme-mediated 
DDI studies, dasatinib (acting as victim drug) was 
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administered with and without the perpetrator drugs 
ketoconazole (CYP3A4 competitive inhibition29) and ri-
fampicin (CYP3A4 induction and CYP3A4 competitive 
inhibition30), respectively. Furthermore, plasma profiles 
of the victim drug simvastatin lactone and its metabolite 
simvastatin acid administered with and without dasatinib 
were included for model evaluation. Here, dasatinib acts 
as a CYP3A4 mechanism-based inhibitor and CYP2C8, 
OATP1B1 and OATP1B3 competitive inhibitor. Simulated 
and observed plasma concentration–time profiles of all 
modeled enzyme-mediated DDIs are depicted in Figure 3. 
The DDI model files are included in Appendix S2.

For the investigation of pH-dependent DDIs, plasma 
profiles of dasatinib with and without administration 
of the ARAs rabeprazole,4 rabeprazole plus BHCl,4 fa-
motidine and Maalox®5 were available for model evalua-
tion. The corresponding plasma profiles of the different 
pH-dependent DDI scenarios are depicted in Figure  4. 
Additional information on the DDI studies is provided in 
Table S7.

Figure  5 depicts the goodness of fit plots, comparing 
predicted to observed AUClast and Cmax ratios for dasati-
nib — modulated by intake of perpetrators ketoconazole, 
rifampicin, the antacid Maalox®, PPI rabeprazole, and 

F I G U R E  1   Schematic overview of implemented metabolic processes in the dasatinib PBPK model (a) as well as investigated 
DDIs including enzyme-mediated (b) and pH-dependent DDIs (c). Drawings by Servier, licensed under CC BY 3.0.55 CLhep., unspecific 
hepatic clearance; CYP, cytochrome P450; DDIs, drug–drug interactions; GET, gastric emptying time; OATP, organic anion transporting 
polypeptide.

(a)

(b) (c)

F I G U R E  2   Selection of predicted and observed dasatinib plasma concentration–time profiles of the training (a–d) and the test dataset 
(e–i) on a linear scale as well as goodness of fit plots of predicted versus observed AUClast (j), Cmax (k) and plasma concentrations (l). 
Blue and light blue solid lines show predicted geometric mean concentration–time profiles in healthy volunteers and cancer patients, 
respectively, with colored ribbons illustrating the corresponding geometric standard deviation of the population simulations (n = 100). Points 
demonstrate the mean observed data of dasatinib with the corresponding standard deviation (if depicted in the respective publication). 
Linear and semilogarithmic predicted and observed plasma concentration–time profiles of all studies are shown in Sections S2.1 and S2.2. 
In the goodness of fit plots, solid lines mark the lines of identity, dotted lines indicate 1.25-fold and dashed lines twofold deviation. /, no 
information available; AUClast, areas under the plasma concentration–time curves from the first to the last timepoint of measurement; bid, 
twice a day; Cmax, maximum plasma concentration; md, multiple dose; n, number of participants; PFOS, powder for oral suspension; po, 
peroral; Q5D, five consecutive days once daily dosing followed by two nontreatment days; qd, once a day; sd, single dose; tab, tablet.
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(a) (c)(b)

(d) (f)(e)

(g) (i)(h)

(j) (l)(k)
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H2-blocker famotidine — as well as simvastatin lactone 
and its metabolite simvastatin acid, impacted by dasati-
nib administration. GMFEs for the predicted AUClast and 

Cmax ratios were 1.19 and 1.08 for pH-dependent DDIs, 
1.37 and 1.57 for enzyme-mediated DDIs with dasatinib 
acting as victim drug as well as 1.21 and 1.07 for DDIs with 

F I G U R E  3   Predicted and observed 
plasma concentration–time profiles for 
enzyme-mediated DDIs with dasatinib 
acting as victim (a, b) and perpetrator 
drug (c, d). The solid lines show predicted 
geometric mean concentration–time 
profiles with (colored) and without (gray) 
intake of the perpetrator drug and ribbons 
show the corresponding geometric 
standard deviation of the population 
simulations (n = 100). Points depict 
mean observed data with corresponding 
standard deviation of dasatinib, while 
squares and triangles depict the observed 
data with corresponding standard 
deviation of simvastatin lactone and 
simvastatin acid, respectively. Predicted 
and observed plasma concentration–time 
profiles of all studies on a semilogarithmic 
scale are shown in Section S3.2.1. DDIs, 
drug–drug interactions; n, number of 
participants.

(a) (b)

(c) (d)

F I G U R E  4   Predicted and observed plasma concentration–time profiles of dasatinib for the pH-dependent DDIs. The solid lines show 
predicted geometric mean concentration–time profiles with (colored) and without (gray) the intake of the perpetrator drug and ribbons 
show the corresponding geometric standard deviation of the population simulations (n = 100). Points depict mean observed data with 
corresponding standard deviation of dasatinib (if depicted in the respective publication). Predicted and observed plasma concentration–time 
profiles of all studies on a semilogarithmic scale are shown in Section S3.2.2. BHCl, betaine hydrochloride; DDIs, drug–drug interactions; n, 
number of participants.

(a) (b) (c)
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dasatinib acting as perpetrator drug. Moreover, all AUClast 
and Cmax ratios lie within the limits proposed by Guest 
et al. (see Figure 5). Additionally, 7 out of 8 AUClast and 
Cmax ratios were within 1.5-fold of observed ratios. Only 
the DDI with rifampicin, a strong CYP3A4 inducer and 
weak CYP3A4 inhibitor, was outside the stricter 1.5-fold 
range with AUClast and Cmax ratios of 0.64 and 1.79, re-
spectively. All predicted and observed values for AUClast 
and Cmax ratios are listed in Table S8.

Exposure simulations for model-informed 
precision dosing

The developed PBPK model was applied to simulate DDI 
scenarios of dasatinib with various strong and moderate 
CYP3A4 inhibitors and inducers. Subsequently, model-
based dasatinib dose adaptations were simulated based on 
the exposure matching principle. A selection of the cor-
responding plasma concentration–time profiles with and 
without adapted dasatinib doses is provided in Figure  6 
and profiles for all investigated DDI settings in Figures S13 
and S14.

Model exposure simulations revealed that co-
administration of the perpetrator drugs may result in mean 
dasatinib AUCss increases of up to 4.6-fold and reductions 
of up to 70% (see Table S12). Based on exposure matching 

simulations, this translated into a dasatinib dose range of 
20–310 (30–360) mg to match the PBPK simulated mono-
therapy AUCss from 100 (140) mg dasatinib (see Figure 7). 
Model simulations revealed dose reductions of 50%–80% 
for strong and 0%–70% for moderate inhibitors. In con-
trast, during co-administration of inducers, a 2.3–3.1-fold 
increase of dasatinib dose was required to match the expo-
sure of dasatinib monotherapy.

Additionally, co-administration with drugs like carba-
mazepine and erythromycin or itraconazole and grape-
fruit juice resulted in dose reductions of up to 20% and 
80%, respectively. Table  S12 provides an overview of all 
DDI scenarios, including AUCss effect ratios and dose ad-
justments to match monotherapy exposure for 100 mg and 
140 mg daily dasatinib.

DISCUSSION

In this study, a whole-body PBPK model of dasatinib 
was successfully developed integrating data from a total 
of 19 clinical trials. The model was able to describe and 
predict dasatinib plasma concentration–time profiles in 
healthy volunteers and cancer patients, covering a da-
satinib dose range of 15–200 mg. Several dasatinib PBPK 
models have been published in the literature, including 
three models that investigated either the DDI potential of 

F I G U R E  5   Predicted versus observed DDI AUClast ratios (a) and DDI Cmax ratios (b) of dasatinib (circles), simvastatin lactone (squares) 
and simvastatin acid (triangles). The straight solid lines mark the lines of identity, the curved lines show the limits of the predictive measure 
proposed by Guest et al. with 1.25-fold variability.56 Dotted lines indicate 1.25-fold and dashed lines twofold deviation. AUClast, area under 
the plasma concentration–time curve from the first to the last timepoint of measurement; BHCl, betaine hydrochloride; Cmax, maximum 
plasma concentration; DDI, drug–drug interaction.

(a) (b)
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F I G U R E  6   Model-based dose 
adaptations for dasatinib within single 
(a–d) and multiple DDI scenarios (e–h) 
including moderate and strong CYP3A4 
inhibitors and inducers. The first and 
second column represent the simulation 
results after administration of 100 mg 
and 140 mg dasatinib daily, respectively. 
Solid lines show the model predictions 
with (colored) and without (gray) intake 
of perpetrator drug. Colored dashed 
lines represent model predictions in 
the presence of perpetrator drug(s), 
using an adapted dasatinib dose. For the 
dosing simulations a virtual European 
male individual, 64 years of age and 
default values for body weight and 
height according to the International 
Commission on Radiological Protection 
(ICRP) database, was used. Bid, twice a 
day; CBZ, carbamazepine; DAS, dasatinib; 
DDI, drug–drug interaction; ERY, 
erythromycin; GFJ, grapefruit juice; ITZ, 
itraconazole; md, multiple dose; qd, once 
a day; tid, three times a day.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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dasatinib mediated by enzymes and/or transporters11,12 
or the effects of varying formulations on dasatinib PK.23 
In contrast to previous work, the presented model was 
used to investigate a comprehensive range of clinically 
relevant enzyme-mediated and pH-dependent DDI sce-
narios in healthy volunteers and cancer patients within 
a single framework. For model development, a larger 
number of clinical studies involving a broader dose range 
(15–200 mg) of dasatinib was used compared with pub-
lished PBPK models. Moreover, the model was utilized 
to simulate various DDI scenarios that have not yet been 
investigated in clinical trials and to provide model-based 
dose adaptations, supporting precision dosing approaches 
for dasatinib. Furthermore, our established PBPK model 
extends the openly accessible PBPK model library with an 
additional sensitive CYP3A4 substrate and can be applied 

by the research community for various applications such 
as additional population-specific DDI simulations and 
dose adaptations, DDI simulations with drugs under de-
velopment involving dasatinib as a sensitive CYP3A4 sub-
strate, or to develop and evaluate new PBPK models.

In our PBPK model, fraction absorbed after administra-
tion of dasatinib tablets across the dose range of 20–420 mg 
varied between 80% and 41% (Table S14). Additionally, the 
respective modeled absolute bioavailability ranged from 
20% to 28% for the dose range of 20–420 mg (Table S14). 
Due to lack of intravenous data the modeled bioavailabil-
ity values could not be compared with clinically observed 
data.44 Dasatinib is primarily metabolized via CYP3A4, 
accounting for ~92% of the absorbed drug, consistent with 
literature reports.7 Moreover, only 0.1% of absorbed da-
satinib was excreted unchanged in urine, which is in line 

F I G U R E  7   Overview of model-based dose adaptations for dasatinib within single and multiple DDI scenarios based on the exposure 
matching principle, where points and squares show the percentage of the original dasatinib dose that match the PBPK simulated 
monotherapy AUCss at 100 mg and 140 mg, respectively. A virtual European male individual, 64 years of age and default values for body 
weight and height according to the International Commission on Radiological Protection (ICRP) database, was used for the dosing 
simulations. Red symbols depict dasatinib dose reductions and green symbols depict dasatinib dose elevations. The darker the color, the 
higher the magnitude of dasatinib dose adaptation. –, dose adaptations outside the simulated dose range; AUCss, steady-state area under the 
concentration–time curve; bid, twice a day; D, day; md, multiple dose; qd, once daily; qid, four times a day; sd, single dose; tab, tablet; tid, 
three times a day.

Itraconazole, 200 mg, bid

Itraconazole, 200 mg, bid
+ Grapefruit Juice, 250 ml, qd, md

Ketoconazole, 200 mg, bid

Clarithromycin, 500 mg, bid

Voriconazole, 400 mg, bid (D1),
+ 200 mg, bid

Fluconazole, 400 mg, qd

Erythromycin, 500 mg, tid

Erythromycin, 500 mg, qid

Fluconazole, 200 mg, qd

Clarithromycin, 250 mg, bid

Grapefruit Juice, 250 ml, qd, md

Carbamazepine, 400 mg, tid
+ Erythromycin, 500 mg, tid

Fluvoxamine, 100 mg, qd (+0 h)

Grapefruit Juice, 250 ml, sd

Fluvoxamine, 100 mg, qd (+12 h)

Efavirenz, 600 mg qd (+0 h)

Carbamazepine, 400 mg, tid

Rifampicin, 600 mg, qd (+0 h)

Efavirenz, 600 mg, qd (+12 h)

20 mg / 30 mg Dasatinib

20 mg / 30 mg Dasatinib

20 mg / 30 mg Dasatinib

30 mg / 40 mg Dasatinib

30 mg / 40 mg Dasatinib

30 mg / 50 mg Dasatinib

40 mg / 60 mg Dasatinib

40 mg / 60 mg Dasatinib

50 mg / 60 mg Dasatinib

50 mg / 70 mg Dasatinib

70 mg / 100 mg Dasatinib

80 mg / 120 mg Dasatinib

90 mg / 120 mg Dasatinib

90 mg / 130 mg Dasatinib

100 mg / 140 mg Dasatinib

240 mg / 340 mg Dasatinib

250 mg / 340 mg Dasatinib

230 mg / 360 mg Dasatinib

310 mg / − mg Dasatinib

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Percentage of the Original Dasatinib Dose [%]

Matching dose for: Dasatinib 100 mg Dasatinib 140 mg
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with results from a human ADME study.6 In vitro studies 
suggested that dasatinib may be a substrate of the efflux 
transporters breast cancer resistance protein (BCRP) and 
P-glycoprotein (P-gp).45 However, recent in vivo studies by 
Kamath et al. found no significant involvement of P-gp in 
modulating the rate and extent of intestinal absorption.46 
Consequently, and due to the absence of in vitro Km val-
ues, P-gp and BCRP were not incorporated into the PBPK 
model.

A good descriptive and predictive performance for 
DDIs was demonstrated by GMFEs of 1.24 and 1.18 for 
predicted AUClast and Cmax effect ratios, respectively. The 
DDIs emphasize the significant role of CYP3A4 in dasat-
inib metabolism and the importance to adapt dasatinib 
therapy in DDI settings to increase both patient safety and 
treatment efficacy. Due to the potential risk of adverse 
events resulting from increased dasatinib exposure during 
CYP3A4 inhibition, the package insert advises against the 
concomitant use of dasatinib and strong CYP3A4 inhib-
itors.15,47 However, if such combination is unavoidable, 
the package insert recommends considering dose adap-
tations to 20 (40) mg dasatinib daily instead of 100 (140) 
mg for all strong inhibitors, while dosing recommenda-
tions for moderate CYP3A4 inhibitors are not provided.15 
Consequently, our developed PBPK model was applied 
in tandem with models of various strong and moderate 
CYP3A4 perpetrators to conduct DDI simulations to sup-
port dasatinib precision dosing.

The performed model simulations suggest that a “one-
dose-fits-all” approach during co-treatment with strong 
or moderate inhibitors may lead to suboptimal dasati-
nib exposures: If combination of dasatinib with strong 
CYP3A4 inhibitors is unavoidable, dasatinib dose reduc-
tions of 50%–80% should be considered, depending on the 
inhibitor and selected dosing regimen, to match dasatinib 
AUCss during monotherapy. This translates into a dasati-
nib dose range of 20–50 mg for the 100 mg dosing regimen 
and 30–70 mg for the 140 mg dosing regimen. Moreover, 
simulations suggest dose reductions of 0%–70% for co-
treatment with moderate CYP3A4 inhibitors, depending 
on individual factors such as perpetrator drug and timing 
of drug administration (detailed numeric dasatinib dose 
adaptations are listed in Table S12). Furthermore, while 
simulations with a single dose of 250 mL grapefruit juice 
showed only a marginal increase in dasatinib exposure 
(~15%), a daily intake led to an AUCss increase of up to 
40%, supporting the package insert guidance to avoid con-
comitant intake of dasatinib with grapefruit juice.

The PBPK model was additionally used to simulate 
the impact of CYP3A4 induction on dasatinib exposure, 
a situation for which only qualitative recommendations 
are available in the package insert: Concomitant strong 
inducers should be avoided, and if co-administration is 

inevitable, a dose increase considered.15 Our model sim-
ulations suggest that a 2.3–3.1-fold increase in dasatinib 
dose would match the exposure of dasatinib monotherapy. 
However, if adapting the dasatinib dose to higher values 
that were neither part of the model training/test dataset 
nor clinically studied, it is crucial to carefully monitor pa-
tients for potential toxicities (e.g., pleural effusion or he-
matological toxicities).15,47

Moreover, the effect of dose staggering was exemplar-
ily investigated for fluvoxamine (moderate competitive 
CYP3A4 inhibitor) and efavirenz (moderate CYP3A4 in-
ducer) as both drugs should be preferably taken in the 
evening according to the package insert. While no dose 
adaptations were needed for fluvoxamine with a 12 h 
staggered intake, the effect on dasatinib's AUCss increased 
when efavirenz was given 12 h staggered to dasatinib (see 
Figure 7 and Table S12).

Dasatinib's pH-dependent DDIs represent another type 
of clinical interaction. In the investigated pH-dependent 
DDIs, rabeprazole, famotidine and Maalox® co-treatment 
showed strong impact on dasatinib PK with simulated 
AUClast effect ratios of 0.10, 0.24 and 0.31, respectively. 
Successful predictions of the DDI scenarios were attained 
by elevating the gastric pH constantly over time to the lit-
erature values of 4.1, 2.8, and 3.0, respectively, and esti-
mating the elevated gastric emptying times to be 60.1 min 
for rabeprazole and 31.3 min for Maalox®. The impact of 
Maalox® on gastric emptying time has been reported in 
the literature,48 while the effect of PPIs is volunteers of 
ongoing debate and necessitates further investigation.49,50 
Given the dynamic changes in gastric pH following the 
administration of ARAs, offering precise dosing recom-
mendations for such DDI scenarios becomes challenging. 
However, the effect of antacids, which directly neutralize 
gastric acid, diminishes approximately 2 h post-dose.51 
Consequently, antacids taken 2 h before dasatinib do not 
significantly alter dasatinib exposure.5 In contrast, the re-
duction in gastric acid production through H2-antagonists 
can persist for up to 12 h and the suppression induced by 
PPIs can continue for several days after stopping the PPI 
treatment.51 Therefore, ARAs that have a shorter duration 
of pH elevation, such as antacids, should be preferred.

Besides single DDIs, two exemplary multiple DDIs 
were investigated. While the single DDI with carba-
mazepine (strong CYP3A4 inducer) required a 2.4-fold 
increase in dasatinib dose to match the exposure of da-
satinib monotherapy, the additional administration of 
erythromycin (moderate, irreversible CYP3A4 inhibitor) 
compensated this effect, overall resulting in a 20% dose 
reduction. In contrast, the additional intake of grapefruit 
juice to the strong CYP3A4 inhibitor itraconazole did not 
impact the simulated dose adaptation for the single dasat-
inib–itraconazole–DDI (80% dose reduction).
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The dasatinib model was evaluated in a comprehen-
sive PBPK DDI network, offering predictions for various 
clinical situations. It can explore single and multiple DDIs 
with dasatinib as the victim drug. The dasatinib perpe-
trator model, tested with the dasatinib–simvastatin DDI, 
holds potential for future research, especially concerning 
CYP3A4, CYP2C8, OATP1B1, and OATP1B3 substrates 
with a narrow therapeutic index. This underscores the im-
portance of DDIs in long-term dasatinib treatment.

There are limitations to this study, which merit con-
sideration and will be explored in the forthcoming para-
graphs. Metabolites of dasatinib were not incorporated 
into the PBPK model, as they are not considered clinically 
relevant.6 However, during strong CYP3A4 induction, 
plasma concentrations of active metabolites could poten-
tially increase to clinically relevant exposures, which was 
not addressed in our dosing recommendations. Contrary 
to CYP3A4 genetic variants, CYP3A5 polymorphisms are 
known to significantly affect the PK of many CYP3A sub-
strates.52 Consequently, due to the minor contribution of 
CYP3A5 to the metabolism of dasatinib,7 CYP3A genetic 
variants were not considered in this work. While our PBPK 
model accounts for differences in patient demographics, 
such as age, which affects various physiological parame-
ters including glomerular filtration rate (GFR), blood flow 
rates and tissue volumes, pathophysiologic changes for 
cancer patients (e.g., enzyme expression or α1-acid gly-
coprotein levels [AGP]) were not integrated because of 
lack of specific information from clinical study reports. 
However, population variability in CYP3A4 enzyme ex-
pression or AGP levels was considered in the population 
simulations.

A less precise prediction performance compared with 
other explored DDIs could be observed for the DDI with 
rifampicin applying a stricter criterium of 1.5-fold range. 
Here, predicted AUClast and Cmax ratios deviated more 
than 1.5-fold from the observed ratios. Of note, rifampicin 
is not only an inhibitor and inducer of several enzymes, 
but also of several transporters like the efflux transporter 
P-gp. Incorporation of P-gp in the dasatinib PBPK model 
was investigated during model building; however, no sig-
nificant improvement of DDI predictions involving ri-
fampicin could be observed that has further encouraged 
to not include P-gp in the final model. Similar limitations 
regarding DDI predictions with rifampicin have also been 
reported in previous work because of the complex inhibi-
tion and induction mechanisms for several enzymes and 
transporters.53,54

The dosing simulations and subsequent dose adap-
tations were based on the exposure matching principle, 
utilizing dasatinib AUCss as exposure metric as described 
in the package insert.15 However, it should be noted that 
despite achieving similar AUCss values for the control and 

DDI scenarios through dose adaptations, differences in 
plasma profile trajectories and thus Cmax and trough con-
centrations (Cmin) can lead to differences in drug efficacy 
and safety. Dose-adapted plasma profiles during CYP3A4 
inducer co-treatment showed higher Cmax values while 
plasma profiles during inhibitor co-treatment showed 
higher Cmin values compared with the simulated plasma 
profiles during monotherapy. An exposure–response anal-
ysis identified elevation in Cmin as the most significant 
predictor for pleural effusion, a key adverse event during 
dasatinib therapy.47 Hence, close monitoring of patients 
for toxicities is inevitable particularly during CYP3A4 in-
hibitor co-treatment and concomitant use with strong in-
hibitors should be avoided in clinical practice.

Finally, the recommended dasatinib dose for each DDI 
scenario represents an estimated average dose that can be 
affected by different sources of variability and uncertainties 
(e.g., enzyme abundance). For dosing simulations, a vir-
tual European male individual, 64 years of age and default 
values for body weight and height according to the ICRP 
database was used. While also complex scenarios like mul-
tiple DDIs were simulated, the applicability of the provided 
dosing recommendations to patients with diverse clinical 
characteristics (e.g., hepatic impairment) is not warranted 
and was beyond the scope of this study. However, our PBPK 
model offers a foundation for future applications to person-
alize dasatinib therapy by using individual demographics, 
physiology, and enzyme activity, creating a “virtual twin” 
of the patient. Clinical studies are yet required to confirm 
the advantage of such a precision dosing approach for da-
satinib therapy including efficacy and safety over the broad 
dose range that was required in the various DDI simula-
tions to match the dasatinib exposure during monotherapy.

To conclude, a comprehensive whole-body PBPK 
model was successfully developed for dasatinib, a sensi-
tive CYP3A4 substrate. The established model was lev-
eraged to simulate several previously unexplored DDI 
scenarios, resulting in model-based dosing recommenda-
tions for dasatinib. Moreover, the model could serve as a 
tool to further optimize and personalize dasatinib therapy, 
providing strategies to navigate clinical challenges that re-
sult from single and multiple DDIs and/or patient-related 
factors, such as elevated gastric pH. Finally, it extends the 
openly accessible PBPK model library with an additional 
sensitive CYP3A4 substrate and can be applied by the re-
search community to investigate future single and multi-
ple DDI scenarios involving dasatinib.
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Abstract
The first-generation tyrosine kinase inhibitor imatinib has revolutionized the 
development of targeted cancer therapy and remains among the frontline treat-
ments, for example, against chronic myeloid leukemia. As a substrate of cy-
tochrome P450 (CYP) 2C8, CYP3A4, and various transporters, imatinib is highly 
susceptible to drug–drug interactions (DDIs) when co-administered with corre-
sponding perpetrator drugs. Additionally, imatinib and its main metabolite N-
desmethyl imatinib (NDMI) act as inhibitors of CYP2C8, CYP2D6, and CYP3A4 
affecting their own metabolism as well as the exposure of co-medications. This 
work presents the development of a parent–metabolite whole-body physiologi-
cally based pharmacokinetic (PBPK) model for imatinib and NDMI used for the 
investigation and prediction of different DDI scenarios centered around imatinib 
as both a victim and perpetrator drug. Model development was performed in 
PK-Sim® using a total of 60 plasma concentration–time profiles of imatinib and 
NDMI in healthy subjects and cancer patients. Metabolism of both compounds 
was integrated via CYP2C8 and CYP3A4, with imatinib additionally transported 
via P-glycoprotein. The subsequently developed DDI network demonstrated good 
predictive performance. DDIs involving imatinib and NDMI were simulated with 
perpetrator drugs rifampicin, ketoconazole, and gemfibrozil as well as victim 
drugs simvastatin and metoprolol. Overall, 12/12 predicted DDI area under the 
curve determined between first and last plasma concentration measurements 
(AUClast) ratios and 12/12 predicted DDI maximum plasma concentration (Cmax) 
ratios were within twofold of the respective observed ratios. Potential applica-
tions of the final model include model-informed drug development or the support 
of model-informed precision dosing.
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INTRODUCTION

In 2001, approval of the tyrosine kinase inhibitor (TKI) 
imatinib for the treatment of Philadelphia chromosome-
positive chronic myeloid leukemia (CML) revolutionized 
not only the therapy of CML, but also the development 
of targeted cancer therapy in general.1 Imatinib selec-
tively inhibits the BCR-ABL oncoprotein encoded by the 
Philadelphia chromosome, suppressing its constitutive 
tyrosine kinase activity and associated uncontrolled pro-
liferation.2 However, resistance to imatinib, primarily due 
to mutations in the BCR-ABL oncogene and other factors, 
necessitated the development of subsequent generations 
of TKIs.3 Despite this, imatinib remains one of the front-
line therapies for CML and has been approved for addi-
tional indications, such as acute lymphoblastic leukemia 
and gastrointestinal stromal tumors (GISTs).4

As a Biopharmaceutics Classification System class I 
drug, imatinib demonstrates high intestinal permeabil-
ity and solubility.5 When administered orally, it is com-
pletely absorbed, achieving an absolute bioavailability 
exceeding 97%.6 Imatinib is primarily metabolized via 
cytochrome P450 (CYP) enzymes 2C8 and 3A4,7 with its 
main metabolite, N-desmethyl imatinib (NDMI), account-
ing for 10%–15% of the overall drug level. NDMI's potency 
against BCR-ABL is approximately three times lower than 
that of imatinib itself.8,9 Furthermore, imatinib has been 

identified as a substrate of numerous influx and efflux 
transporters in  vitro, such as organic cation transporter 
(OCT) 1, OCTN2, organic-anion-transporting polypeptide 
(OATP) 1A2, OATP1B3, breast cancer resistance protein 
(BCRP), and P-glycoprotein (P-gp).10–12 Following oral ad-
ministration, 67% and 13% of a single dose (SD) of imati-
nib are excreted as imatinib-related products in feces and 
urine, respectively, over a period of 7 days.13

Imatinib and its metabolite NDMI are highly sus-
ceptible to drug–drug interactions (DDIs), impacting 
their own metabolism and altering the exposure of co-
administered drugs via inhibition of CYP2C8, CYP2D6, 
and CYP3A4.14,15 For instance, pretreatment with ima-
tinib resulted in a 2.6-fold increase in the area under 
the curve (AUC) of the active metabolite of simvastatin, 
which is formed by CYP3A4.16 Consequently, the United 
States Food and Drug Administration (FDA) lists ima-
tinib as a moderate inhibitor of CYP3A4.17 However, 
imatinib does not only act as a perpetrator but also as 
a victim drug in DDI scenarios. Here, perpetrator drugs 
affecting imatinib's and NDMI's metabolism via CYP2C8 
and CYP3A4 are of particular clinical importance. For 
example, concomitant administration with the antifun-
gal agent ketoconazole, an inhibitor, increases imatinib 
exposure by 40%. In contrast, pretreatment with the 
antibiotic agent rifampicin, an inducer, leads to a 74% 
reduction in AUC of imatinib.18,19 Given the typical 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
As a victim drug of cytochrome P450 (CYP) 2C8, CYP3A4, and P-glycoprotein, 
imatinib is highly susceptible to drug–drug interactions (DDIs). Additionally, act-
ing as a perpetrator, imatinib affects its own metabolism and the exposure of co-
medications via inhibition of CYP2C8, CYP2D6, and CYP3A4.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study presents the development of a new whole-body physiologically based 
pharmacokinetic model of imatinib and its main metabolite N-desmethyl imatinib 
(NDMI). The model was applied to describe and predict the role of imatinib and 
NDMI as victims and perpetrators within a newly established CYP2C8/CYP2D6/
CYP3A4/P-glycoprotein-DDI network.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The DDI network helps to evaluate the effects of co-medication on the pharma-
cokinetics of imatinib/NDMI and the inhibitory potential of imatinib/NDMI, 
highlighting the importance of considering imatinib as both victim and perpetra-
tor in clinical practice.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The model can be used to support model-informed drug development and to im-
prove clinical safety and efficacy of imatinib and co-medications through model-
based precision dosing.
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prescription of five to eight drugs per patient in oncol-
ogy, these interactions present a substantial challenge 
in terms of therapeutic management during imatinib 
treatment. A co-medication review of over 4500 patients 
receiving imatinib identified potential DDIs associated 
with a decrease in imatinib effectiveness in 43% and an 
increase in toxicity in 68% of cases.20

Given these complexities, there is a critical need to 
understand the pharmacokinetics (PK) of imatinib and 
NDMI, especially regarding their interaction potential. 
This understanding is vital to enhance the safety and ef-
ficacy of imatinib therapy. Therefore, this study aimed 
to develop a whole-body physiologically based pharma-
cokinetic (PBPK) model for imatinib and its main me-
tabolite NDMI. Such models are exceptionally useful in 
investigating the PK of drugs, both independently and 
within DDI frameworks, as emphasized by the substan-
tial number of PBPK studies submitted to regulatory 
agencies concentrating on DDI research questions.21 
Furthermore, the versatility of PBPK modeling, espe-
cially in integrating patient-specific demographic, phys-
iological, pathophysiological, and pharmacogenetic 
data, makes it instrumental in facilitating model-based 
precision dosing strategies.22 Utilizing the developed 
imatinib model, this study further conducted predic-
tions and analyses of various complex DDI scenarios, 
showcasing imatinib as both a victim and perpetrator of 
such interactions. Numerous PBPK models of imatinib 
have been developed to explore various research inqui-
ries.23–25 However, our approach uniquely extends this 
body of work by providing a comprehensive whole-body 
PBPK model that incorporates imatinib's main metabo-
lite NDMI, and examines imatinib as both a victim and 
a perpetrator drug in DDI scenarios. To promote wide-
spread access and encourage further research, the final-
ized model files will be made available to the public at 
http://​models.​clini​calph​armacy.​me/​.

METHODS

Software

Development of the imatinib PBPK model, including 
parameter identification and local sensitivity analyses, 
was performed using PK-Sim® and MoBi® version 11.0 
(Open Systems Pharmacology Suite, www.​open-​syste​
ms-​pharm​acolo​gy.​org, 2022). Engauge Digitizer ver-
sion 12.1 (M. Mitchell, https://​marku​mmitc​hell.​github.​
io/​engau​ge-​digit​izer/​, 2019) was utilized for the digi-
tization of published clinical study data according to 
Wojtyniak et al.26 The R programming language version 
4.2.3 (R Foundation for Statistical Computing, Vienna, 

Austria, 2023) was used to generate plots and calculate 
PK parameters as well as quantitative model perfor-
mance measures.

Clinical study data

Plasma concentration–time profiles of imatinib and its 
main metabolite NDMI were gathered from published lit-
erature covering a wide dosing range of imatinib admin-
istered either intravenously or orally in SD and multiple 
dose (MD) studies. Once digitized, the profiles were sys-
tematically divided into a training and a test dataset for 
model development and model evaluation, respectively. 
The allocation of profiles was conducted in a deliber-
ate, non-randomized fashion. The goal was to construct 
a training dataset that encompassed a diverse range of 
dosages and administration forms, ensuring each profile 
included a wide array of sampling time points over an 
extended duration. Concurrently, the approach aimed to 
optimize the size of the test dataset, thereby enhancing its 
robustness for thorough model evaluation. Only profiles 
obtained from healthy individuals were selected for the 
training dataset, whereas CML and GIST patients were 
included in the test dataset.

Physiologically based pharmacokinetic 
model building

Prior to building the imatinib parent–metabolite model, 
an extensive literature search was conducted regarding 
clinical study data and physicochemical parameters as 
well as information on the absorption, distribution, me-
tabolism, and excretion (ADME) of imatinib and NDMI.

For model simulations, a representative virtual individ-
ual was created for each included study population based 
on the corresponding reported mean and mode data for 
age, sex, weight, height, body mass index, and ethnicity. 
If demographic information was missing or incomplete, a 
default individual was generated according to the popula-
tion database provided in PK-Sim®. Relative expressions of 
relevant transporters and enzymes in the different organs 
were adopted from the expression database included in 
PK-Sim®. Tables S1 and S2 list the reference concentration 
in the respective organ of highest concentration as well 
as the relative expression profile for each implemented 
transporter/enzyme. To visually examine the influence of 
variation in demographic factors, plasma protein binding 
to α1-acid glycoprotein (AGP), as well as transporter and 
metabolizing enzyme abundances on the exposure of ima-
tinib and NDMI, a virtual population of 1000 individuals 
was established for each study population. If no minimum 
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and maximum demographic values were provided, an age 
range of 20–50 years was assumed. Geometric standard 
deviations applied to the incorporated transporter/en-
zyme concentrations for the population sampling process 
are presented in Table S1.

During the parameter identification process, unknown 
parameter values not reported in the literature or param-
eters involved in PK-Sim®'s permeability and partition 
quantitative structure–activity relationship (QSAR) mod-
els were fitted using the training dataset. Following oral ad-
ministration, the release of imatinib was incorporated via 
a Weibull function (Equation S1). Depending on the infor-
mation available in the literature, transport and metabolic 
processes were implemented as either Michaelis–Menten 
(MM) (Equation S2) or first-order kinetics. The role of rele-
vant enzymes in imatinib metabolism was informed by in-
cluding published in vitro data, detailing the proportional 
contribution of each relevant enzyme to the total clearance 
of imatinib, thereby informing the PBPK model with more 
precise metabolic pathway information.

Physiologically based pharmacokinetic 
model evaluation

The imatinib parent–metabolite model was evaluated both 
graphically and statistically. First, predicted plasma con-
centration–time profiles of imatinib and NDMI were plot-
ted alongside corresponding observed data. Goodness-of-fit 
plots were generated to assess the deviation of predicted 
versus observed plasma concentrations, AUC determined 
between first and last plasma concentration measurements 
(AUClast), and maximum plasma concentration (Cmax) val-
ues for each profile. A twofold difference from observed 
values was set as the prediction success threshold. The 
statistical analysis covered the calculation of mean rela-
tive deviations (MRDs) for predicted concentration–time 
points (Equation  1) and geometric mean fold errors for 
predicted AUClast and Cmax values (Equation 2).

where ci = i-th observed concentration, ĉi = predicted con-
centration corresponding to the i-th observed concentration, 
and k = number of observed values.

where pi = observed AUClast or Cmax value of study i, p̂i = 
corresponding predicted AUClast or Cmax value of study i, 
and m = number of studies.

Finally, local sensitivity analyses were conducted for ima-
tinib and NDMI, which are described in Section S2.7.1.

Drug–drug interaction network modeling

To investigate the role of imatinib and NDMI acting as 
either victims or perpetrators in DDI scenarios, the de-
veloped model was coupled with previously published 
PBPK models of rifampicin, ketoconazole, gemfibrozil, 
simvastatin, and metoprolol.27–31 Relevant interaction 
types, including induction, competitive inhibition, non-
competitive inhibition, and mechanism-based inactiva-
tion, were incorporated as described in the Open Systems 
Pharmacology Suite manual,32 with the corresponding in-
teraction parameters adopted from the literature.

The developed DDI network was graphically evalu-
ated by comparing predicted with observed plasma con-
centration–time profiles of each victim drug with and 
without co-administration of the respective perpetrator 
drug. Predicted and observed AUClast and Cmax ratios were 
calculated for each DDI scenario according to Equation 3 
and compared by applying the limits proposed by Guest 
et  al.33 to determine prediction accuracy (including 20% 
variability).

where PK parameter = AUClast or Cmax, PK parame-
terDDI = AUClast or Cmax of victim drug with perpetrator co-
administration, and PK parameterControl = AUClast or Cmax of 
victim drug control.

Quantitative evaluation was performed by calculating 
GMFE values (Equation 2) for all predicted DDI AUClast 
and Cmax ratios.

RESULTS

Physiologically based pharmacokinetic 
model building and evaluation

The imatinib parent–metabolite model was developed 
using 24 clinical studies providing a total of 42 and 18 
plasma concentration–time profiles of imatinib and 
NDMI, respectively. The profiles were allocated to either 
the training (n = 8) or the test (n = 52) dataset. Of these 
60 profiles, 40 were collected in healthy subjects, while 
20 were derived from CML and GIST patients. Given no 
apparent difference between plasma profiles of healthy 
subjects and patients, the developed PBPK model was 
applied to CML and GIST patients without modifications 

(1)MRD = 10x ; x =

�
∑k

i=1

�
log10ĉi− log10ci

�2

k

(2)
GMFE = 10x ; x =
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log10

�
�̂i
�i

�����
m

(3)DDI PK parameter ratio=
PK parameterDDI
PK parameterControl
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to the drug-dependent parameters of imatinib and 
NDMI or the physiological parameters of the simulated 
virtual individuals. Routes of administration included 
intravenous dosing of imatinib via infusion (100 mg, SD) 
and oral intake as tablet or capsule (25–750 mg, SD and 
MD). Information on all profiles and study populations 
used is listed in Table S3.

Figure 1 provides a schematic representation of the 
transport and metabolic processes implemented in the 
model. Imatinib metabolism via CYP2C8 and CYP3A4 
was incorporated in the model via MM kinetics, account-
ing for 67% and 33% of NDMI formation, respectively. 
The model further integrated the transformation of 
imatinib into unspecified metabolites through CYP3A4, 
following first-order kinetics. Additionally, P-gp was 
incorporated as a transport protein for imatinib, with 
its function modeled using MM kinetics. NDMI me-
tabolism was implemented via CYP2C8, CYP3A4, and 
a nonspecific first–order hepatic clearance process. The 
effect of genetic polymorphisms on the incorporated 
transporters and enzymes was not accounted for in the 
model due to a lack of studies stratifying their cohorts 
by genotype or phenotype.

During model building, lipophilicities of imatinib and 
NDMI which are crucial parameters in several key QSAR 
equations were optimized. This fitting resulted in values 
within the reference range for imatinib and approximately 
one logarithmic unit lower than the reference for NDMI. 

Parameters for first–order clearance processes were also 
included in the parameter optimization procedure. For 
biotransformation steps modeled as MM kinetics, MM 
constants (KM) were adopted from the literature, while 
catalytic rate constants (kcat) were fitted within one mag-
nitude of reported values. Conversely, both KM and kcat 
were optimized for the transport of imatinib via P-gp, as 
the KM value could not be informed from the literature. In 
addition, (auto)inhibition was integrated using published 
data.14,34,35 Here, for imatinib, mechanism-based inactiva-
tion of CYP3A4 was implemented. Moreover, competitive 
inhibition of CY2C8, CYP2D6, P-gp, and BCRP was inte-
grated. With respect to NDMI, competitive inhibition pa-
rameters of CYP2C8, CYP2D6, and CYP3A4 were informed 
via literature.14 A Weibull function was applied to simulate 
the release of imatinib from both tablets and capsules, with 
parameters time to 50% dissolution and shape derived from 
a tablet dissolution profile of previous work according to 
Langenbucher et  al.36,37 The final model parameters for 
imatinib and NDMI are provided in Table S4.

The developed imatinib PBPK model demonstrated 
good performance in describing (training dataset) and pre-
dicting (test dataset) plasma concentration–time profiles 
of imatinib and NDMI following intravenous and oral ad-
ministration of imatinib to healthy subjects and patients. 
Figure 2 presents a representative selection of imatinib/
NDMI population predictions compared to correspond-
ing observed data. Linear and semilogarithmic plots of all 
model predictions including observed data are provided in 
Sections S2.1–S2.3.

Goodness-of-fit plots of predicted versus observed 
plasma concentrations as well as AUClast and Cmax values 
separated by dataset are shown in Figure 3. Overall, 92% 
of predicted imatinib and NDMI concentration measure-
ments as well as 98% of predicted AUClast and 98% of pre-
dicted Cmax values were within twofold of corresponding 
observed data. Moreover, statistical model evaluation re-
sulted in a mean (range) MRD of predicted plasma con-
centrations of 1.46 (1.07–2.81) along with mean (range) 
GMFEAUClast and GMFECmax values of 1.28 (1.00–2.40) and 
1.26 (1.00–2.08), respectively. Values for MRD, AUClast, 
and Cmax of all profiles are listed in Tables S5 and S6.

Local sensitivity analyses were performed based on 
simulated steady-state conditions following oral admin-
istration of 400 mg imatinib once daily for 28 days. The 
steady-state AUC of imatinib and NDMI exhibited the 
greatest sensitivity to changes in the acid dissociation 
constant of the amino group within the piperazine ring 
and the unbound fraction (fu), respectively. Both param-
eters were adopted from the literature. Of note, given the 
proximity of the model parameter for the acid dissociation 
constant (7.84) to the physiological pH of 7.4, an increase 
of 10% causes only a small change in imatinib and NDMI 

F I G U R E  1   Schematic overview of the processes incorporated 
in the developed imatinib parent–metabolite model. Following 
administration of a single dose of imatinib, 57% of modeled 
imatinib metabolism leads to the formation of N-desmethyl 
imatinib via CYP2C8 and CYP3A4, while the remaining pathway 
involves the conversion of imatinib to undefined metabolites 
via CYP3A4. In addition, transport via P-gp was included for 
imatinib. For the metabolism of N-desmethyl imatinib, the model 
incorporates CYP2C8, CYP3A4, and a nonspecific hepatic clearance 
process. CLhep: hepatic clearance, CYP: cytochrome P450, P-gp: 
P-glycoprotein.
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F I G U R E  2   Predicted compared to observed plasma concentration–time profiles of imatinib and NDMI of the training (a–c) and test 
(d–l) dataset. Solid lines and ribbons represent population predictions (n = 1000; geometric mean and geometric standard deviation), while 
corresponding observed data are shown as dots (± standard deviation, if available).6,18,38,43,47–51 Detailed information on all investigated 
profiles is provided in Table S3. BID: twice daily, Healthy: healthy subjects, Ima: imatinib, iv: intravenous, n: number of study participants, 
NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD: once daily, SD: single dose.
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AUC values, while a reduction of 10% is associated with a 
large decrease in exposure. Section S2.7.2 provides a de-
tailed evaluation of the sensitivity analyses.

Drug–drug interaction modeling

The DDI network centered around imatinib as a victim 
and perpetrator drug was developed using five DDI stud-
ies. In total, three studies investigated the influence of 
perpetrator co-administration on the exposure of imatinib 
and NDMI. Here, one study examined pretreatment with 
the competitive CYP2C8/CYP3A4/P-gp inhibitor and 
inducer rifampicin, while a second study addressed co-
treatment with the competitive CYP3A4/P-gp inhibitor 
and non-competitive CYP2C8 inhibitor ketoconazole.18,19 
Finally, one study analyzed the effect of pretreatment with 
the CYP2C8 mechanism-based inactivator gemfibrozil.38

Moreover, DDI studies assessing the influence of imati-
nib pretreatment on the PK of simvastatin and metoprolol 
as well as their active metabolites were available, with in-
teractions predominantly caused by CYP3A4 mechanism-
based inactivation and CYP2D6 competitive inhibition, 
respectively.15,16 In the case of metoprolol, a drug–drug–
gene interaction (DDGI) study was included in which the 
study population was additionally stratified into CYP2D6 
normal metabolizers (NMs) and intermediate metabo-
lizers (IMs). Here, the same KM value was used for both 
study cohorts, while phenotype-specific kcat values were 
applied.28 Because most NMs and IMs were *1/*10 and 
*10/*10 genotypes, respectively, kcat values equivalent to 
64% and 19% of the wildtype kcat were included in the 
DDI model. Figure 4 shows a schematic overview of the 
modeled DDI network, depicting the respective main in-
teraction mechanisms. Detailed information on the DDI 
studies used and model parameters of each DDI partner 
are available in Sections S3.1–S3.2.

Predicted versus observed plasma concentration–
time profiles of each victim drug with and without co-
administration of the respective perpetrator drug are 
displayed in Figure  5. Table  1 presents the predicted 
versus observed impact of each perpetrator on the re-
spective victim, stating the exposure (AUC) during perpe-
trator co-administration relative to the control exposure. 
Furthermore, predicted versus observed DDI AUClast and 
Cmax ratios are shown in Figure 6. In total, 11/12 of pre-
dicted DDI AUClast and 10/12 of Cmax ratios were within 
the limits proposed by Guest et  al.33 with mean (range) 
GMFE values of 1.21 (1.02–1.65) and 1.23 (1.01–1.87), 
respectively. Predicted and observed DDI profiles (linear 
and semilogarithmic) and corresponding DDI ratios are 
provided in Sections S3.3–S3.6.

DISCUSSION

In the present work, a parent–metabolite whole-body 
PBPK model for imatinib was developed demonstrating 
its capability to accurately describe and predict plasma 
concentration–time profiles for both imatinib and its 
main metabolite NDMI. The model is robust across a wide 
dosing range of intravenously and orally administered 
imatinib (25–750 mg, SD and MD studies) in both healthy 
subjects and cancer patients. PK differences between 
these populations are documented in the literature and 
were investigated during model building. For instance, 
a 2–5-fold increase in AGP plasma levels is reported for 
CML patients compared to healthy subjects, potentially 
influencing imatinib fu.39 However, since elevated AGP 
levels were also observed to normalize during imatinib 
treatment, no CML-specific fu value was incorporated in 
the model.40 Overall, imatinib clearance in CML patients 
appears to depend on both the disease stage and the du-
ration of imatinib use, while in GIST patients, for exam-
ple, changes in liver function due to hepatic metastases or 
surgery have been reported.40 Given the frequent unavail-
ability of detailed physiological data for cancer patients, 
mechanistic modeling to account for these differences was 
constrained. Therefore, our approach remained focused 
on leveraging broadly applicable physiological param-
eters. Moreover, given the performance of the unmodified 
model in both populations (mean MRD: healthy subjects 
1.39 vs. patients 1.59), no population-specific adjustments 
were made to minimize the model's complexity. The final 
PBPK model was further applied to predict different DDI 
scenarios involving imatinib and NDMI acting as both vic-
tims and perpetrators.

A key constraint of the model lies in the limitations 
of current knowledge as well as published clinical and 
in vitro data. For instance, consistent with literature data, 
when simulating an oral administration of 400 mg imati-
nib, the entire dose is absorbed.6 However, at 83%, the pre-
dicted total bioavailability was moderately lower than the 
reported literature value of more than 97%.6 One potential 
explanation for this discrepancy may lie in the in vivo de-
conjugation of imatinib glucuronides by gut microbes,41 
a process integral to the enterohepatic circulation (EHC). 
This phenomenon could lead to the reabsorption of ima-
tinib, influencing its overall bioavailability. Although the 
model accounts for the EHC of imatinib with a modeled 
EHC fraction of 1, it does not incorporate the sequential 
formation and breakdown of imatinib glucuronides. This 
omission is primarily due to the complexity of these pro-
cesses and the lack of comprehensive data regarding the 
conjugation and deconjugation of imatinib, as well as the 
PK of its various glucuronide forms.
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Furthermore, imatinib has been identified as a substrate 
of several influx and efflux transporters in vitro, such as 
OCT1, OCTN2, OATP1A2, OATP1B3, BCRP, and P-gp,10–12 
potentially influencing ADME processes. However, the 
relevance of these transporters in vivo remains uncertain 
due to conflicting study results. In our model, P-gp was 
selected as the efflux transporter over BCRP, primarily be-
cause the data for P-gp were more consistent and reliable 
compared to that for BCRP. Incorporating P-gp into the 
model led to an increase in the predicted urinary excretion 
of unchanged imatinib, rising from under 2% to about 5% 
following SD oral administration. This adjustment brings 
the model's predictions more in line with the urinary ex-
cretion rates observed in  vivo.37,42 During model build-
ing, the incorporation of various influx transporters such 
as OCT1, OCTN2, OATP1A2, and OATP1B3 was tested. 
Despite considering the integration of these transporters 
into the model, we ultimately did not include them in the 
final model. This decision was based on the observation 

that their inclusion did not markedly alter the base model's 
predictive performance or the simulated DDIs, with the 
total bioavailability consistently estimated around 83%. 
Furthermore, the data on transport parameters necessary 
to inform the model were limited and often conflicting. 
For example, while some studies identified OATP1A2 as 
a key transporter in imatinib uptake, evidence from pre-
treatment with the OATP1A2 inhibitor rosuvastatin indi-
cated no significant impact on imatinib's PK, adding to the 
ambiguity in these transporters' roles.43,44

Overall, as only one mean intravenous imatinib profile 
was available from the literature, additional intravenous 
studies would be of particular interest to further investi-
gate the discrepancy between modeled and reported total 
bioavailability. Moreover, dedicated studies on the pa-
rameterization and quantification of transport processes 
would be of great value to allow for an even more precise 
simulation of imatinib's PK. However, as both oral and in-
travenous administration of imatinib and metabolism to 

F I G U R E  3   Goodness-of-fit plots of the final imatinib parent–metabolite model. Stratified by training (left column) and test dataset 
(right column), predicted plasma concentration measurements (a, b) as well as AUClast (c, d) and Cmax (e, f) values are plotted against 
corresponding observed data. The solid line represents the line of identity, while dotted lines indicate 1.25-fold, and dashed lines twofold 
deviation from the respective observed value. Detailed information on all investigated profiles is provided in Table S3. AUClast: area under 
the curve determined between first and last plasma concentration measurements, Cmax: maximum plasma concentration, NDMI: N-
desmethyl imatinib.

F I G U R E  4   Schematic overview 
of the modeled drug–drug interaction 
network. The network covers the effects of 
rifampicin, ketoconazole, and gemfibrozil 
on the pharmacokinetics of imatinib 
as a victim, as well as the impact of 
imatinib as a perpetrator on the plasma 
levels of simvastatin and metoprolol. 
The respective main mechanisms of 
interactions are presented. For simplicity, 
the interaction effects of and on the 
corresponding metabolites, such as 
N-desmethyl imatinib, are summarized 
under the name of the parent drug. CYP: 
cytochrome P450, P-gp: P-glycoprotein.
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F I G U R E  5   Evaluation of the modeled drug–drug interaction network. Presented are predicted plasma concentration–time profiles 
of victim drugs imatinib (a–c), simvastatin (d), and metoprolol (e, f) without (Control) and with (DDI) co-administration of the respective 
perpetrator drug rifampicin (a), ketoconazole (b), gemfibrozil (c), or imatinib (d–f), alongside corresponding observed data.15,16,18,19,38 Solid 
(Control) and dashed (DDI) lines and ribbons represent model population predictions (n = 1000; geometric mean and geometric standard 
deviation), while corresponding observed data are shown as dots (± standard deviation, if available). For the effect of rifampicin on NDMI, 
only DDI ratios were reported in the respective study (see Figure 6). Detailed information on all investigated DDI studies is provided in 
Table S8. CYP: cytochrome P450, DDI: drug–drug interaction, Healthy: healthy subjects, IM: intermediate metabolizer, Ima: imatinib, 
Meto: metoprolol, n: number of study participants, NDMI: N-desmethyl imatinib, NM: normal metabolizer, OH-Meto: hydroxymetoprolol, 
Patients: cancer patients, Simva: simvastatin, Simva-Acid: simvastatin hydroxy acid.
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NDMI were well described by the model, we consider he-
patic clearance processes, and thus the fraction escaping 
first-pass liver metabolism, to be adequately represented 
in the model. Furthermore, the good prediction of mainly 
metabolic DDIs indicates a well-described relationship 
between fraction absorbed and fraction escaping gut wall 
metabolism.

In line with literature reports, CYP2C8 and CYP3A4 
were implemented for the metabolism of imatinib and 
NDMI, while biotransformation via CYP3A5 was excluded 

due to its relatively minor role in the biotransformation 
process.7 Here, model predictions for the relative influence 
on NDMI formation of CYP2C8 (67%) and CYP3A4 (33%) 
are in close agreement with the approximate in vitro liter-
ature values of 69% and 31%, respectively.7 Overall, 57% of 
the modeled total metabolism of imatinib is accounted for 
by the formation of NDMI, closely aligning with in vitro 
findings which reported a similar contribution of 51%.7 
Listed fractional contributions of CYP2C8 and CYP3A4 
to the metabolism of imatinib refer to a simulated SD 

T A B L E  1   Predicted versus observed impact on the exposure of each victim drug upon perpetrator co-administration.

Victim Perpetrator Compound measured

DDI exposurea [%]

ReferencesPredicted Observed

Imatinib Rifampicin Imatinib 24 26 Bolton 200419

NDMI 76 89

Imatinib Ketoconazole Imatinib 144 140 Dutreix 200418

NDMI 104 86

Imatinib Gemfibrozil Imatinib 151 93 Filppula 201338

NDMI 54 51

Simvastatin Imatinib Simvastatin 391 322 O'Brien 200316

Simva-Acid 491 299

Metoprololb Imatinib Metoprolol 119 126 Wang 200815

OH-Meto 112 129

Metoprololc Imatinib Metoprolol 138 117 Wang 200815

OH-Meto 133 142
aRelative to the corresponding exposure without perpetrator co-administration.
bCYP2D6 normal metabolizers.
cCYP2D6 intermediate metabolizers, CYP: cytochrome P450, DDI: drug–drug interaction, NDMI: N-desmethyl imatinib, OH-Meto: hydroxymetoprolol, Simva-
Acid: simvastatin hydroxy acid.

F I G U R E  6   Evaluation of the modeled drug–drug interaction network. Predicted versus observed DDI AUClast (a) and DDI Cmax 
(b) ratios are shown with the solid line representing the line of identity, dotted lines indicating 1.25-fold, and dashed lines twofold deviation 
from the respective observed value. Curved lines mark the prediction success limits proposed by Guest et al.33 including 20% variability. 
Detailed information on all investigated DDI studies is provided in Table S8. AUClast: area under the curve determined between first and last 
plasma concentration measurements, Cmax: maximum plasma concentration, DDI: drug–drug interaction, NDMI: N-desmethyl imatinib, 
OH-Meto: hydroxymetoprolol, Simva-Acid: simvastatin hydroxy acid.

(a) (b)
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administration of imatinib. However, a shift in the enzy-
matic contributions toward a greater influence of CYP2C8 
was observed upon simulated MD administrations of ima-
tinib, most likely due to the pronounced autoinhibition of 
CYP3A4. Under simulated steady-state conditions, 75% 
of imatinib metabolism leads to the formation of NDMI 
(SD: 57%), with an increasing role of CYP2C8 within the 
NDMI pathway (SD: 67% vs. MD: 84%). This modeled de-
crease in CYP3A4 contribution to the overall metabolism 
of imatinib at steady-state reflects the results from DDI 
studies involving CYP3A perpetrators. Here an effect of 
ketoconazole on SD administration of imatinib was ob-
served, while ritonavir showed almost no influence on 
the steady-state AUC of imatinib.18,45 This finding could 
be confirmed via modeling (see Section S3.7). The influ-
ence of different polymorphically expressed transporters 
and enzymes on imatinib exposure has been investigated 
in previous works. For example, one study showed that 
the CYP3A4 rs2242480 polymorphism resulted in signifi-
cantly lower steady-state imatinib trough concentrations, 
relative to the wild type.46 However, the model does not 
account for genotype-specific activities of the incorpo-
rated transporters and enzymes, primarily due to the scar-
city of comprehensive data. Future studies focusing on the 
impact of various genetic polymorphisms on the plasma 
levels of imatinib and NDMI, especially over extended 
periods and not just at trough concentrations, would be 
valuable. Such research could facilitate the integration of, 
for example, different CYP3A4 activities into the model, 
allowing more personalized predictions.

Following the model development process, a DDI 
network centered around imatinib acting as both a vic-
tim and perpetrator drug was successfully established 
by coupling the final imatinib model with previously 
published models of the perpetrator drugs rifampicin, 
ketoconazole, and gemfibrozil, as well as of the victim 
drugs simvastatin and metoprolol.27–31 Good overall pre-
dictive performance was attained for the modeled DDI 
scenarios, reflected by 24/24 predicted AUClast and Cmax 
ratios being within twofold of observed ratios. However, 
the modeled DDI network has limitations due to incom-
plete or biased published data. For instance, the effect 
of co-treatment with ketoconazole on imatinib exposure 
was examined solely in the context of SD administration 
of ketoconazole. As the metabolites of ketoconazole also 
exhibit potent inhibition of CYP2C8, CYP3A4, and P-gp, 
DDI studies involving pretreatment with ketoconazole 
would be of great interest to analyze the maximum in-
hibitory effect of ketoconazole and its metabolites on 
the AUC of imatinib and NDMI.

Various other PBPK models for imatinib are docu-
mented in the literature. These models address aspects 
such as interethnic differences in imatinib PK as well as 

dose optimizations for children and adults in DDI sce-
narios with imatinib as the victim drug.23–25 Contrasting 
with these, our whole-body PBPK model of imatinib en-
compasses the formation and biotransformation of both 
imatinib and its main metabolite NDMI. This approach is 
crucial as NDMI not only contributes to imatinib's phar-
macodynamic effects but also plays an important role 
in inhibiting enzymes such as CYP2C8, CYP2D6, and 
CYP3A4. Hence, the inclusion of NDMI in the model 
enhances the model's clinical relevance for imatinib ap-
plication and provides a more robust framework for the 
prediction of DDIs. While the activity and the inhibitory 
effect of NDMI are not overly prominent when imatinib 
is administered alone given its rather low contribution 
to the overall exposure, the importance of NDMI can in-
crease greatly depending on the concomitant medication. 
For example, pretreatment with the inducer rifampicin 
causes the contribution of NDMI to total exposure to in-
crease from 15% to 38%.19 In a clinical oncology environ-
ment with five to eight drugs prescribed per patient, the 
importance of NDMI might therefore increase consider-
ably and should not be neglected.20 Furthermore, to the 
best of our knowledge, the developed DDI network is the 
first to cover imatinib not only as a victim, but also as a 
perpetrator drug. In particular, the good model prediction 
regarding the effect of imatinib on simvastatin exposure, 
mainly via CYP3A4 inhibition, is of great value as it allows 
the verification of the appropriate implementation of ima-
tinib autoinhibition.

In summary, the developed imatinib parent–metab-
olite whole-body PBPK model shows good descriptive 
and predictive performance for both imatinib and its 
active metabolite NDMI in healthy subjects and CML/
GIST patients. In addition, the role of imatinib and 
NDMI as CYP2C8, CYP3A4, and P-gp (imatinib) sub-
strates, as well as inhibitors of CYP3A4 and CYP2D6, 
was successfully investigated and predicted within a 
newly established DDI network. Potential application 
areas of the developed model and corresponding ima-
tinib DDI network include model-informed drug de-
velopment as well as model-based precision dosing for 
patients. After being evaluated across various DDI sce-
narios, the imatinib model is capable of integration with 
any existing and validated PK-Sim® victim or perpetrator 
model to predict clinically untested DDIs and even mul-
tiple DDIs involving more than two DDI partners (e.g., 
two perpetrators). Hence, the developed imatinib model 
enables the prediction of effects both by and on imati-
nib and NDMI across a wide array of clinically relevant 
polypharmacy scenarios. This capability facilitates the 
identification and quantification of potential drug in-
teractions. Subsequently, the presented model may be 
used to generate dose recommendations for imatinib or 
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relevant victim drugs to improve both therapy safety and 
efficacy.
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Abstract: Clomiphene, a selective estrogen receptor modulator (SERM), has been used for the
treatment of anovulation for more than 50 years. However, since (E)-clomiphene ((E)-Clom) and its
metabolites are eliminated primarily via Cytochrome P450 (CYP) 2D6 and CYP3A4, exposure can be
affected by CYP2D6 polymorphisms and concomitant use with CYP inhibitors. Thus, clomiphene
therapy may be susceptible to drug–gene interactions (DGIs), drug–drug interactions (DDIs) and
drug–drug–gene interactions (DDGIs). Physiologically based pharmacokinetic (PBPK) modeling is a
tool to quantify such DGI and DD(G)I scenarios. This study aimed to develop a whole-body PBPK
model of (E)-Clom including three important metabolites to describe and predict DGI and DD(G)I
effects. Model performance was evaluated both graphically and by calculating quantitative measures.
Here, 90% of predicted Cmax and 80% of AUClast values were within two-fold of the corresponding
observed value for DGIs and DD(G)Is with clarithromycin and paroxetine. The model also revealed
quantitative contributions of different CYP enzymes to the involved metabolic pathways of (E)-Clom
and its metabolites. The developed PBPK model can be employed to assess the exposure of (E)-Clom
and its active metabolites in as-yet unexplored DD(G)I scenarios in future studies.

Keywords: clomiphene; pharmacokinetics; cytochrome P450 2D6 (CYP2D6) polymorphisms; drug–drug
interactions (DDIs); drug–drug–gene interactions (DDGIs); drug–gene interactions (DGIs); (E)-clomiphene;
physiologically based pharmacokinetic (PBPK) modeling

1. Introduction

Ovulation disorders resulting in infertility can be caused by polycystic ovary syn-
drome (PCOS), which shows a prevalence of 4–20% in women of reproductive age world-
wide [1,2]. Clomiphene has been used for the treatment of infertility in women with
PCOS since the late 1960s and is administered orally as a racemic mixture of (E)- and
(Z)-clomiphene ((E)-Clom and (Z)-Clom) [1,3]. As a selective estrogen receptor modulator
(SERM), clomiphene—particularly (E)-Clom and its metabolites—inhibits the estrogen
receptor at the hypothalamic arcuate nucleus [4–6]. Here, a rise in gonadotropin-releasing
hormone levels leads to an increase in follicle-stimulating and luteinizing hormones, which
in turn, induces ovulation [7]. In addition, antimicrobial activity of SERMs against different
strains of bacteria has been shown in recent work [8,9].

During clomiphene therapy, 8–54% of women do not respond, while variability in
response is affected by various factors such as hyperandrogenemia and obesity [10–12]. Addi-
tionally, research efforts have identified the importance of the highly polymorphic cytochrome
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P450 (CYP) 2D6 enzyme in the bioactivation of (E)-Clom [6,13]. Here, the two metabo-
lites (E)-4-hydroxyclomiphene ((E)-4-OH-Clom) and (E)-4-hydroxy-N-desethylclomiphene
((E)-4-OH-DE-Clom) were identified to exhibit the highest inhibitory affinity towards the
estrogen receptor with half-maximal inhibitory concentrations of 2.2 and 0.9 nM, respec-
tively [7]. In contrast, the parent drug (E)-Clom as well as (Z)-Clom and its metabolites
showed lower inhibitory effects in in vitro assays [5,6]. Thus, (E)-4-OH-Clom and (E)-4-OH-
DE-Clom are assumed to be key components in the bioactivation process of clomiphene with
their pharmacokinetics (PK) strongly depending on CYP2D6 activity [5].

As a result, treatment with clomiphene can be subject to drug–gene interactions (DGIs)
which has been confirmed in a study with healthy female volunteers [5]. Here, CYP2D6
poor metabolizers (PM) showed approximately ten-fold lower maximum plasma concentra-
tions (Cmax) of (E)-4-OH-Clom and (E)-4-OH-DE-Clom compared with normal metabolizers
(NM) [5]. Furthermore, the in vitro formation rates for both (E)-4-OH-Clom and (E)-4-OH-
DE-Clom increased with CYP2D6 activity [5]. The impact of CYP2D6 polymorphisms has
also been observed in a recent clinical trial, where all CYP2D6 intermediate metaboliz-
ers (IM) responded to clomiphene therapy, while 30% of NM were non-responders [14].
However, this non-classical gene–dose effect points to a more complex metabolic scheme.

As the biotransformation of its active metabolites does not only depend on CYP2D6,
but also on CYP3A4 metabolism, among others, systemic exposure of (E)-Clom and its
metabolites can be altered by drug–drug interactions (DDIs) with CYP2D6 inhibitors and
additionally with CYP3A4 inhibitors/inducers [15,16]. This dependency of (E)-Clom PK
and bioactivation on CYP2D6 and CYP3A4 leads to a complex network of possible DGI, DDI
and drug–drug–gene interaction (DDGI) scenarios that can cause a high variability in the
longitudinal trajectory of plasma concentrations for (E)-Clom and its metabolites. The fact,
that not only the formation, but also the elimination, of the active metabolites depends on
CYP2D6 and CYP3A4 activity, adds to the complexity of the PK. Here, physiologically based
pharmacokinetic (PBPK) modeling can integrate available in vitro and in vivo information
on these processes to quantify and investigate DGI, DDI and DDGI scenarios.

Thus, this study aimed to develop a whole-body parent–metabolite PBPK model of
(E)-Clom and its metabolites (E)-4-OH-Clom, (E)-N-desethylclomiphene ((E)-DE-Clom)
and (E)-4-OH-DE-Clom to support the investigation of CYP2D6 DGI effects on the PK and
bioactivation of (E)-Clom. In addition, the model was applied to predict various DD(G)I
scenarios with the CYP2D6 inhibitor paroxetine and the CYP3A4 inhibitor clarithromycin
and to gain insights into the PK regarding the contribution of different metabolic pathways
to the elimination of (E)-Clom and its metabolites. The supplementary document to
this article serves as a model reference and includes a detailed evaluation of the model
performance. In addition, the model files will be made publicly available (http://models.
clinicalpharmacy.me/).

2. Materials and Methods
2.1. Clinical Study Data

Clinical data from a recently performed pharmacokinetic panel study (EudraCT-Nr.:
2009-014531-20, ClinicalTrails.gov: NCT01289756) were used for PBPK model develop-
ment [6]. The study protocol, patient information sheet and consent form were approved
by the Ethics Committee of the University of Tübingen and the German Federal Institute
for Drugs and Medical Devices (BfArM). All study participants had signed an informed
consent form.

The study was conducted in 20 healthy, Caucasian, premenopausal female volun-
teers that were genotyped for CYP2D6 polymorphisms and subsequently assigned to
predicted phenotypes according to the respective CYP2D6 activity score (AS) as depicted
in Table 1 [17,18]. All subjects received 100 mg clomiphene citrate (two 50 mg tablets
Ratiopharm GmbH, Ulm, Germany, with 62:38 (E)-Clom:(Z)-Clom) as a single dose after
an overnight fast and without any concomitant medication. After a wash-out phase of at
least three weeks, clomiphene was administered concomitantly with the strong CYP3A4
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inhibitor clarithromycin [19]. Here, the participants received 500 mg clarithromycin twice
daily for four days. On day 5, a single dose of clomiphene citrate was administered together
with 500 mg clarithromycin. Finally, in the third period, all subjects received clomiphene
citrate together with the strong CYP2D6 inhibitor paroxetine [19]. Here, 40 mg paroxetine
was administered once daily for two days. On day 3, participants received a single dose of
clomiphene citrate concomitantly with 40 mg paroxetine (Figure 1).

Table 1. Overview of clinical data integrated from the pharmacokinetic panel study.

AS = 0 AS = 0.5 AS = 0.75 AS = 1 AS = 2 AS = 3

n 6 # 4 1 + 2 3 3
CYP2D6

phenotypes PM IM IM IM NM UM

CYP2D6
genotypes

*4/*4
*4/*5
*4/*6

*4/*41
*4/*9 *9/*10 *1/*4 *1/*1 *1/*1 × 3

Demographics

Age [years] 25.2
(22–29)

24.3
(21–30)

22.0
(-)

25.5
(23–28)

32.3
(26–43)

25.7
(22–28)

Weight [kg] 62.3
(50.0–70.0)

59.3
(55.5–64.0)

63.0
(-)

68.8
(63.5–74.0)

56.5
(48.0–63.5)

61.7
(54.0–73.0)

Height [cm] 1.70
(1.53–1.75)

1.68
(1.59–1.72)

1.66
(-)

1.71
(1.68–1.73)

1.63
(1.60–1.67)

1.65
(1.57–1.75)

BMI [kg/m2]
21.6

(20.6–22.9)
21.1

(20.3–22.0)
22.9
(-)

23.6
(22.5–24.7)

21.3
(18.8–24.2)

22.6
(20.3–23.8)

# number of study participants decreased during the DDGI setting due to drop-outs (n = 5 for clarithromycin, n = 4
for paroxetine); + one study participant classified as AS = 0.75 was excluded from the analysis (see Section S1.1 of
the supplementary document); demographic parameters are presented as mean (range); AS, CYP2D6 activity
score; BMI, body mass index; IM, intermediate metabolizers; n, number of subjects; NM, normal metabolizers;
PM, poor metabolizers; UM, ultrarapid metabolizers.

Period 1 Period 2 Period 3

100 mg 
clomiphene citrate

wash-out 
≥ 3 weeks

500 mg 
clarithromycin

twice daily

100 mg clomiphene citrate + 
500 mg clarithromycin

100 mg clomiphene citrate +
40 mg paroxetine

40 mg 
paroxetine
once daily

days0    1  2  3    4 5   6  7 0 1    2 3    4  5  6 7 8 9 10 11 0    1 2    3    4 5    6  7  8

wash-out 
≥ 3 weeks

Figure 1. Drug administration schedule in the pharmacokinetic panel study. In period I, clomiphene
citrate alone; in period II, combined with clarithromycin; and in period III, combined with paroxetine
was administered.

Both plasma concentration–time profiles as well as renal excretion data of (E)-Clom
and its metabolites (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom were obtained by
validated liquid chromatography–tandem mass spectrometry (LC-MS/MS) methods [13,20].
The demographic and clinical characteristics of the study population are shown in Table 1.

Additionally, (E)-Clom plasma concentration–time profiles from two single-dose [21,22]
and two multiple-dose [23,24] studies were identified in a literature search and plasma
profiles were digitized for further model evaluation. In these clinical trials, CYP2D6 geno-
types of study participants were not reported. Additional information including study
populations and the corresponding administration protocols are listed in Table S2 of the
supplementary document.
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2.2. Software

PBPK modeling and simulation was performed in PK-Sim® and MoBi® (version
9.1 part of the Open Systems Pharmacology (OSP) Suite, http://www.open-systems-
pharmacology.org) [25]. Published clinical data of (E)-Clom were digitized with GetData
Graph Digitizer version 2.26.0.20 (S. Fedorov) according to Wojtyniak and coworkers [26].
PK parameter calculations, model performance evaluations and graphics were accom-
plished with the R programming language version 3.6.3 (R Foundation for Statistical Com-
puting, Vienna, Austria) [27]. Model parameter estimation via Monte-Carlo optimization
as well as local sensitivity analysis were performed within PK-Sim®.

2.3. PBPK Model Development

For PBPK model building, information on physicochemical properties, as well as
absorption, distribution, metabolism and excretion (ADME) processes of all investigated
compounds, were gathered from the literature. Clinical data were split into a training and
a test dataset. The training dataset for model development comprised mean plasma and
renal excretion profiles of (E)-Clom and its metabolites from NM and PM study populations
(n = 8 plasma concentration–time profiles and n = 8 renal excretion profiles). This dataset
was selected to inform catalytic rate constant (kcat) parameters associated with CYP2D6-
dependent and -independent metabolic pathways, respectively. Plasma concentration–time
profiles and renal excretion data of IM and ultrarapid metabolizers (UM) in the DGI setting,
data from all phenotypes in the DD(G)I setting as well as digitized clinical study data from
the published literature were utilized as the test dataset for PBPK model evaluation (n = 70
plasma concentration–time profiles and n = 64 renal excretion profiles).

Metabolic pathways of (E)-Clom and its metabolites comprising hydroxylation, N-
de-ethylation and glucuronidation, among others, were implemented via CYP enzymes
(CYP2D6, CYP3A4 and CYP2B6) and unspecific hepatic clearance mechanisms (Figure 2). In
summary, (E)-Clom is primarily metabolized via CYP2D6 to the active metabolite (E)-4-OH-
Clom as well as to (Z)-3-hydroxyclomiphene (implemented as an undefined metabolite) [6].
An additional biotransformation process via CYP2B6 to (E)-4-OH-Clom was implemented
to cover the fraction of CYP2D6-independent metabolism observed in the PM population
and in CYP2D6 DD(G)I scenarios [5,6]. Biotransformation of (E)-Clom to (E)-DE-Clom
was implemented mainly through CYP3A4 with CYP2D6 playing only a minor role in this
metabolic pathway [5,28].

CYP2D6

(E)-Clom

(E)-4-OH-DE-Clom

(E)-4-OH-Clom(E)-DE-Clom
undef. metab.

undef. metab.undef. metab.

undef. metab.

undef. metab.

undef. metab.

CYP2B6

unsp. hep.
CL

unsp. hep.
CL

CYP2D6CYP3A4

CYP2D6

CYP2D6

CYP2D6

CYP2D6

CYP2D6

CYP3A4

CYP3A4

Firefox file:///E:/proofreading/pharmaceutics-2020207/%E9%80%81%E8%BD%AC/pharmaceutics-2...

1 of 1 11/25/2022, 10:13 AM

Figure 2. Overview of implemented metabolic processes in the (E)-Clom PBPK model. CYP, cy-
tochrome P450; (E)-4-OH-Clom, (E)-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E)-4-hydroxy-N-
desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene; undef.
metab., undefined metabolite; unsp. hep. CL, unspecific hepatic clearance.
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(E)-4-OH-Clom is metabolized via CYP2D6 to (Z)-3,4-dihydroxyclomiphene (imple-
mented as an undefined metabolite), via an unspecific hepatic clearance mechanism and via
CYP3A4 to the second active metabolite (E)-4-OH-DE-Clom [5,6,28]. (E)-4-OH-DE-Clom is
also formed via CYP2D6 metabolism of (E)-DE-Clom, which in turn, represents the main
route of elimination of (E)-DE-Clom [5,28]. Furthermore, (E)-DE-Clom is metabolized to
minor extents through CYP2D6 and CYP3A4 to (E)-N,N-didesethylclomiphene (imple-
mented as an undefined metabolite) [5,28]. The metabolism of (E)-4-OH-DE-Clom has not
been extensively investigated, yet. According to work by Kröner [6], (E)-4-OH-DE-Clom is
presumably metabolized through a CYP-mediated pathway to (Z)-3,4-dihydroxydesethyl-
clomiphene. Additionally, glucuronidation, sulfation and potentially further unexplored
pathways play a role in (E)-4-OH-DE-Clom biotransformation [6] and were grouped under
an unspecific hepatic clearance process in the PBPK model (Figure 2).

Renal excretion through glomerular filtration was implemented and potential reab-
sorption or secretion processes were informed via renal excretion data. Model parameters
that could not be informed from experimental reports during model development were
optimized by fitting the model to the observed data of the training dataset. Moreover,
a fraction of (E)-Clom metabolized via CYP3A4 was calculated (see Section S1.5 of the
supplementary document) and used to inform kcat model parameters associated with
(E)-Clom metabolism. For detailed information on PBPK model building, see Section S1 of
the supplementary document.

2.4. DGI and DD(G)I Modeling

Using the training dataset, kcat values for CYP2D6-mediated pathways were estimated
for the NM population, while CYP2D6 kcat values for the PM population were set to zero.
To predict DGIs and plasma concentration–time profiles in the IM and UM populations, IM
and UM kcat values for CYP2D6-dependent pathways were extrapolated from the estimated
NM-kcat value (Equation (1)):

kcat, AS=i = kcat, AS=2 ·IVSFi (1)

Here, kcat, AS=i represents the catalytic rate constant for CYP2D6 AS = i, kcat, AS=2 is
the catalytic rate constant for the NM population and IVSFi is the corresponding in vitro
scaling factor (IVSF). IVSFs were obtained using in vitro information on CYP2D6 AS-
specific formation rates regarding the metabolism of (E)-Clom and its three metabolites
(see Table S8 of the supplementary document) [5]. For predictions of plasma concentrations
from clinical trials that did not report CYP2D6 phenotypes, CYP2D6 kcat parameters were
fitted to the respective plasma concentration–time profiles for each study.

In the DD(G)I setting, study participants in the pharmacokinetic panel study received
clomiphene citrate together with the CYP3A4 inhibitor clarithromycin or the CYP2D6 in-
hibitor paroxetine that additionally acts as a weak inhibitor of CYP3A4 [19,29]. Predictions
for DD(G)I scenarios of (E)-Clom and the investigated metabolites were performed for all
CYP2D6 AS by coupling the developed parent–metabolite PBPK model with previously
published PBPK models of the perpetrator drugs clarithromycin [16] and paroxetine [30].
Inhibition mechanisms of CYP3A4 and CYP2D6 were implemented as described in the
OSP Suite manual [31]. Interaction parameters were used as published in the respective
perpetrator PBPK models [16].

2.5. PBPK DGI and DD(G)I Model Evaluation

The performance of the parent–metabolite PBPK model was evaluated, applying
several graphical and quantitative methods. The predicted plasma concentration–time
profiles of (E)-Clom, (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom were graphically
compared with their respective observed plasma profiles for all investigated CYP2D6 AS
populations. Additionally, goodness-of-fit plots were used to compare predicted and
observed areas under the plasma concentration–time curves from the first to the last time
point of measurements (AUClast), Cmax values and plasma concentrations of all model
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compounds for the DGI and DD(G)I scenarios. As quantitative measures, the mean relative
deviation (MRD) of predicted plasma concentrations and the geometric mean fold error
(GMFE) of predicted AUClast and Cmax were calculated according to Equations (2) and (3),
respectively:

MRD = 10x with x =

√
1
n ∑n

i=1 (log10 ĉi − log10 ci)
2 (2)

Here, ĉi represents the i-th predicted plasma concentration, ci is the corresponding
observed plasma concentration and n equals the number of observed values.

GMFE = 10x with x =
1
n ∑n

i=1

∣∣∣∣log10

(
âi

ai

)∣∣∣∣ (3)

Here, âi represents the i-th predicted AUClast and Cmax value, respectively, ai is the
corresponding observed value and n equals the number of predicted plasma profiles.

For the evaluation of DGI and DD(G)I effects, the predicted AUClast and Cmax effect
ratios were calculated according to Equations (4) and (5) and compared with the corre-
sponding observed values. Here, model performance was assessed using the prediction
acceptance limits proposed by Guest et al. with 1.25-fold variability [32].

AUClast, AS=i ratio =
AUClast, effect, AS=i

AUClast, control
(4)

Cmax, AS=i ratio =
Cmax, effect, AS=i

Cmax, control
(5)

For the calculation of DGI ratios, AUClast, effect, AS=i and Cmax, effect, AS=i represent the
AUClast and Cmax for CYP2D6 AS = i, while AUClast, control and Cmax, control are the AUClast
and Cmax values for the NM (AS = 2) population. For the calculation of DD(G)I ratios,
AUClast, effect, AS=i and Cmax, effect, AS=i represent the AUClast and Cmax for the CYP2D6 AS = i
in the DD(G)I scenario with clarithromycin or paroxetine, while AUClast, control and
Cmax, control are the AUClast and Cmax values for the CYP2D6 AS = i without the concomitant
use of perpetrator drugs.

Moreover, a local sensitivity analysis was performed using PK-Sim®. A detailed descrip-
tion of the analysis and results is provided in Section S4.4 of the supplementary document.

3. Results
3.1. PBPK Model Building and Evaluation

The developed whole-body parent–metabolite PBPK model successfully described
plasma concentration–time profiles and renal excretion profiles in NM and PM populations.
In addition, DGI effects in IM and UM populations as well as DD(G)I scenarios with
clarithromycin and paroxetine in various phenotypes could be successfully predicted.
With that, the PBPK model of (E)-Clom and the three metabolites (E)-4-OH-Clom, (E)-DE-
Clom and (E)-4-OH-DE-Clom was able to capture the complexity of the parent–metabolite
network and was used to characterize the contribution of various elimination pathways.

For model building and evaluation, plasma concentration–time and renal excretion–
time profiles of various CYP2D6 AS from a pharmacokinetic panel study as well as from four
published clinical studies with a dose range from 6.25 mg to 62 mg of orally administered
(E)-Clom citrate were included. In total, 22 plasma concentration–time profiles for (E)-Clom,
16 plasma profiles each for (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom as well
as 64 renal excretion profiles were available. With the observed increase in exposure for
NM during concomitant clarithromycin administration, a fraction metabolized (fm) of
(E)-Clom via CYP3A4 of approximately 13% could be estimated (cf., Section S1.5 of the
supplementary document) and subsequently integrated into the model building process to
inform the contribution of the CYP3A4-dependent pathway. The drug-dependent model
input parameters of (E)-Clom, (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom are
provided in Tables S4–S7 of the supplementary document.

4.3 publication iii – pbpk modeling of (e)-clomiphene and its main metabolites 69
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3.2. DGI Modeling and Evaluation

The final PBPK model precisely captured mean plasma concentration–time profiles of
the NM (AS = 2) population for (E)-Clom and all three integrated metabolites (see Figure 3,
third column). All predicted AUClast and Cmax values were in good agreement with the
observed values: GMFEs for AUClast and Cmax in the NM population were 1.11 and 1.13,
respectively. The overall MRD value for predicted plasma concentrations was 1.37.
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1Figure 3. Predicted and observed plasma concentration–time profiles of (E)-Clom (a–d), (E)-4-OH-
Clom (e–h), (E)-DE-Clom (i–l) and (E)-4-OH-DE-Clom (m–p) in PM (first column), IM (only AS = 0.5
shown; second column), NM (third column) and UM (last column) for DGI scenarios. Solid lines
depict predicted geometric mean concentration–time profiles in the PM, IM (AS = 0.5), NM and
UM populations. Colored ribbons show the corresponding geometric standard deviation of the
population simulations (n = 1000). Mean observed data are shown as symbols with the corresponding
standard deviation. Linear and semilogarithmic predicted and observed plasma concentration–time
profiles of all studies and AS are shown in Section S4.1 of the supplementary document. AS, CYP2D6
activity score; DGI, drug–gene interaction; (E)-4-OH-Clom, (E)-4-hydroxyclomiphene; (E)-4-OH-
DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom, (E)-N-
desethylclomiphene; IM, intermediate metabolizers; n, number of subjects; NM, normal metabolizers,
PM, poor metabolizers; UM, ultrarapid metabolizers.
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For DGI model predictions, CYP2D6 kcat values were extrapolated from NM to IM
(AS = 0.5, AS = 0.75 and AS = 1) and UM populations. The extrapolation of kcat parameters
based on in vitro scaling factors led to successful predictions of plasma profiles in IM and
UM phenotypes. Plasma profiles in PM volunteers that were part of the training dataset
were also well captured in model simulations (Figure 3).

Since (E)-Clom is primarily metabolized via CYP2D6 (predicted fm = 86%), the PM
population showed the highest AUClast for the parent compound (E)-Clom (AUCPM >
AUCIM > AUCNM > AUCUM), but the lowest AUClast for the two most active metabolites
(E)-4-OH-Clom and (E)-4-OH-DE-Clom. However, since (E)-4-OH-Clom and (E)-4-OH-DE-
Clom were not only formed but also degraded via CYP2D6, their highest AUClast could not
be found in UM, but in IM with AS = 0.5 (AUCIM (AS = 0.5) > AUCNM > AUCUM > AUCPM).
A detailed listing of all predicted and observed AUClast and Cmax values for all phenotypes
in the DGI study setting is depicted in Table S11 of the supplementary document.

Goodness-of-fit plots for all modeled compounds showing predicted compared with
observed plasma concentrations, AUClast and Cmax values in the DGI study setting are
depicted in Figure 4. Here, 90% of Cmax, 80% of AUClast and 78% of the predicted concen-
trations were within the two-fold acceptance criterion. GMFEs for the predicted Cmax and
AUClast values were 1.41 and 1.43, respectively, and the overall MRD value for predicted
plasma concentrations was 1.95.
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1
Figure 4. Predicted versus observed AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-
Clom (circles), (E)-4-OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (dia-
monds) in PM, IM, NM and UM (DGI scenarios). The black solid lines mark the lines of identity.
Black dotted lines indicate 1.25-fold; black dashed lines indicate two-fold deviation. Goodness-
of-fit plots of digitized studies are depicted in Figure S8 of the supplementary document. AS,
CYP2D6 activity score; DGI, drug–gene interaction; (E)-4-OH-Clom, (E)-4-hydroxyclomiphene;
(E)-4-OH-DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom,
(E)-N-desethylclomiphene; IM, intermediate metabolizers; NM, normal metabolizers; PM, poor
metabolizers; UM, ultrarapid metabolizers.

The predicted impact of CYP2D6 polymorphisms on the PK of (E)-Clom and its three
metabolites (DGI effect ratios) is shown in Figure 5 and is highly consistent with observed
effects. GMFEs for the predicted Cmax and AUClast ratios in the DGI setting were 1.46
and 1.65, respectively. Predicted and observed renal excretion profiles are visualized in
Section S4.1 of the supplementary document. Moreover, complementary prediction results
of concentration–time profiles for the remaining AS and included published clinical studies
are shown in Sections S4.1.3 and S4.1.7, respectively, of the supplementary document.
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Figure 5. Predicted versus observed DGI (a) AUClast and (b) Cmax ratios of (E)-Clom (circles),
(E)-4-OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds). The straight
black lines mark the lines of identity; the curved solid black lines show the limits of the predictive
measure proposed by Guest et al. with 1.25-fold variability [32]. Black dotted lines indicate 1.25-
fold; black dashed lines indicate two-fold deviation. AS, CYP2D6 activity score; (E)-4-OH-Clom,
(E)-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom,
(E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene; IM, intermediate metabolizers; NM, nor-
mal metabolizers; PM, poor metabolizers; UM, ultrarapid metabolizers.

3.3. DD(G)I Modeling and Evaluation

In total, 40 plasma concentration–time profiles and 40 renal excretion profiles of
(E)-Clom and its metabolites were used for the investigation of DD(G)I scenarios with
clarithromycin (mechanism-based inhibitor of CYP3A4) and paroxetine (mechanism-based
inhibitor of CYP3A4 and CYP2D6) for various CYP2D6 AS (AS = 0, AS = 0.5, AS = 1, AS = 2
and AS = 3). Here, the impact of clarithromycin- and paroxetine-induced DD(G)I effects on
plasma concentration–time profiles, AUClast and Cmax values of (E)-Clom and its metabo-
lites was assessed. For this, published PBPK model parameters for clarithromycin [16] and
paroxetine [30] were used including the respective competitive inhibition (Ki) and the maxi-
mum inactivation rate (kinact) constants. Plasma and renal excretion profiles were predicted,
compared with observed profiles and served for evaluations of DD(G)I model performance.
DD(G)I model prediction performance is visually demonstrated in the concentration–time
profiles (Figure 6) and the corresponding goodness-of-fit plots (Figure 7). GMFEs for the
predicted AUClast and Cmax values were 1.30 and 1.40, respectively, and the overall MRD
value for predicted plasma concentrations was 1.83.

Since the metabolism of (E)-Clom is predominantly mediated via CYP2D6, the AUClast
of (E)-Clom substantially increased with concomitant administration of the CYP2D6 in-
hibitor paroxetine (2.5–12-fold) for all phenotypes, except PM, which possess no CYP2D6
activity. Furthermore, due to inhibition of CYP2D6, Cmax of the metabolite (E)-4-OH-Clom
decreased in all phenotypes except for PM. However, as (E)-4-OH-Clom is not only formed
but also degraded via CYP2D6, a substantial decrease in AUClast during paroxetine DD(G)I
was only predicted for the IM population in concordance with observed values. The minor
involvement of CYP3A4 in the metabolism of (E)-Clom and (E)-4-OH-Clom is supported by
the slight increase in the respective AUClast during CYP3A4 inhibition in all phenotypes.
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1Figure 6. Predicted and observed plasma concentration–time profiles of (E)-Clom (a–d), (E)-4-OH-
Clom (e–h), (E)-DE-Clom (i–l) and (E)-4-OH-DE-Clom (m–p) for DD(G)I scenarios in PM (first
column), IM (only AS = 0.5 shown; second column), NM (third column) and UM (last column).
Grey dashed lines depict the predicted geometric mean concentration–time profiles in absence of
clarithromycin and paroxetine (control); turquoise solid lines represent the predicted geometric
mean profiles in the presence of paroxetine; and pink solid lines represent the predicted geometric
mean profiles in the presence of clarithromycin (DD(G)I). Colored ribbons show the corresponding
geometric standard deviation of the population simulations (n = 1000). Mean observed data are shown
as symbols with the corresponding standard deviation. Linear and semilogarithmic predicted and
observed plasma concentration–time profiles of all AS are shown in Section S4.2 of the supplementary
document. For better visibility, DD(G)I scenarios were plotted with a time offset with t = 0 at the first
dose of the perpetrator drug. AS, CYP2D6 activity score; Clarit., Clarithromycin; DD(G)I, drug–drug
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and drug–drug–gene interactions; (E)-4-OH-Clom, (E)-4-hydroxyclomiphene; (E)-4-OH-DE-
Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom, (E)-N-
desethylclomiphene; IM, intermediate metabolizers; n, number of subjects; NM, normal metabolizers;
Parox., Paroxetine; PM, poor metabolizers; UM, ultrarapid metabolizers.
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Figure 7. Predicted versus observed AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-Clom
(circles), (E)-4-OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) for
DD(G)I scenarios with clarithromycin and paroxetine, respectively. The black solid lines mark the
lines of identity. Black dotted lines indicate 1.25-fold; black dashed lines indicate two-fold deviation.
AS, CYP2D6 activity score; DD(G)I, drug–drug and drug–drug–gene interactions; (E)-4-OH-Clom,
(E)-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom,
(E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene; IM, intermediate metabolizers; NM, nor-
mal metabolizers, PM, poor metabolizers; UM, ultrarapid metabolizers.

The AUClast of (E)-DE-Clom is substantially reduced in all phenotypes by values
between ~70% and 80% (NM and IM) and ~34% (PM) during concomitant clarithromycin
administration, demonstrating that CYP3A4 is likely the major enzyme in the forma-
tion of (E)-DE-Clom. During CYP3A4 inhibition, AUClast and Cmax values, as well as
the corresponding DDGI effects for (E)-4-OH-Clom and (E)-4-OH-DE-Clom in PM, were
overpredicted by ~2.5-fold.

Predicted and observed AUClast and Cmax ratios of (E)-Clom, (E)-4-OH-Clom, (E)-DE-
Clom and (E)-4-OH-DE-Clom for the DD(G)I setting are shown in Figure 8. GMFEs for the
predicted Cmax and AUClast ratios in the DD(G)I setting were 1.50 and 1.40, respectively.
All predicted and observed values for AUClast and Cmax, DD(G)I effect ratios as well as
calculated MRDs and GMFEs are listed in Section S4.3 of the supplementary document.
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Figure 8. Predicted versus observed DD(G)I AUClast (a) and Cmax (b) ratios of (E)-Clom (circles),
(E)-4-OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds). The straight
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black lines mark the lines of identity; the curved black lines show the limits of the predic-
tive measure proposed by Guest et al. with 1.25-fold variability [32]. Black dotted lines in-
dicate 1.25-fold; black dashed lines indicate two-fold deviation. AS, CYP2D6 activity score;
DD(G)I, drug–drug and drug–drug–gene interactions; (E)-4-OH-Clom, (E)-4-hydroxyclomiphene;
(E)-4-OH-DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom,
(E)-N-desethylclomiphene; IM, intermediate metabolizers; NM, normal metabolizers, PM, poor
metabolizers; UM, ultrarapid metabolizers.

3.4. Contribution of Metabolic Pathways to (E)-Clom and Metabolite Disposition

In the PBPK model simulations, (E)-Clom is fully absorbed from the gastrointestinal
tract (fraction absorbed = 1.0); however, it undergoes a substantial first-pass metabolism
leading to a bioavailability of approximately 9% in UM, 11% in NM, 30% in IM (AS = 0.5)
and 49% in PM. (E)-Clom is metabolized via three pathways to (E)-4-OH-Clom, (E)-DE-
Clom and (Z)-3-hydroxyclomiphene with model-calculated fm for NM of 41%, 17% and
42%, respectively (Figure 9).
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Figure 9. Mass balance diagram after oral administration of 62 mg (E)-Clom citrate in CYP2D6 normal
metabolizers (AS = 2) including fraction absorbed, bioavailability and fractions of dose excreted
in urine for (E)-Clom and the three implemented metabolites. Drawings by Servier, licensed un-
der CC BY 3.0 [33]. BA, bioavailability; CL, clearance; CYP, cytochrome P450; (E)-4-OH-Clom,
(E)-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E)-4-hydroxy-N-desethylclomiphene; (E)-Clom,
(E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene; Fa, fraction absorbed; undef. metab.,
undefined metabolite; unsp. hep. CL, unspecific hepatic clearance.

The metabolism of the active metabolite (E)-4-OH-Clom in NM is mediated primarily
via CYP2D6 (69%) and, to a minor extent, via an unspecific hepatic clearance (15%). Only
17% of (E)-4-OH-Clom is degraded to the second active metabolite (E)-4-OH-DE-Clom
via CYP3A4. In addition, (E)-4-OH-DE-Clom is formed of (E)-DE-Clom via CYP2D6 (90%
of (E)-DE-Clom elimination), while 10% of (E)-DE-Clom is metabolized via CYP2D6 and
CYP3A4 to (E)-N,N-didesethylclomiphene. The renal excretion of (E)-Clom and its three
metabolites can be considered negligible (0.01–0.23‰). Calculated contributions for all
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implemented metabolic pathways and fractions of dose excreted in urine of (E)-Clom and
its metabolites in PBPK model simulations for NM as well as fractions of dose excreted in
urine are illustrated in Figure 9.

4. Discussion

Since the approval of clomiphene for the treatment of anovulation in women by
the U.S. Food and Drug Administration (FDA) in the late 1960s, several efforts have
been made to explain the inter-individual variability in clomiphene PK and drug re-
sponse [13,14,34–36]. While early studies identified obesity, hyperandrogenemia and
high levels of serum anti-Müllerian hormone as predictors for non-response [34,35,37–39],
polymorphisms of CYP2D6 were additionally identified to alter drug disposition and
response [5,14,36]. This study presents the first (E)-Clom PBPK model that investigates
and characterizes the impact of CYP2D6 polymorphisms and the concomitant use of
CYP3A4 and CYP2D6 inhibitors on the PK of (E)-Clom and its three important metabolites
(E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom.

For this, a whole-body parent–metabolite PBPK model of (E)-Clom has been suc-
cessfully built and evaluated, predicting plasma concentration–time profiles for various
CYP2D6 AS in DGI and DD(G)I scenarios. The predicted DGI and DD(G)I effects on the PK
of (E)-Clom and its active metabolites were in good agreement with the effects observed in
a pharmacokinetic panel study. Despite the complex nature of the disposition of (E)-Clom
and its metabolites, the PBPK model could capture and quantify the contribution of the
different metabolic pathways. The developed model described and predicted plasma
profiles of the training and test dataset for the DGI setting with GMFEs of 1.43 and 1.41
for predictions of AUClast and Cmax, respectively. GMFEs in the DD(G)I settings with
clarithromycin and paroxetine were 1.30 and 1.40 for predictions of AUClast and Cmax,
respectively, highlighting the good descriptive and predictive model performance.

DGI predictions for IM and UM populations were based on in vitro–in vivo extrapola-
tion of CYP2D6 activity. Here, the application of AS-specific kcat values based on estimated
in vivo NM-kcat and published in vitro information on differences in metabolic activity
between CYP2D6 AS led to successful predictions of observed plasma concentrations and
DGI effect ratios. The predicted DGI effects of CYP2D6 polymorphisms on the AUC of the
four modeled compounds ranged from a ~60-fold increase ((E)-DE-Clom in PM vs. NM) to
a ~70% decrease ((E)-4-OH-DE-Clom in PM vs. NM).

The observed DGI AUClast effect ratio for (E)-Clom in IM (AS = 1) was ~1 representing
“no effect”, while the model predicted effect ratio was about 1.7, suggesting a ~70% increase
in AUC from NM to IM (AS = 1), which seems reasonable due to the strong CYP2D6
involvement in (E)-Clom degradation. The corresponding predicted effect on (E)-4-OH-DE-
Clom exposure (~1.9) was also higher than the effect observed (~0.8). Similarly, DGI AUClast
effect ratios for IM (AS = 0.75) were higher than the corresponding effect ratios observed
for (E)-Clom and its metabolites. Several genetic and non-genetic factors in addition to
the CYP2D6 genotype have previously been described to affect CYP2D6 activity in vivo,
resulting in substantial interindividual variability in the PK of CYP2D6 substrates [5,40,41].
Here, the pharmacokinetic panel study might lack the required power to reliably predict the
low observed mean effect ratios for IM (AS =1 and AS = 0.75) individuals (n = 2 and n =1,
respectively). Thus, additional studies with an increased number of CYP2D6 genotyped
individuals would be helpful to further evaluate these prediction scenarios.

The underprediction of (E)-4-OH-Clom AUClast DGI effects in IM (AS = 0.5) and
UM populations based on the in vitro–in vivo extrapolation of CYP2D6 activity could
hint towards a stronger involvement of CYP2D6 in the metabolism of (E)-4-OH-Clom or
indicate lower CYP2D6 kcat values in IM and higher values in UM than was extrapolated
from in vitro. Moreover, the relative importance of other enzymes for pathways mediated
by CYP2D6 increases for lower CYP2D6 AS. Consequently, the impact of variability in
activity for alternative pathways (e.g., due to polymorphisms in CYP2B6) increases [41,42].
Notably, only a small number of participants (n = 3) in the pharmacokinetic panel study
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were assigned to the IM (AS = 0.5) group and were genotyped for CYP2D6 only. Hence, as
a result of the underprediction (IM (AS = 0.5)) and overprediction (UM) of (E)-4-OH-Clom
exposure, respectively, DD(G)I model predictions for this metabolite should be interpreted
carefully in these populations.

Since (E)-Clom is primarily metabolized via CYP2D6 (fm of ~86% according to model
simulations) PM showed the highest exposure for the parent compound (AUClast, (E)-Clom
order: PM > IM > NM > UM). Additionally, as (E)-4-OH-DE-Clom is primarily formed via
CYP2D6-dependent pathways, PM showed the lowest AUClast for the active metabolite.
However, the complex metabolic network with additional involvement of other CYP
enzymes and contribution of multiple CYP2D6-dependent pathways resulted in a different
order for (E)-4-OH-DE-Clom AUC values compared with (E)-Clom. Here, the AUClast of
(E)-4-OH-DE-Clom was highest in IM (AS = 0.5), while it was lowest for PM and second-
lowest for UM, proposing a contribution of CYP2D6 not only in the formation but also in
the degradation of (E)-4-OH-DE-Clom. This is supported by model simulations, where
the integration of a CYP2D6 metabolic route for (E)-4-OH-Clom and (E)-4-OH-DE-Clom
degradation [6,28] was crucial for successful predictions of the respective plasma profiles.
The involvement of CYP2D6 in the degradation of the active metabolites might also explain
findings from a study by Ji et al., where all nine study participants with IM phenotype
responded to clomiphene therapy, whereas 30% of NM were non-responders [14].

For the investigated clarithromycin DD(G)I scenario, (E)-Clom exposure increased
by only ~15% for NM compared with the control scenario without CYP3A4 inhibition. In
contrast, for PM, (E)-Clom exposure increased ~2.4-fold, which was successfully predicted
by the PBPK model. The increase in (E)-Clom AUClast, however, also led to a model-
predicted increase in (E)-4-OH-Clom AUClast (~2.8-fold) and consequently to an increase
in (E)-4-OH-DE-Clom AUClast (~1.6-fold) for PM. This elevation was not observed in the
available clinical data (effect ratio ~1.3-fold and ~0.6-fold, respectively). These differences
between observation and prediction might be attributed to a saturated CYP2B6 metabolism
from (E)-Clom to (E)-4-OH-Clom in vivo that was not reflected in the PBPK model or
to non-implemented alternative metabolic pathways that are active in scenarios of low
CYP3A4 and CYP2D6 activity.

The underprediction of paroxetine DDGI effects on (E)-4-OH-Clom AUClast in the IM
(AS = 0.5) and UM population supports the aforementioned hint towards lower CYP2D6
kcat values in IM and higher values in UM or a stronger involvement of CYP2D6 in the
metabolism of (E)-4-OH-Clom than was extrapolated from in vitro.

Many different CYP enzymes are involved in the metabolic pathways of (E)-Clom
and its metabolites [5,28]; therefore, the implementation of biotransformation generally
focused on main CYP enzymes. However, of note, the implementation of CYP2D6 as an
additional enzyme, complementing CYP3A4 in the formation of (E)-DE-Clom [43], led to a
substantial improvement in the prediction of clarithromycin DD(G)I scenarios, preventing
an underprediction of AUClast values for (E)-DE-Clom. Here, CYP2D6 was incorporated
with a ~20% contribution to the formation of the desethyl metabolite [43].

In contrast, the initial assumption of a CYP3A4-mediated desethylation of (E)-4-OH-
DE-Clom (as for (E)-4-OH-Clom, cf. Figure 9) was rejected, since this implemented process
led to a consistent overprediction of (E)-4-OH-DE-Clom AUClast in the clarithromycin
DD(G)I scenarios for all phenotypes. Instead, the metabolic pathway was replaced by an
unspecific hepatic clearance process representing glucuronidation, sulfation and potential
other metabolic processes of (E)-4-OH-DE-Clom as suggested by Kröner [6].

PBPK modeling was also leveraged to gain insights into the PK of (E)-Clom and to
investigate contributions of the different metabolic pathways for (E)-Clom and its metabo-
lites. According to model simulations in NM, about 22% of the administered (E)-Clom dose
is eventually metabolized to the metabolite with the highest target affinity ((E)-4-OH-DE-
Clom [28]), mainly via the (E)-DE-Clom-pathway (~69%) and ~31% via the (E)-4-OH-Clom
pathway. This is of note, as only ~17% of (E)-Clom is initially metabolized to (E)-DE-Clom,
while ~41% is metabolized to (E)-4-OH-Clom. However, ~90% of (E)-DE-Clom metabolism
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results in (E)-4-OH-DE-Clom formation (vs. only ~17% of (E)-4-OH-Clom metabolism),
eventually representing the main pathway of (E)-4-OH-DE-Clom formation according to
model simulations.

Clomiphene is typically administered as a racemic mixture of (E)- and (Z)-Clom
(62:38) [22]. Both isomers show highly distinct pharmacokinetic characteristics and also
differ in affinity to the target receptor [22,28]. In contrast to (Z)-Clom, (E)-Clom undergoes
an extensive first-pass metabolism resulting in a lower bioavailability [44]. The model
predicted bioavailability for (E)-Clom in NM was ~11%, which is in congruence with the
low bioavailability of ~6.3% for the (E)-isomer calculated from the reported AUC0-24h after
oral [21] and intravenous application of 50 mg clomiphene citrate [45]. While the calculated
value from the literature is based on an intravenous study with a small number of study
participants (n = 2) [45], a low bioavailability can be supported with the developed PBPK
model. The model calculated bioavailabilities in PM, IM (AS = 0.5, AS = 0.75, AS = 1) and
UM were 49%, 30%, 27%, 18% and 9%, respectively.

In the pharmacokinetic panel study, renal excretion of the parent compound (E)-Clom
and the three modeled metabolites was quantified and showed negligible overall contribu-
tion to the respective compound elimination. The PBPK model was able to quantify this
small contribution of renal excretion for the four investigated compounds. The respective
simulated fractions of dose excreted in urine for NM were calculated to be 0.01‰, 0.09‰,
0.05‰ and 0.23‰, for (E)-Clom, (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom,
respectively. This is in concordance with recent studies, where unchanged (E)-Clom and
unconjugated metabolites could only be detected in small amounts, or not at all in urine
samples [46,47].

The pharmacokinetic panel study was conducted in a cross-over design [28]. One limi-
tation of this work is the small number of participants in the panel study (n = 20), with only
one to six individuals per AS group available for model development. Additionally, from
the PM group, one participant dropped out of the clinical trial during the clarithromycin
DDGI scenario and two participants during the paroxetine DDGI scenario. In the case of
the IM (AS = 0.75) group, no data for the DDGI scenarios were available due to drop-out.

When additional pharmacokinetic data become available, the PBPK model can be
further evaluated according to the “learn–confirm–refine” principle [48,49] to be used for
further model applications. Moreover, the presented parent–metabolite PBPK model of
(E)-Clom provides a basis for future investigations of different covariates (e.g., body mass
index), individual CYP2D6 genotypes and the concomitant use of additional perpetrator
drugs influencing the PK of (E)-Clom and its metabolites. The evaluated model can be
leveraged to simulate plasma concentration–time profiles and investigate the exposure
of (E)-Clom and its active metabolites in as-yet unexplored DD(G)I scenarios with the
concomitant administration of moderate and weak CYP enzyme inhibitors as well as CYP
enzyme inducers (e.g., carbamazepine [15]). Here, future clinical investigations of DD(G)I
scenarios with concomitant use of (E)-Clom and CYP enzyme inducers are required for
evaluation of such model predictions with clinically observed data. For the translation
of exposure differences into dose recommendations, studies quantifying the efficacy- and
safety-related contributions of (E)-Clom and its metabolites would be of high interest.

5. Conclusions

A whole-body parent–metabolite PBPK model of (E)-Clom including the metabolites
(E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-DE-Clom was successfully developed. The
model predicted plasma concentration–time profiles of (E)-Clom and its metabolites for
CYP2D6 DGI, as well as CYP2D6 and CYP3A4 DDI and DDGI scenarios in six different
CYP2D6 AS groups. For this, an in vitro–in vivo extrapolation approach to obtain CYP2D6
kcat values for different AS was successfully integrated to predict plasma profiles for
IM (AS = 0.5, AS = 0.75, AS = 1) and UM populations. Furthermore, the model was
applied to investigate the contribution of metabolic pathways to the elimination of (E)-Clom
and its metabolites. The developed PBPK model will be made publicly available (http:
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//models.clinicalpharmacy.me/) and can be further leveraged to investigate the PK of
(E)-Clom and its metabolites for various DD(G)I scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14122604/s1, Figure S1: Predicted and observed
plasma concentration-time profiles (linear scale) of (E)-Clom (a–f), (E)-4-OH-Clom (g–l), (E)-DE-Clom
(m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios; Figure S2: Predicted and observed plasma
concentration-time profiles (semilogarithmic scale) of (E)-Clom (a–f), (E)-4-OH-Clom (g–l), (E)-DE-
Clom (m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios; Figure S3: Predicted versus observed
AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-Clom (circles), (E)-4-OH-Clom (triangles),
(E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM, NM and UM (DGI scenarios);
Figure S4: Predicted versus observed DGI AUClast (a) and Cmax (b) ratios of (E)-Clom (circles), (E)-4-
OH-Clom (tri-angles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM and UM;
Figure S5: Predicted and observed renal excretion profiles (linear scale) of (E)-Clom (a–f), (E)-4-OH-
Clom (g–l), (E)-DE-Clom (m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios; Figure S6: Predicted
and observed plasma concentration-time profiles (linear scale) of digitized studies from literature after
single (a,b) and multiple (c–f) dosing; Figure S7: Predicted and observed plasma concentration-time
profiles (semilogarithmic scale) of digitized studies from literature after single (a,b) and multiple (c–f)
dosing; Figure S8: Predicted versus observed (a) AUClast, (b) Cmax and (c) plasma concentrations
of (E)-Clom; Figure S9: Predicted and observed plasma concentration-time profiles (linear scale) of
(E)-Clom (a–e), (E)-4-OH-Clom (f–j), (E)-DE-Clom (k–o) and (E)-4-OH-DE-Clom (p–t) for DD(G)I
scenarios in PM, IM, NM and UM; Figure S10: Predicted and observed plasma concentration-time
profiles (semilogarithmic scale) of (E)-Clom (a–e), (E)-4-OH-Clom (f–j), (E)-DE-Clom (k–o) and (E)-
4-OH-DE-Clom (p–t) for DD(G)I scenar-ios in PM, IM, NM and UM; Figure S11: Predicted versus
observed AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-Clom (circles), (E)-4-OH-Clom
(triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) for DD(G)I scenarios with
clarithromycin and paroxetine, respectively in PM, IM, NM and UM; Figure S12: Predicted versus
observed DD(G)I AUClast (a) and Cmax (b) ratios of (E)-Clom (circles), (E)-4-OH-Clom (triangles),
(E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM, NM and UM; Figure S13:
Predicted and observed renal excretion profiles (linear scale) of (E)-Clom (a–e), (E)-4-OH-Clom
(f–j), (E)-DE-Clom (k–o) and (E)-4-OH-DE-Clom (p–t) for DD(G)I scenarios in PM, IM, NM and UM;
Figure S14: Sensitivity analysis of the PBPK model for (E)-Clom, (E)-4-OH-Clom, (E)-DE-Clom and
(E)-4-OH-DE-Clom; Figure S15: Molecular structures of (E)-Clom (a) and its metabolites (E)-DE-Clom
(b), (E)-4-OH-Clom (c) and (E)-4-OH-DE-Clom (d); Table S1: Optimized CYP2D6 kcat values for each
study; Table S2: Overview of clinical study data from literature used for model evaluation; Table
S3: System-dependent parameters and expression of relevant enzymes; Table S4: Drug-dependent
parameters for (E)-clomiphene; Table S5: Drug-dependent parameters for (E)-N-desethylclomiphene;
Table S6: Drug-dependent parameters for (E)-4-hydroxyclomiphene; Table S7: Drug-dependent
parameters for (E)-4-hydroxy-N-desethyl-clomiphene; Table S8: Employed in vitro scaling factors
(IVSFs) for individual CYP2D6 activity scores; Table S9: Mean relative deviation (MRD) values of
DGI plasma concentration predictions; Table S10: Mean relative deviation (MRD) values of DD(G)I
plasma concentration predictions; Table S11: Geometric Mean Fold Error (GMFE) of AUClast and
Cmax DGI Predictions; Table S12: Geometric Mean Fold Error (GMFE) of DGI AUClast and Cmax
ratio; Table S13: Geometric Mean Fold Error (GMFE) of AUClast and Cmax DD(G)I Predictions; Table
S14: Geometric Mean Fold Error (GMFE) of DD(G)I AUClast and Cmax ratios. References [50–80] are
cited in the Supplementary Materials.
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Abstract: Infliximab is approved for treatment of various chronic inflammatory diseases including
inflammatory bowel disease (IBD). However, high variability in infliximab trough levels has been
associated with diverse response rates. Model-informed precision dosing (MIPD) with population
pharmacokinetic models could help to individualize infliximab dosing regimens and improve therapy.
The aim of this study was to evaluate the predictive performance of published infliximab population
pharmacokinetic models for IBD patients with an external data set. The data set consisted of 105 IBD
patients with 336 infliximab concentrations. Literature review identified 12 published models eligible
for external evaluation. Model performance was evaluated with goodness-of-fit plots, prediction- and
variability-corrected visual predictive checks (pvcVPCs) and quantitative measures. For anti-drug
antibody (ADA)-negative patients, model accuracy decreased for predictions > 6 months, while
bias did not increase. In general, predictions for patients developing ADA were less accurate for
all models investigated. Two models with the highest classification accuracy identified necessary
dose escalations (for trough concentrations < 5 µg/mL) in 88% of cases. In summary, population
pharmacokinetic modeling can be used to individualize infliximab dosing and thereby help to
prevent infliximab trough concentrations dropping below the target trough concentration. However,
predictions of infliximab concentrations for patients developing ADA remain challenging.

Keywords: infliximab; population pharmacokinetics; inflammatory bowel disease; model-informed
precision dosing; dose individualization

1. Introduction

Infliximab is an intravenously administered recombinant chimeric monoclonal anti-
body that inhibits both soluble and membrane-bound tumor necrosis factor alpha (TNF-
α) [1]. Infliximab is approved for treatment of various chronic inflammatory diseases
including the inflammatory bowel diseases (IBD) Crohn’s disease (CD) and ulcerative
colitis (UC) [2,3]. After its approval in 1999 by the European Medicines Agency (EMA),
infliximab revolutionized the treatment of CD and UC because of its ability to induce long-
term remission, reduce hospitalizations, and restore quality of life [4,5]. Today, infliximab
is still widely used and available as different biosimilars [3].
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Infliximab exhibits linear pharmacokinetic behavior, while low trough concentra-
tions are associated with impaired or even loss of response to infliximab therapy [6–9].
UC patients with detectable serum infliximab trough concentrations showed a 4 times
higher probability and CD patients even a 13 times higher probability of being in clin-
ical remission, making serum infliximab levels a predictor of clinical response [6,9–12].
According to a recent guideline from the American Gastroenterological Association Insti-
tute, infliximab should be dosed to achieve target trough concentrations of ≥ 5 µg/mL
in order to improve therapy outcome [13]. However, a high inter-individual variabil-
ity in infliximab trough levels has been observed contributing to a high rate of treat-
ment failure [9,12–14]. About 10–40% of patients fail to respond to induction therapy
(primary non-response) [15], and subsequently, 13% of patients lose response annually af-
ter initially responding (secondary non-response) [16]. One of the reasons for primary and
secondary non-response is the formation of anti-drug antibodies (ADAs) against infliximab,
leading to an increased infliximab clearance (CL) [9,17,18].

A good understanding of the high variability in infliximab trough levels is essen-
tial for dose individualization strategies [4,19–22]. In the past, several efforts have been
made to characterize infliximab pharmacokinetics (PK), including the quantification and
explanation of inter-individual variability, and to develop population pharmacokinetic
models for dose individualization [21,23–27]. While these analyses identified various
covariates (e.g., albumin levels, sex, weight, ADA development, and use of concomi-
tant immunomodulators) that influence infliximab CL and volume of distribution (Vd),
the covariates could only partly explain the observed inter-individual and inter-occasion
variability (IOV) [23,24,26,27].

Thus, population pharmacokinetic models combined with data from therapeutic
drug monitoring could help to optimize drug dosing regimens in individual patients via
model-informed precision dosing (MIPD) [28–32]. Infliximab models have recently been
used to simulate dosing regimens for different patient populations or for evaluation of
individualized dose adjustments and incidences of loss of response [31,33,34]. However,
a comprehensive external evaluation of the different infliximab population pharmacoki-
netic modeling approaches including assessment of accuracy and bias of model predictions
over time as well as the ability to predict the need for dose escalation is still pending.
Hence, the aim of this work was to provide an overview of published infliximab popu-
lation pharmacokinetic models for patients with IBD as well as to evaluate and compare
model performance with a focus on differences between ADA-negative and ADA-positive
subpopulations in a Bayesian forecasting setting using an external data set.

2. Materials and Methods
2.1. External Evaluation Data Set

For predictive external model evaluation, data originated from a previously published
observational study that was reviewed and approved by the institutional review board of
the Medical University of Vienna [35]. All participating patients had signed an informed
consent form.

Patients with an established diagnosis of CD and UC were enrolled in the study.
All participants had previously responded to induction therapy, receiving three infusions
at weeks zero, two, and six, and were assigned to a maintenance dosing regimen. Serum
samples of patients (median 2, range 1–12 samples) were collected during infliximab
therapy at both midpoint and trough times of a dosing interval while exact time points were
not specified in the protocol. Laboratory and demographic data were collected, including
serum infliximab concentrations, ADA levels, serum albumin concentrations, C-reactive
protein levels, weight, use of concomitant immunomodulators, Harvey–Bradshaw index
(HBI), and smoking status.

Serum infliximab concentrations used in this analysis were measured with a com-
mercially available enzyme-linked immunosorbent assay (ELISA) method (Immundiag-
nostik Germany, Bensheim, Germany) with a lower limit of quantification (LLOQ) of
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2.68 ng/mL [36]. ADA concentrations were determined using the homogeneous mobility
shift assay (HMSA) from Prometheus Labs Inc., San Diego, CA, USA with an LLOQ of
3.13 U/mL [37]. Patients were assigned to the ADA-positive patient cohort if any measured
ADA concentration was above the threshold of 6.6 U/mL [37,38].

2.2. Population Pharmacokinetic Models and Software

A comprehensive and systematic literature search in PubMed was performed for in-
fliximab population pharmacokinetic analyses in patients with IBD. The search terms were
“infliximab” AND “population” AND “pharmacokinetics” and reference lists of identified
articles were manually screened for further eligible studies. Subsequently, modeling and
study information was collected, including model structure, population pharmacokinetic
parameter values, covariates, inter-individual variability, residual variability, information
on patient cohorts, disease type, number of patients, number of collected blood sam-
ples, and ADA immunogenicity rate. The population pharmacokinetic models described
in the gathered studies were implemented and evaluated using the nonlinear mixed ef-
fects modeling software NONMEM® version 7.4 (Icon Development Solutions, Ellicott
City, MD, USA). Computations for prediction- and variability-corrected visual predictive
checks (pvcVPCs) were generated with the PsN (version 4.9.0) tool “vpc” [39,40]. Data
management, graphics, and quantitative model diagnostics were carried out using the R
programming language version 3.6.3 (R Foundation for Statistical Computing, Vienna,
Austria) and R Studio® version 1.2.5019 (R Studio, Inc., Boston, MA, USA).

2.3. Model Performance Evaluation

For the implemented population pharmacokinetic models, all parameters
(fixed and random effects) were set to published values of the respective study. To as-
sess the potential applications in a clinical setting, model performances to predict serum
infliximab concentrations with a Bayesian approach were evaluated with the external data
set. Here, the first measured serum infliximab concentration of each patient (CMAP) was
used for maximum a posteriori (MAP) estimation of individual pharmacokinetic parameters
(empirical Bayes pharmacokinetic parameter estimates [EBEs]) considering interaction be-
tween inter-individual variability and residual variability for prediction of subsequent serum
infliximab concentrations (Bayesian forecasting). As recommended by Abrantes and cowork-
ers, IOV was included in the estimation of EBEs but excluded in the calculation of indi-
vidual pharmacokinetic parameters used for predictions [41]. For prospective predictions,
individual patient covariates for times after CMAP were imputed using last observation
carried forward.

Visual and quantitative methods were applied for the evaluation of predictive model
performances. Goodness-of-fit plots of individual predicted infliximab concentrations
vs. observed infliximab concentrations were generated for visual evaluation. Moreover,
two quantitative measures were calculated, including the median symmetric accuracy
(ζ, Equation (1)) and the symmetric signed percentage bias (SSPB, Equation (2)) to evaluate
the model regarding prediction accuracy and prediction bias.

ζ = 100 ×
[
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xi

)∣∣∣
))
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]

, (1)

SSPB = 100 ×
[

sign
(

median
(

ln
(

yi
xi

)))]
×
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))∣∣∣
)
− 1

]
. (2)

In Equations (1) and (2) xi represents the ith observed infliximab serum concentration
and yi the corresponding predicted serum concentration.

ζ represents the typical absolute percentage error with 50% of absolute percentage
errors below ζ [42]. The SSPB, a measure of bias, estimates the central tendency of the er-
ror penalizing underprediction and overprediction equally as illustrated by Morley and
coworkers [42].
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As mentioned before, dose escalation can be beneficial in patients with trough concen-
trations below the target threshold of 5 µg/mL. Hence, a model’s ability to correctly predict
the need for dose escalation was further investigated. For that, observed and predicted
trough concentrations were split into two categories: Ctrough < 5 µg/mL (dose escalation
needed) and Ctrough ≥ 5 µg/mL (no dose escalation needed). Correct predictions of need
for dose escalation are referred to as “true positive” while correct predictions of no need
for dose escalation are referred to as “true negative”. Model accuracy, i.e., the fraction
of observed and corresponding predicted trough concentrations, both <5 µg/mL or both
≥ 5 µg/mL, were calculated for all models. Here, model classification performance was
evaluated for trough samples in which ADA status was negative and for trough samples
in which ADA status was positive individually.

In addition, pvcVPCs were performed with multiple replicates (n = 1000) of the study
population. The simulated concentrations (median, 5th, and 95th percentiles), the corre-
sponding 95% confidence intervals as well as prediction- and variability-corrected observed
concentrations (with median, 5th, and 95th percentiles) were plotted against time after dose.

3. Results
3.1. Characteristics of Published Population Pharmacokinetic Models of Infliximab in Patients
with IBD

The comprehensive literature search in PubMed for population pharmacokinetic anal-
yses of infliximab in patients with IBD revealed 25 population pharmacokinetic models,
which are listed in Table 1 together with the respective model characteristics. The models
partially differ both in base model structure as well as tested and integrated covariates.
The majority of the studies used a 2-compartment model (n = 18) with first-order elimi-
nation, while seven models implemented a 1-compartment model. Yet, five out of seven
studies that used a 1-compartment base model were developed with sparse data including
only infliximab trough samples in the model building process.

Integrated covariates on infliximab CL and central volume of distribution (Vc) include
patient characteristics (sex, weight, and age), clinical characteristics (albumin levels, HBI,
ADA status, etc.) as well as concomitant medication of immunomodulators (IMM).

Of the 25 models, 14 included albumin concentrations, 14 weight, and four sex as a co-
variate on CL. Moreover, four models included an IOV for the CL parameter. Eighteen
models integrated ADA as a covariate (sixteen as binary, one as ordinal, and one as contin-
uous covariate), two models implemented a risk function of developing ADA, and three
did not include ADA status in the model since only a small fraction of patients in the re-
spective model building data set were ADA positive (≤3%). Two studies did not include
ADA-positive patients for the model building process (see Table 1).

Furthermore, model building data sets vastly differed in patient and sample numbers,
patient cohort (patients with CD/UC; adult/pediatric patients) as well as sampling times
(see Table 1). Eleven models used data from both patients with CD and UC, eleven from
patients with CD, and three from patients with UC. The majority of models were developed
with data from adult patients (19/25), three with data from both adult and pediatric
patients, and three with data from pediatric patients only.

3.2. Eligible Population Pharmacokinetic Models for Evaluation

Twelve out of 25 population pharmacokinetic models (entries marked with an asterisk
in Table 1) were eligible for model performance evaluation with the external data set. From
Fasanmade et al., 2011, two of three models that were developed using a data set of adult
patients and a data set of both pediatric and adult patients, respectively, were included
in the analysis [24]. Edlund et al. published three different approaches for handling
the ADA covariate [43]. All three models based on ADA measurements by HMSA were
included in the analysis and are, hereafter, referred to as I (ADA covariate on the patient
level), II (ADA covariate on sample level), and III (ADA concentrations as a continuous
covariate). Eleven out of 25 models (Ternant et al., 2008 [44], Dotan et al., 2014 [45], Ter-
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nant et al., 2015 [46], Brandse et al., 2017 [47], Kevans et al., 2018 [48], Dreesen et al.,
2019 [49], Matsuoka et al., 2019 [50], Petitcollin et al., 2019 [51], Dreesen et al., 2020 [27],
Bauman et al., 2020 [21], and Kantasiripitak et al., 2021 [26]) could not be evaluated because
of data set incompatibility (e.g., missing covariates in our data set) or lack of reported model
implementation details. The model by Grišić et al. was not included in the analysis as
it was specifically focused on modeling the effects of pregnancy affecting infliximab PK [52].
In summary, models developed by Aubourg et al., 2015 [53], Buurman et al., 2015 [54],
Brandse et al., 2016 [55], Edlund et al., 2017 (I–III) [43], Fasanmade et al., 2009 [23], Fasan-
made et al., 2011 (adults and adults/children) [24], Passot et al., 2016 [56], Petitcollin et al.,
2018 [25], and Xu et al., 2012 [57] were implemented and included in the external evalua-
tion. Additional information on the investigated models regarding assumptions for model
implementation (e.g., handling of missing units or ambiguities) are outlined in Section 1 of
the Supplementary Materials.

3.3. External Evaluation Data Set

Four hundred serum infliximab concentrations from 124 patients were available
in the data set. Data from 11 patients (33 infliximab concentrations total) were excluded
because of insufficient information on the respective dosing regimen (e.g., unknown
time of dosing). Three concentrations below the LLOQ (<1% of samples) were excluded
from the external evaluation (M1 method) [58]. Moreover, 28 concentrations classified as
pharmacokinetically implausible (concentrations that did not decrease over a sampling
period of at least seven days within a dosing interval) were removed from the analysis.
Consequently, eight patients lacked informative infliximab PK data, i.e., at least one sample
with detectable infliximab concentrations, and were therefore excluded from the analysis.

As a result, a total of 336 infliximab concentrations from 105 patients with IBD,
including 76 cases of CD and 29 cases of UC, were available for external evaluation (median
number of infliximab samples per patient: 2; range: 1–12). Twenty-two patients had at
least one positive ADA sample. In total, ADA levels above the threshold of 6.6 U/mL were
measured in 49 samples. An overview of clinical and demographic patient characteristics
of the external data set is presented in Table 2. Infliximab was administered to patients
using various dosing regimens with a median (interquartile range (IQR)) infliximab dose
of 5.5 (5.1–5.9) mg/kg and a median (IQR) dosing interval of 8.0 (7.7–8.6) weeks.
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Table 1. Overview of published pharmacokinetic models for infliximab in patients with IBD.

Publication CD/UC Patient
Cohort

No. of Patients
(Samples) Sampling Times Base Model Covariates on CL Covariates on Vc IOV Induction/

Maintenance 1
Inclusion of

ADA+ Patients Ref.

Ternant et al., 2008 both adults 33 (478) peak, trough 2-CMT ADA sex, weight - both yes (15%) [44]

Fasanmade et al., 2009 * UC adults 482 (4145) peak, midpoint,
trough 2-CMT ADA, alb, sex sex, weight - both yes (7%) [23]

Fasanmade et al.,
2011 (a) * CD adults 580 (/) peak, midpoint,

trough 2-CMT ADA, alb, IMM,
weight weight 2 CL both yes (11%) [24]

Fasanmade et al., 2011 (c) CD children 112 (/) peak, midpoint,
trough 2-CMT alb, weight weight 2 CL both yes (3%) [24]

Fasanmade et al.,
2011(a/c) * CD both 692 (5757) peak, midpoint,

trough 2-CMT ADA, alb, IMM,
weight weight 2 CL both yes (10%) [24]

Xu et al., 2012 * both both 655 3 (/) / 2-CMT ADA, alb, weight 4 weight 2 - / yes (/) [57]

Dotan et al., 2014 both adults 54 (169) trough 2-CMT ADA, alb, weight 4 weight 2 - both yes (31%) [45]

Aubourg et al., 2015 * CD adults 133 (/) trough, peak 2-CMT sex sex, weight - treatment
initiation no [53]

Buurman et al., 2015 * both adults 42 (188) trough 2-CMT ADA, period 5, sex HBI - both yes (5%) [54]

Ternant et al., 2015 CD adults 111 (546) throughout dosing
interval 1-CMT FCGR3A-158V/V,

hsCRP - - maintenance yes (2%) [46]

Brandse et al., 2016 * UC adults 19 (/) throughout dosing
interval 2-CMT ADA, alb - - induction yes (32%) [55]

Passot et al., 2016 * both both 79 6 (/) trough 1-CMT CD/UC, sex, weight CD/UC, sex,
weight - both no [56]

Brandse et al., 2017 both adults 332 (997) throughout dosing
interval 2-CMT ADA, alb, previous

exposure, weight 4 weight 2 - both yes (23%) [47]

Edlund et al., 2017(I–III)
*,7 CD adults 68 (152) midpoint, trough 2-CMT ADA 8, weight 4,9 weight 2,9 - maintenance yes (37%) [43]

Kevans et al., 2018 both adults 51 (/) throughout dosing
interval 2-CMT ADA, alb, weight 4,

time-varying CL 10 weight 2 - induction yes (11%) [48]

Petitcollin et al., 2018 * CD children 20 (145) trough 1-CMT
alb, time-varying

CL/risk of
immunization 11

- - both yes (15%) [25]

Dreesen et al., 2019 UC adults 204 (583) trough 1-CMT alb, CRP, Mayo FFM, CS, panc. CL induction yes (1%) 12 [49]

Matsuoka et al., 2019 CD adults 121 (832) trough 1-CMT ADA, alb, weight - - maintenance yes (26%) [50]
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Table 1. Cont.

Publication CD/UC Patient
Cohort

No. of Patients
(Samples) Sampling Times Base Model Covariates on CL Covariates on Vc IOV Induction/

Maintenance 1
Inclusion of

ADA+ Patients Ref.

Petitcollin et al., 2019 both adults 91 (607) trough 1-CMT

CD/UC, CRP, dose,
Mayo, AZA,

time-varying CL/risk
of immunization 11,

weight 13

- - maintenance yes (1%) [51]

Bauman et al., 2020 both children 135 (289) trough 2-CMT ADA 14, alb, ESR,
weight weight 2 - maintenance yes (62%) [21]

Dreesen et al., 2020 CD adults 116 (1329) midpoint, trough 2-CMT ADA, alb, CDAI, fCal - - both yes (18%) [27]

Grišić et al., 2020 both pregnant 19 (172) throughout dosing
interval 1-CMT ADA, 2nd/3rd

trimester - - both yes (30%) 12,15 [52]

Kantasiripitak et al., 2021 both adults 104 (272) trough 2-CMT ADA, age, alb, CRP,
FFM - - induction yes (13%) [26]

Note: -: none; /: unknown; (a): (adults); (a/c): (adults/children); ADA: anti-drug antibodies; ADA+: anti-drug antibody positive; alb: albumin concentrations; AZA: azathioprine; (c): children; CD: Crohn’s
disease; CDAI: Crohn’s disease activity index; CL: clearance; CMT: compartment; CRP: C-reactive protein; CS: corticosteroids; ESR: erythrocyte sedimentation rate; fCal: fecal calprotectin; FCGR3A-158V/V: Fc
fragment of IgG, low affinity IIIa, receptor (CD16a) polymorphism; FFM: fat-free mass; HBI: Harvey–Bradshaw index; hsCRP: high-sensitivity C-reactive protein; IBD: inflammatory bowel disease; IMM:
immunomodulators; IOV: inter-occasion variability; Mayo: Mayo score; No.: number; panc.: pancolitis; Ref.: reference; UC: ulcerative colitis; Vc: volume of central compartment; * included in the external model
performance evaluation; 1 blood sample data collected during induction and/or maintenance therapy; 2 covariate also on volume of peripheral compartment (Vp); 3 133 more pediatric patients with other
inflammatory diseases were included; 4 covariate also on intercompartmental clearance (Q); 5 induction or maintenance phase; 6 139 more patients with other inflammatory diseases were included; 7 three similar
models with different handling of the ADA covariate; 8 ADA as binary or continuous covariate; 9 allometric scaling; 10 a component of CL that varies over time independent of patient factors; 11 describing
varying infliximab CL over time (independent from ADA testing); 12 percentage of ADA-positive blood samples; 13 as a covariate on the CL increase over time; 14 ADA was included as an ordinal covariate with
four categories; 15 samples with infliximab concentrations ≤5 µg/mL were assessed for ADAs.

92 results



Pharmaceutics 2021, 13, 1368 8 of 21

Table 2. Clinical and demographic patient characteristics.

Characteristic Median or No. Range IQR

Patients, n 105
Sex, female, n (%) 50 (48)

Patients with CD, n (%) 76 (72)
Patients with UC, n (%) 29 (28)

ADA-positive patient status, n (%) 22 (21)
IMM 1, n (%) 17 (16)

Nonsmoker, n (%) 35 (33)
Smoker, n (%) 41 (39)

Past smoker, n (%) 28 (27)
Unknown smoking status, n (%) 1 (1)

Body weight 1 [kg] 70 47–115 59–80
Height 1 [cm] 171 155–190 165–178

Albumin 1 [g/dL] 4.35 2.53–5.08 4.12–4.54
CRP 1 [mg/dL] 0.29 0.02–7.49 0.11–0.49

HBI 1 1 0–18 1–3

Total serum samples, n 336
ADA-positive serum samples, n (%) 49 (15)

Note: ADA: anti-drug antibodies; CD: Crohn’s disease; CRP: C-reactive protein; HBI: Harvey–Bradshaw index; IMM: immunomodulators
(including azathioprine and methotrexate); IQR: interquartile range; No.: number; UC: ulcerative colitis; 1 at the time of first drug sampling.

3.4. Predictive Model Evaluation Goodness-of-Fit Plots

The first concentration (CMAP) was used for MAP estimation of EBEs, and all sub-
sequent concentrations were predicted. Data was split into two sets of ADA-positive
and ADA-negative patients. Additionally, for ADA-negative patients, predictions were
stratified for different time intervals after CMAP (i.e., “within 1 month”, “between 1 and
6 months” and “>6 months”). For ADA-positive patients, predicted concentrations were
stratified as follows: infliximab concentrations for patients that have not been tested ADA
positive yet (“before ADA+”), concentrations measured within one month or at first ADA
detection (“1st time ADA+ and ≤1 month”), and concentrations measured after one month
of first ADA detection (“>1 month of being ADA+”).

Goodness-of-fit plots (Figure 1) show that model predictions of infliximab concen-
trations for most ADA-negative patients (turquoise symbols) matched precisely with
the observed concentrations. However, predictions of concentrations of ADA-positive
patients (pink symbols), especially those measured within and after one month of first
ADA detection, were less accurate (turquoise symbols). Additionally, in ADA-negative
patients, predictions of concentrations measured more than six months after CMAP showed
larger deviation from the corresponding observed concentrations compared to predictions
of concentrations measured within the first six months after CMAP in this study setting.

4.4 project iv – external performance evaluation of infliximab poppk models 93
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Brandse et al. 2016

(c)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]

10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Buurman et al. 2015

(d)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]

10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Edlund et al. 2017 (I)

(e)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]

10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Edlund et al. 2017 (II)

(f)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]
10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Edlund et al. 2017 (III)

(g)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]

10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Fasanmade et al. 2009
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Fasanmade et al. 2011 (a)

(i)

Observed Concentration [µg ml]

In
di

vi
du

al
 P

re
di

ct
ed

 C
on

ce
nt

ra
tio

n 
[µ

g
m

l]

10−3 10−2 10−1 100 101 102

10−3

10−2

10−1

100

101

102

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

0
0
0
0
1
1
1
1

l 
l
l
l
l
l
l
l

●

●

●

MAP (neg)
within 1 month (neg)
between 1 and 6 months (neg)
> 6 months (neg)
 

MAP (pos)
before ADA+ (pos)
1st time pos or ≤ 1 month (pos)
> 1 month of being ADA+ (pos)

Fasanmade et al. 2011 (a/c)
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Passot et al. 2016
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Petitcollin et al. 2018
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Xu et al. 2012

1
Figure 1. Individual predicted versus observed serum infliximab concentrations for twelve different population pharmacoki-
netic models (a–l). Concentrations of anti-drug antibody (ADA) negative patients are shown in turquoise, concentrations
of ADA-positive patients in pink. Concentrations used for maximum a posteriori (MAP) estimation (CMAP) are depicted
as triangles, the remaining symbols depict predictions in different time intervals after CMAP. Black solid lines represent
the lines of identity, gray dashed lines mark the target trough concentration of 5 µg/mL. In (k), one serum concentration
falls outside the plotting range but is included in the full plot depicted in the Supplementary Materials. a: adults; a/c:
adults/children; (neg): ADA-negative patients; (pos): ADA-positive patients.
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3.5. Accuracy and Bias of Model Predictions

ζ values represent a measure of accuracy with smaller values indicating higher accu-
racy, while SSPB values represent a measure of bias with values closer to zero indicating
less bias. Figure 2 shows the development of ζ and SSPB values over time for all included
population pharmacokinetic models in the ADA negative (Figure 2a,b) and ADA-positive
(Figure 2c,d) patient subpopulations. The last category (“all pred”) subsumes unstratified
results for all predicted concentrations excluding CMAP. The corresponding ζ values were
calculated for all 12 models to be within 26–44% (median: 30%) for ADA-negative patients
and 77–215% (median: 92%) for ADA-positive patients. SSPB values for all models were
within −22–27% (median: 6%) for ADA-negative patients and 8–145% (median: 43%) for
ADA-positive patients.

The models exhibiting the highest overall accuracy (lowest ζ) for predicted concentra-
tions in ADA-negative patients were the two models by Fasanmade et al., 2011, both with
ζ values of ~26%. Regarding bias in model predictions, four models had absolute SSPB
values of ≤5% (with SSPB values for Fasanmade et al., 2009: −3%; Xu et al., 2012: −1%;
and the two models from Fasanmade et al., 2011: −5%).

ζ values for predictions in ADA-negative patients increased from a median of 25%
(predictions within one month of CMAP) and 28% (predictions one to six months after
CMAP) to 54% (predictions more than six months after CMAP) over time (see Figure 2a).
In contrast, the median SSPB value for model predictions in ADA-negative patients did
not increase over time (median (SSPB < 1 month): 7%, median (SSPB 1–6 months): 8%, median
(SSPB > 6 months): 2%; Figure 2b). All calculated ζ and SSPB values for each model are listed
in Table S1 and Table S2 of the Supplementary Materials.

In ADA-positive patients, predictions of infliximab concentrations were less accu-
rate, especially for concentrations measured within and after one month of first ADA
detection (Figure 3c, median (ζ 1st time ADA+ and ≤ 1 month): 97%, median (ζ > 1 month ADA+):
301%). For some models, bias (SSPB) was still low for predictions of concentrations
when patients were tested ADA positive for the first time and within one month of de-
tection (Petitcollin et al., 2018: −1%, Fasanmade et al., 2009: −2%, Fasanmade et al., 2011
(adults/children): 5%, Edlund et al., 2017 (II): 9%, and Edlund et al., 2017 (III): −9%) but
was high for all models regarding concentrations measured more than one month after
patients tested ADA positive for the first time (range of SSPB values: 78–344%).

ζ values for model simulations of CMAP were 0–24% (median: 9%) for ADA-negative
patients and 0–43% for ADA-positive patients (median: 12%). The corresponding SSPB
values were −24–0% (median: −5%) for ADA-negative patients and −13–22% for ADA-
positive patients (median: −4%).

The model by Edlund et al., 2017 (III) included ADA concentrations measured by
HMSA (Prometheus Laboratories, San Diego, CA) as a continuous covariate on infliximab
CL [43] in contrast to a binary covariate (i.e., ADA negative or ADA positive) as imple-
mented in other evaluated models. However, since model predictions were executed with
individual patient covariates imputed from time of CMAP, model predictions for later time
points could not benefit from continuous measurements of ADA concentrations and other
time-varying covariates. In order to examine these potential benefits for the model by
Edlund et al., 2017 (III), predictions were also performed with fully informed covariates for
the ADA-positive subpopulation and results are depicted in Figure 2c,d (green dashed line).
This led to an improvement in both model accuracy and bias, especially for concentrations
measured more than one month after patients tested ADA positive for the first time (ζ: 130%
vs. 206% and SSPB: 11% vs. 206%).

Predictions with fully informed time-varying covariates were also performed for all
other evaluated models for both ADA-negative and ADA-positive patients, and results are
shown in Tables S3 and S4, as well as in Figures S1 and S2 in the Supplementary Materials.
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(a) (b)

(c) (d)

1
Figure 2. Model prediction accuracy (ζ, (a,c)) and bias (SSPB, (b,d)) over time. The upper panel shows results for anti-drug
antibody (ADA) negative patients, the lower panel for ADA-positive patients. Numbers in parentheses refer to the number
of observed concentrations in the respective time interval. “all pred” covers all predicted concentrations excluding
concentrations used for maximum a posteriori (MAP) estimation (CMAP) of individual pharmacokinetic parameters. Solid
lines depict the results for model predictions using patient covariates determined at the time of CMAP. The green dashed
line shows the results for predictions with the model by Edlund et al., 2017 (III), using measured time-varying covariates.
a: adults; a/c: adults/children; ADA+: anti-drug antibody positive; cov: covariates; (neg): ADA-negative patients, (pos):
ADA-positive patients; pred: predictions; SSPB: symmetric signed percentage bias; ζ: median symmetric accuracy.

3.6. Predictions of “Need for Dose Escalation”

According to the American Gastroenterological Association Institute Guideline, the tar-
get trough concentration for infliximab is ≥5 µg/mL [13]. In total, 69 serum trough sam-
ples from the external data set exhibited infliximab concentrations ≥ 5 µg/mL (no dose

96 results
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escalation needed), 90 trough samples exhibited infliximab concentrations < 5 µg/mL
(dose escalation needed). For serum trough samples in which ADA status was negative,
67 samples showed infliximab trough levels ≥5 µg/mL (50%) and 67 showed infliximab
trough levels < 5 µg/mL (50%). In contrast, for serum trough samples in which ADA status
was positive, only 2 samples showed infliximab levels ≥ 5 µg/mL (8%) and 23 showed
infliximab levels < 5 µg/mL (92%).

Table 3 presents the results regarding model abilities to correctly predict the need for
dose escalation in the external data set. Results were split into two groups—predictions for
serum trough samples in which ADA status was negative and predictions for serum trough
samples in which ADA status was positive. Models with the highest accuracy for the ADA-
negative sample cohort were the models by Edlund et al., 2017 (II + III), and the models
by Fasanmade et al., 2011, with 113/134 (84%) correct predictions. For the ADA-positive
sample cohort, the model by Buurman et al., 2015, correctly classified 20 of 25 (80%)
concentrations to be above or below the threshold of 5 µg/mL. In summary, the investi-
gated models correctly identified the need for dose escalation (i.e., trough concentration
< 5 µg/mL) in 63–89% of cases. In 4–43% of cases a dose escalation would have been recom-
mended (predicted trough concentration < 5 µg/mL) although the measured concentration
was above the target concentration.

Table 3. Predictions of “need for dose escalation” (i.e., trough concentration <5 µg/mL [13]).

ADA Negative ADA Positive

Dose Escalation Needed?
(Cobs < 5 µg/mL) Yes (n = 67) No (n = 67) Yes (n = 23) No (n = 2)

Correctly Predicted? Yes No Yes No Accuracy Yes No Yes No Accuracy

Aubourg et al., 2015 48 19 63 4 82.8% 13 10 2 0 60.0%

Brandse et al., 2016 62 5 39 28 75.4% 18 5 0 2 72.0%

Buurman et al., 2015 38 29 62 5 74.6% 19 4 1 1 80.0%

Edlund et al., 2017 (I) 51 16 61 6 83.6% 16 7 2 0 72.0%

Edlund et al., 2017 (II) 50 17 63 4 84.3% 15 8 1 1 64.0%

Edlund et al., 2017 (III) 50 17 63 4 84.3% 16 7 1 1 68.0%

Fasanmade et al., 2009 54 13 58 9 83.6% 17 6 1 1 72.0%

Fasanmade et al., 2011 (a/c) 60 7 53 14 84.3% 19 4 0 2 76.0%

Fasanmade et al., 2011 (a) 60 7 53 14 84.3% 19 4 0 2 76.0%

Passot et al., 2016 44 23 64 3 80.6% 13 10 2 0 60.0%

Petitcollin et al., 2018 62 5 48 19 82.1% 15 8 0 2 60.0%

Xu et al., 2012 56 11 52 15 80.6% 18 5 1 1 76.0%

Note: a: adults; a/c: adults/children; ADA: anti-drug antibody; Cobs: observed trough concentration.

3.7. Prediction- and Variability-Corrected Visual Predictive Checks (pvcVPCs)

The results of pvcVPCs for each investigated population pharmacokinetic model are
presented in Figure 3. The pvcVPCs showed a clear overprediction of the 95th percentile
of observations for the models by Aubourg et al., 2015, Edlund et al., 2017 (II), Fasan-
made et al., 2009, and Xu et al., 2012, but predictions of median infliximab concentrations
were reasonable for all four models. The model by Petitcollin et al., 2018, overpredicted
and the model by Brandse et al., 2016, underpredicted both the median and 95th percentile
of observations. In contrast, the model by Buurman et al., 2015, overpredicted the 5th
percentile while slightly underpredicting the 95th percentile. Model simulated median
and 95th percentile showed high agreement with the corresponding median/percentile ob-
served for the model by Passot et al., 2016. However, the 5th percentile was overpredicted
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most of the time. The remaining four models showed high congruence with a slight initial
underprediction of the median observations for the two models by Fasanmade et al., 2011,
and the model by Edlund et al., 2017 (III).

(a)
Aubourg et al. 2015
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(b)
Brandse et al. 2016
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Buurman et al. 2015
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Edlund et al. 2017 (I)
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Edlund et al. 2017 (II)
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Edlund et al. 2017 (III)
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Petitcollin et al. 2018
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Xu et al. 2012
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Figure 3. Prediction- and variability-corrected visual predictive checks (pvcVPCs) of serum infliximab concentrations for
each investigated population pharmacokinetic model (a–l). Prediction- and variability-corrected observed concentrations
are shown as black circles, observed medians are depicted as black solid lines, 5th and 95th data percentiles as black
dashed lines. The model simulations (n = 1000 replicates) are depicted as gray solid lines (median) and blue dashed lines
(5th and 95th percentiles). Colored areas represent the simulation-based 95% confidence intervals for the corresponding
model-predicted median (gray areas) and 5th and 95th percentiles (blue areas). For ease of comparison, y-axis upper
limits were set to 140 µg/mL. Plots with automatic y-axis limits are shown in the Supplementary Materials. a: adults; a/c:
adults/children; Pvc: prediction- and variability-corrected.
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4. Discussion

Several MIPD approaches have recently shown major success in supporting and op-
timizing dosing regimen selection for various drugs [28,59–62]. As infliximab trough con-
centrations exhibit high inter-individual variability and, hence, contribute to a high rate
of primary and secondary non-response [9,12–14,18] and as infliximab drug exposure is
a predictor of clinical response [6,10–12], dose selection for infliximab could benefit consider-
ably from population pharmacokinetic modeling and MIPD [31,63]. Consequently, many
efforts have been made to analyze infliximab PK, quantifying and explaining inter-individual
variability in various population pharmacokinetic models [21,23–27,43–49,51–57].

However, for the application of population pharmacokinetic models, an extensive
assessment including internal and external evaluation regarding accuracy, robustness,
and predictive performance is crucial [64]. While different methods have been applied
in the respective internal model evaluations, only a fraction of the models has been evalu-
ated with an independent data set [34,65–68], and a comprehensive external evaluation for
predictive model performances has not been conducted yet. External evaluation with an in-
dependent data set allows the evaluation of model performance regarding prediction and
variability in patients with a clinical background similar to the internal data set and thus
evaluates not only the modeling approach itself, but also other study-related factors [64].

As shown in this analysis, differences in the predictive performances of the 12 investi-
gated models could be observed by external evaluation, and trends in the predictability of
infliximab concentrations could be identified for the ADA-negative as well as the ADA-positive
subpopulation when using first measured infliximab concentration for estimation of EBEs.

While in ADA-negative patients the absolute SSPB values, as a measure of model
bias, did not increase for virtually all models from the predictions of concentrations within
one month (SSPB median of 7%) to the predictions of concentrations after more than six
months of CMAP (SSPB median of 2%), model accuracy decreased noticeably for predictions
of concentrations more than six months after CMAP in this study setting (median (ζ < 1 month):
25%, median (ζ 1–6 months): 28%, median (ζ > 6 months): 54%). As this observation also held true
for model predictions performed with time-varying covariates, yet to a lesser extent, long-term
predictions should be treated carefully because of the deterioration in model accuracy.

Different analytical methods have been used to measure infliximab and ADA concen-
trations in the population pharmacokinetic analyses, leading to differences in immuno-
genicity rate [17]. While in some studies, “drug sensitive” methods (ADAs not detectable
in the presence of infliximab because of analytic interferences) were used to measure
ADA concentrations, “drug-tolerant” assays were applied in other investigations, yielding
a much higher rate of ADA-positive patients (up to 62% compared to as low as 1%) [21,51].
Nevertheless, 18 out of 23 models that included ADA patients implemented ADA sta-
tus as a covariate. The five remaining studies identified only ≤3% of patients as ADA
positive or used a risk function of developing ADA. The implementation of ADA status
in the majority of models highlights the importance of ADA for the PK of infliximab.

Predictions in ADA-positive patients showed much larger deviations from the corre-
sponding observed values compared to predictions in ADA-negative patients: While pre-
diction accuracy for concentrations before the first ADA-positive blood sample (median(ζ):
31%, range: 17–89%) were similar compared to predictions for ADA-negative patients, pre-
dictions became much less accurate as soon as ADA status turned positive (median(ζ): 97%,
range 72–361%). As noted, for predictions in this analysis, individual patient covariates for
times after CMAP were imputed (last observation carried forward). This especially affected
predictions of concentrations in patients showing changes in important covariates such as
ADA status. Hence, model predictions were also performed with time-varying covariates
(depicted in the Supplementary Materials). While improvements in model predictions
were especially noted for concentrations in ADA-positive blood samples, predictions still
exhibited ζ values of >100% for concentrations more than one month after patients tested
ADA positive for the first time, albeit the inclusion of ADA status in most models.

4.4 project iv – external performance evaluation of infliximab poppk models 99
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The study by Edlund et al., 2017, aimed to tackle the challenges of predicting inflix-
imab CL in ADA-positive patients [43]. The corresponding population pharmacokinetic
model was based on the models by Fasanmade et al., 2011, and Ternant et al., 2015, with
the advancement of including ADA concentrations as a continuous covariate [43]. As a re-
sult, when using time-varying covariates, the model by Edlund et al., 2017 (III), showed
the highest accuracy and least bias for model predictions in ADA-positive patients for “all
pred”. However, the respective model predictions were still less accurate and showed
a higher bias compared to predictions for the ADA-negative patient cohort. Additionally,
the implemented covariates albumin and IMM in the model by Fasanmade et al., 2011,
were not found to be statistically significant with the data set used for model development
by Edlund et al., 2017 [43]. This may have contributed to the slightly lower accuracy
and higher bias for predictions in ADA-negative patients compared to the models by
Fasanmade et al., 2011.

One reason for the observed overprediction in ADA-positive patients could be due
to the fact that the exact time of ADA onset is often unknown. ADA-positive patients
develop ADA during a time period of unknown length before they test positive for the first
time, which is supported by findings from Petitcollin and coworkers [51]. A close and
regular monitoring for ADA using drug-tolerant assays as well as the development and
application of models identifying predictors of ADA development [69] might help to
improve predictive performances for ADA-positive patients.

For predictive performance evaluation in Bayesian forecasting, only the first measured
serum infliximab concentration of each patient was used for MAP estimation of EBEs
(CMAP). Due to the design of the study, CMAP was usually a midpoint concentration and
results should be interpreted with this in mind. However, using a midpoint infliximab
concentration for estimation of EBEs to predict the subsequent trough level allows potential
adjustment of the current dosing interval before infliximab concentrations drop below
the target concentration of 5 µg/mL.

As infliximab therapy can be adapted based on trough levels [13], model performances
to correctly predict the need for dose escalation (i.e., trough concentration <5 µg/mL) were
further investigated. The two examined models by Fasanmade et al., 2011, correctly
identified 79 of 90 (88%) trough concentrations to be below the target trough concentration
(true positive) while correctly identifying 53 of 69 (77%) trough concentrations to be above
the target trough concentration (true negative). This represented the highest classification
accuracy of correctly identified infliximab trough samples (132/159, 83%) in this study
setting. The model by Brandse et al., 2016 [55], exhibited the highest true positive rate
(89%); however, it was accompanied by a low true negative rate of 57%. The model by
Passot et al., 2016 [56], showed the highest true negative rate (96%) with a low true positive
rate of only 63%. While a high false negative rate yields an increased number of patients
with insufficient infliximab levels and, hence, decreased drug effect, a high false positive
rate corresponds to an increased number of patients with higher exposure and potentially
higher rates of adverse effects (e.g., rate of infection [70]). It should be noted that these
measures only reflect whether model predictions were correctly below or above the target
trough concentration and do not assess how much predictions deviated from the actual
measured concentration.

The investigation of factors leading to differences in model performances was out-
side the scope of this study, but it is worth mentioning that the vast majority of blood
samples from the external data set were collected during infliximab maintenance therapy.
In contrast, three examined models were developed with data only from the first 6 weeks
(Brandse et al., 2016 [55]), “treatment initiation” (Aubourg et al., 2015 [53]), and the first
22 weeks of infliximab treatment (Passot et al., 2016 [56]), which might have affected
prediction performance. The model by Petitcollin et al., 2018, was included in the anal-
ysis to study the performance of a model with implemented ADA risk function instead
of an ADA covariate, although the model was developed with data from pediatric pa-
tients [25]. While the corresponding CL and Vd model parameters appear comparable to
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parameters in infliximab models developed with adult patients [25,43,46,56], the difference
in patient cohorts might still explain larger deviations between predicted and measured
infliximab concentrations observed in the corresponding pvcVPC and goodness-of-fit plot.

There are some limitations of this analysis, which are discussed in the following
paragraphs. Since the study was based on routine therapeutic drug monitoring data,
a full dosing schedule was not available for all patients. In such cases, regular dosing
from the start of treatment with infliximab and from every change in dosing regimen was
assumed. Moreover, sampling times as well as the included patient cohort, treatment
period (induction vs. maintenance therapy), analytical methods, or dosing regimens
in the external data set could have affected the results of the analysis. Hence, further
evaluations with independent data sets should be conducted in future studies.

Another factor influencing the results of an analysis is the choice of quantitative
measure. Here, median symmetric accuracy (ζ) and symmetric signed percentage bias
(SSPB) values were computed. As illustrated by Morley et al., ζ attenuates the issues
with asymmetric penalty and effects of outliers while maintaining interpretability [42].
ζ is a robust measure of accuracy minimizing the effect of the skewness of the distribution
of absolute errors [42]. The SSPB estimates the central tendency of the error and can be
interpreted similar to a mean percentage error (MPE) [42]. However, in contrast to the MPE,
SSPB is not affected by the likely asymmetries in the distribution [42]. As illustrated
throughout the analysis, different performance metrics stratified by different patient co-
horts (here, ADA-negative and ADA-positive patients) can be of interest when evaluating
population pharmacokinetic models in the framework of MIPD. Since different models
showed strengths in different measures, we could not appraise which published model
was the “best” model, as this also depends on the question of interest and was beyond
the scope of this analysis.

Additionally, because of data set incompatibility (e.g., missing covariates) or the lack
of reported model implementation details, only 12 of the 25 identified population pharma-
cokinetic models of infliximab in IBD could be evaluated. While this work already adds
a comprehensive analysis to recently published evaluations of single models, an external
evaluation including additional covariates (such as the erythrocyte sedimentation rate or
fecal calprotectin [21,27]) would be of interest for future studies. Moreover, new modeling
approaches (e.g., pharmacokinetic/pharmacodynamic models [27,49]) regarding treatment
efficacy could investigate recent findings such as the relation of intestinal microbiota to
anti-TNF-α treatment outcome in IBD patients [71,72]. Improvement in gut microbial
dysbiosis in IBD patients has been observed during infliximab therapy [71,73], and fecal
microbiota has been suggested as a response indicator of infliximab treatment [72]. Fu-
ture pharmacokinetic/pharmacodynamic studies that examine therapeutic outcome could
further investigate this interplay of intestinal microbiota and infliximab therapy. For this,
the presented comprehensive external evaluation can also serve as guidance to adopt
a suitable population pharmacokinetic model in order to explore these complex response
mechanisms.

5. Conclusions

This work presents an external evaluation of the predictive performance of 12 pub-
lished infliximab population pharmacokinetic models in IBD patients using an independent
data set. Differences in predictive performance regarding model accuracy, model bias,
and need for dose escalation have been observed for both ADA-negative and ADA-positive
patients. Using the first measured infliximab concentration for MAP estimation (CMAP)
in a Bayesian forecasting setting, overall model accuracy decreased for predictions more
than six months after CMAP for ADA-negative patients, while bias did not increase. The two
investigated models by Fasanmade et al., 2011, showed the highest dose escalation clas-
sification accuracy of correctly identified infliximab trough samples (83%) in this study
setting. Overall, the investigated population pharmacokinetic models showed a classifi-
cation accuracy of 75–84% for ADA-negative samples and of 60–80% for ADA-positive

4.4 project iv – external performance evaluation of infliximab poppk models 101



Pharmaceutics 2021, 13, 1368 17 of 21

samples. The results of this predictive performance evaluation could help to guide and plan
future MIPD approaches with infliximab population pharmacokinetic models to improve
individual dosing strategies and prevent infliximab trough concentrations dropping below
the target concentration. Yet clinical application needs to be tested and confirmed in larger,
prospective clinical trials. In comparison to predictions for ADA-negative patients, model
predictions of serum concentrations for ADA-positive patients showed lower accuracy and
higher bias. Thus, predictions with population pharmacokinetic models remain particularly
challenging for ADA-positive patients and for patients with unknown ADA status.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13091368/s1, Electronic Supplementary Materials: Additional evaluation
results. Figure S1: Individual predicted versus observed serum infliximab concentrations for the pop-
ulation pharmacokinetic model by Petitcollin et al. 2018. Concentrations of anti-drug antibody
(ADA) negative patients are shown in turquoise, concentrations of ADA positive patients in pink.
Concentrations used for maximum a posteriori (MAP) estimation (CMAP) are depicted as triangles,
the remaining symbols depict predictions in different time intervals after CMAP. The black solid line
represents the line of identity, grey dashed lines mark the target trough concentration of 5 µg/mL.
(neg): ADA negative patients; (pos): ADA positive patients, Figure S2: Model prediction accuracy
(ζ, a and b) and bias (SSPB, c and d) for anti-drug antibody (ADA) negative pa-tients over time.
The left panel shows ζ and SSPB values for model predictions with fixed covariates determined
at the time of the first measured serum infliximab concentration of each patient (CMAP), the right
panel shows ζ and SSPB val-ues for model predictions with time-varying covariates. “all pred”
covers all predicted concentrations excluding CMAP. Numbers in parentheses refer to the number
of observed concentrations in the respective time interval. (neg): ADA negative patients, pred:
predictions; SSPB: symmetric signed percentage bias; ζ: median symmetric accuracy, Figure S3:
Model prediction accuracy (ζ, a and 2b) and bias (SSPB, c and d) for anti-drug antibody (ADA)
positive pa-tients over time. The left panel shows ζ and SSPB values for model predictions with
fixed covariates determined at the time of the first measured serum infliximab concentration of each
patient (CMAP), the right panel shows ζ and SSPB val-ues for model predictions with time-varying
covariates. “all pred” covers all predicted concentrations excluding CMAP. Numbers in parentheses
refer to the number of observed concentrations in the respective time interval. (pos): ADA pos-itive
patients, pred: predictions; SSPB: symmetric signed percentage bias; ζ: median symmetric accuracy,
Figure S4: Prediction- and variability-corrected visual predictive check (pvcVPC) of serum infliximab
concentrations for the population pharmacokinetic model by Petitcollin et al. 2018. Prediction-
and variability-corrected observed concen-trations are shown as black circles, observed median
is depicted as black solid line, 5th and 95th data percentiles as black dashed lines. The model
simulations (n = 1000 replicates) are depicted as grey solid line (median) and blue dashed lines
(5th and 95th percentiles). Colored areas represent the simulation-based 95% confidence intervals for
the corresponding model-predicted median (grey areas) and 5th and 95th percentiles (blue areas).
Pvc: prediction- and variability-corrected, Table S1: ζ and SSPB values for model predictions with
fixed covariates at time of CMAP for ADA negative patients, Table S2: ζ and SSPB values for model
predictions with fixed covariates at time of CMAP for ADA positive patients, Table S3: ζ and SSPB
values for model predictions with time-varying covariates for ADA negative patients, Table S4: ζ
and SSPB values for model predictions with time-varying covariates for ADA positive patients.
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D I S C U S S I O N A N D F U T U R E P E R S P E C T I V E

Pharmaceutical products continue to be a significant source of patient harm
[31]: Despite the development of new drugs and many initiatives established to
improve safety of drug therapies, the occurrence of ADRs is still a prevailing issue
[31]. ADRs even represent the fourth to sixth leading cause of mortality in the
U.S. [8]. Up to 50% of ADRs have been found to be preventable and are often a
result of altered drug exposure caused by DGIs, DDIs and DDGIs [18–20]. Moreover,
lack or loss of therapeutic response due to subtherapeutic drug concentrations
present an additional risk for therapy failure and are typically more difficult to
quantify compared to the incidence of ADRs [4, 6]. This supports the application
of innovative approaches including popPK and PBPK modeling to provide tailored
dosing recommendations.
This thesis delves into the innovative field of MIPD using pharmacometric model-
ing approaches. In projects 1–3, mechanistic modeling and simulation is leveraged
to (i) predict enzyme-/transporter-mediated and pH-dependent DDI scenarios, (ii)
investigate DGIs, DDIs and DDGIs across CYP2D6 AS groups and subsequently (iii)
provide dosing strategies for various CYP3A4 DDI scenarios and powerful frame-
works to be applied in future activities to individually tailor dosing regimens to
the patient’s need. Here, new whole-body PBPK models were thoroughly devel-
oped for the TKIs dasatinib and imatinib as well as for the SERM (E)-clomiphene.
Additionally, an external performance evaluation of infliximab popPK models was
conducted to select an empirical pharmacometric model for its application in
the observational clinical trial “GUIDE-IBD”, supporting clinicians in the selec-
tion of individualized dosing regimens. With that, this work aims to contribute
shifting from the “one-size-fits-all” paradigm to a more individualized dosing
approach for dasatinib, (E)-clomiphene, imatinib and infliximab by leveraging
pharmacometric modeling and simulation.

5.1 application of pbpk modeling to tailor drug therapy

5.1.1 Rationale for MIPD of dasatinib

While the standard dosing approach for chemotherapy has traditionally been
based on body surface area, early studies of oral TKIs indicated large therapeutic
indices, resulting in the approval of fixed dosing regimens [62, 176]. However,
subtherapeutic or toxic drug exposures associated with fixed, “one-size-fits-all”
dosing approaches, as approved at the time of commercialization of anticancer
agents including dasatinib and imatinib, are increasingly acknowledged and
underscore the need for efforts to optimize dosing after drug approval to better
tailor treatments to individual patient needs [61, 176, 177]. Of note, adequate
exposure during treatment with oral targeted therapies was found for only 45%
of the treated patients, while 17% were overexposed and 38% underexposed,
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resulting in an increased risk of toxicity and lack of response, respectively [178].
At the approved flat dose, dasatinib shows high variability in Cmax and AUC [179].
A popPK analysis conducted by Dai and colleagues highlighted that variability
in dasatinib exposure can be primarily attributed to a high variability in relative
bioavailability which was even larger within than between subjects [180]. Here,
dasatinib exposure may be affected by multiple individual-specific factors, in-
cluding the use of ARAs such as antacids, proton pump inhibitors or H2-receptor
antagonists, which alter stomach pH and reduce dasatinib’s limited solubility, and
other DDIs with concomitant medications, particularly through CYP3A4 inhibition
or induction [106–109]. While an exposure–response relationship between Cmin

levels and efficacy could not be established based on results from five Phase
II trials [181], an exposure–response analysis of a Phase III trial found a posi-
tive relationship between average steady-state plasma concentrations and the
probability of achieving major cytogenic response [65, 182]. In addition, a target
threshold of Cmax ≥ 50 ng/mL measured two hours after drug intake has been
recommended [65, 179]. Moreover, an exposure–safety analysis identified higher
Cmin and advanced age as the most significant predictors for pleural effusion, a
key ADR during dasatinib therapy, suggesting to not exceed a Cmin of 2.5 ng/mL
during dasatinib treatment [173, 179, 182]. Thus, implementation of a precision
medicine approach, adapting dasatinib dosing to individual patient factors in
clinical practice may benefit cancer patients. This is supported by a recent study
investigating dasatinib TDM for patients with CML which showed that keeping
Cmin levels below a certain threshold led to a significant reduction of pleural
effusion events without impairing molecular responses [176].
In addition, as a sensitive CYP3A4 substrate, the concomitant intake of dasatinib
with CYP3A4 inhibitors and inducers significantly affects dasatinib exposure,
increasing the likelihood of therapy failure either due to ADRs or lack of response
[106, 107]. However, the package insert does not include explicit instructions for
dose adaptations under specific perpetrator drug co-treatment [102, 173]. Here,
the presented work (project I) aimed to fill this gap, providing recommendations
for individualized dasatinib therapy. The developed dasatinib PBPK model – able
to describe pH-dependent as well as transporter- and enzyme-mediated DDIs

– was leveraged to simulate various (complex) DDI scenarios. The simulations
were then successfully translated into clinical actionable guidelines by providing
model-based dose adaptations for various single and multiple DDI scenarios (e.g.,
concomitant intake of dasatinib, carbamazepine and erythromycin), supporting
dasatinib precision dosing [173]. An overview of the model-based dose recom-
mendations is depicted in Figure 7 of project I.
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5.1.2 Rationale for MIPD of imatinib

Similar to dasatinib, imatinib also exhibits significant inter- and intra-individual
PK variability following standard dosing [62]. For example, after fixed dosing
of 400 mg imatinib q.d., Cmin levels ranged from 340 ng/mL to 2100 ng/mL [62].
Since this variability correlates with both treatment efficacy and drug resistance
and since a positive exposure–response relationship has been observed in several
studies, imatinib is a suitable candidate for TDM [62, 183–186].
The International Association of Therapeutic Drug Monitoring and Clinical Toxi-
cology advises a target Cmin of ≥ 1000 ng/mL and ≥ 1100 ng/mL in CML and GIST,
respectively [62, 187]. In some studies the occurrence of ADRs were reported for
Cmin levels > 3000 ng/mL, while other studies could not identify a clear toxicity
threshold [62, 188]. The OPTIM-imatinib trial assessed the benefit of TDM for pa-
tients with CML who received imatinib as first-line therapy [61]. Here, patients in
the TDM arm were considered underdosed if Cmin levels were below 1000 ng/mL
[61]. This TDM dose adaptation strategy yielded higher major molecular response
rates at 12 months (67% vs. 39%) [61]. However, the treatment benefit for patients
extends beyond the use of TDM; the application of MIPD has been retrospectively
studied for imatinib therapy using popPK modeling and simulation [177]. Here,
the application of a model-based simulation approach resulted in around 75%
of Cmin levels attaining the target threshold of 1000–2000 ng/mL, while a fixed
dosing approach had been associated with only 16.5% of target attainment in
a real world setting, highlighting the limitations of the “one-size-fits-all” dos-
ing approach [177]. However, dose recommendations based on this simulation
study only included age, weight, sex and disease covariates [177], while CYP3A4

and CYP2C8 DDIs as well as genetic variations in the involved CYP enzymes and
transporters are also known to significantly affect imatinib exposure [96–98, 178,
189]. Here, the newly developed imatinib PBPK model presented in this thesis
(project II) may be leveraged in the future to guide imatinib dosing strategies for
specific subpopulations (e.g., patients under specific drug co-treatment) and for
individual patients.

5.1.3 Rationale for MIPD of clomiphene

The SERM clomiphene citrate was approved nearly 60 years ago, providing a
treatment for infertile women with PCOS [110, 111]. Yet, studies have revealed
high variability in response to clomiphene therapy [114, 190, 191]. For example,
according to results from Huyghe and colleagues, about one third of women did
not respond to the 50 mg dose during the first cycle of treatment, supporting
the need of a more personalized clomiphene therapy [191]. Multiple factors,
including hyperandrogenemia, obesity, levels of specific hormones (e.g., anti-
Müllerian hormone) and polymorphisms in CYP2D6, have been identified to
affect the response to clomiphene therapy [112, 116, 192–197]. While clomiphene
citrate has served as first-line infertility treatment for decades, its metabolism
and activity profile had remained unclear for some time [112, 114]. Mürdter et al.
thoroughly investigated the metabolism of clomiphene and its metabolites and
identified (E)-4-OH-Clom and (E)-4-OH-DE-Clom as the compounds with the highest
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inhibitory affinity for the estrogen receptor [112, 113, 115, 198, 199]. At the same
time, CYP3A4 and the polymorphic enzyme CYP2D6 were identified to be highly
involved in both the formation and the metabolism of (E)-clomiphene and its
main metabolites [112, 113, 115]. As a result, co-treatment with clomiphene and
CYP3A4/CYP2D6 perpetrator drugs as well as polymorphisms in the CYP2D6

gene lead to high variability in drug exposure, which in turn can affect therapy
outcome [112, 113, 115]. In a study of 14 women under clomiphene citrate
therapy, plasma concentrations for both (E)- and (Z)-clomiphene varied up to 40-
fold between study participants, highlighting the large variability in clomiphene
metabolism and exposure [190]. Variability in exposure across different CYP2D6 AS

populations as well as the impact of clarithromycin and paroxetine co-medication
on the exposure of (E)-clomiphene and its three main metabolites has been
investigated in project III utilizing the established PBPK model of (E)-clomiphene
and its three main metabolites. The developed model presents a powerful tool
to support future activities to tailor clomiphene dosing to different CYP2D6

genotypes and phenotypes as well as complex DDI and DDGI scenarios. Clinical
studies confirming the benefit of genotype- or phenotype-guided clomiphene
dosing strategies are yet to be conducted.

5.1.4 The virtual twin concept and individual PBPK predictions

PBPK models have advanced stratified dosing strategies by providing tailored
dosing for subpopulations with the same attributes (e.g., CYP2D6 genotypes/phe-
notypes, co-medication, organ impairment) affecting a drug’s PK [85]. However,
by implementing individual demographics, physiology and enzyme activity into
an established PBPK model, a "virtual twin" of the patient can be created to predict
drug exposure in the respective individual [84, 85, 173]. Here, results from PGx

tests on the individual genotype/phenotype of specific enzymes and/or trans-
porters, among others, can be integrated to improve the predictive performance
quality of the individual plasma concentration–time profiles or of drug concen-
trations in the target organ [84, 85]. With that, the "virtual twin" concept is a
promising new approach in MIPD, integrating individual patient characteristics in
PBPK models [85]. While proof-of-concept studies have been conducted for drugs
such as olanzapine, demonstrating the benefit of using a "virtual twin" approach
[84], the approach has not yet been assessed for many drugs including dasatinib,
imatinib and (E)-clomiphene, respectively. The developed PBPK models could be
leveraged as a profound basis for such an assessment. Since the models were
developed with aggregated data only, evaluating their predictive performance
with individual data is necessary before applying them in a "virtual twin" clinical
setting.
Identification of individual-specific PK parameters has gained increasing interest
also for PBPK-based MIPD. As described before, this concept has been successfully
applied in MIPD with popPK(/PD) models based on a priori distribution of inter-
/intra-individual variability, residual unexplained variability and MAP Bayesian
estimation, leveraging individual drug concentrations [33–35, 171]. A combina-
tion of PBPK models, estimation of population parameters and inter-individual
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variability as well as MAP Bayesian estimation represents a promising approach
to identify individual PK parameters for PBPK-based MIPD [200].

5.2 application of poppk modeling to tailor drug therapy

5.2.1 Rationale for MIPD of infliximab

Accumulating evidence suggests that the approved weight-based dosing of inflix-
imab fails to achieve the expected positive outcome in a substantial number of
patients due to significant inter- and intra-individual variability in infliximab PK

[122, 127–147]. Up to 30% of infliximab-treated patients experience primary non-
response [4, 5, 201]. Secondary loss of response occurs in up to 50% of patients
during maintenance therapy with standard weight-based dosing [4, 5, 122]. As a
result and since treatment efficacy has been shown to correlate with infliximab
serum concentrations not only in IBD but also in rheumatoid arthritis and other
indications, infliximab therapy is a suitable candidate for MIPD [123–126].
Several retrospective evaluations have recommended specific Cmin values to target,
which differ due to various factors such as disease type and severity [122]. For
example, studies have shown that attaining infliximab Cmin values at steady state
above 3 µg/mL for CD patients and 3.7 µg/mL for UC patients can minimize
treatment failure and help sustain clinical remission [122, 124, 148]. Furthermore,
recent data recommend Cmin values of at least 5 µg/mL for CD and 7.5 µg/mL for
UC to achieve endoscopic healing and at least 8 µg/mL for sustained histologic
remission [122, 149–151]. For severe course of disease, such as perianal fistulizing
CD, higher Cmin levels (≥ 10 µg/mL) are needed for fistula healing [5, 122, 153].
A retrospective study by Vande Castelle et al. has shown that the proportion
of patients who are not in remission during maintenance therapy successively
decreased with increasing infliximab Cmin: from 25% of patients with an infliximab
threshold of ≥ 1 µg/mL to 15% with an infliximab Cmin of ≥ 3 µg/mL to 8% with
an infliximab Cmin of ≥ 5 µg/mL and finally to 4% with infliximab Cmin of ≥ 7

µg/mL and ≥ 10 µg/mL, respectively [202]. Therefore, the study proposed an
infliximab Cmin of at least 5 µg/mL during maintenance therapy, yielding only a
small portion of patients being not in remission [202]. Similarly, the American
Gastroenterological Association (AGA), that endorses TDM for infliximab, pro-
posed a maintenance infliximab target Cmin of ≥ 5 µg/mL [63]. Nevertheless, this
target threshold is consistently not achieved in a large number of patients when
applying the standard body-weight dosing regimen; often considerably higher
infliximab doses are required [122]. To date, it remains unclear whether and to
which extent higher infliximab exposure leads to an increased risk of toxicity [34].
Starting precision dosing during the induction phase would be of high benefit
since patients are suffering from an active disease associated with higher clear-
ance, resulting in higher risk of subtherapeutic drug exposure, early formation
of ADAs and lack of therapeutic response [203]. A respective target threshold
for the induction phase has been under investigation [204–206]. Several studies
have demonstrated a correlation between higher induction infliximab Cmin and
favorable therapeutic outcomes, however, a high variability in the recommended
infliximab target Cmins for week 2 and week 6 across studies could be observed:
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For week 2, levels range from > 9.2 µg/mL to ≥ 29 µg/mL and for week 6 from >
6.6 µg/mL to > 22 µg/mL [203–206].
MIPD approaches using Bayesian forecasting and patient-specific factors that im-
pact infliximab clearance (e.g., serum albumin, body weight, gender and ADA

titers), can be used early on and can help to achieve predefined target thresholds.
First studies, such as the PRECISION study, evaluating a Bayesian approach for
infliximab dosing, indicate a benefit of TDM combined with Bayesian forecasting
[34, 207]. Moreover, according to an in silico assessment, a model-based approach
using a popPK model and Bayesian forecasting may be superior over TDM with
stepwise dosing or standard labeled dosing [165, 208]. Here, further prospective
studies are warranted to assess, quantify and validate the benefits of personalized
dosing and MIPD approaches in infliximab therapy.

5.2.2 The “GUIDE-IBD” study

One of these studies is the multi-center, randomized, open-label, prospective
clinical trial “GUIDE-IBD”. Here, anti-TNF-α treatment-naïve patients suffering
from CD or UC with moderate to severe disease activity were recruited at three
German university hospitals and randomly assigned to a “best care” (BC) and
a “molecular medicine care” (MMC) arm, which included MIPD and biomarker-
informed molecular guidance (DRKS00032030) [209–212]. Best-care diagnostics
and treatment were applied for patients in the BC arm, while medical decisions
for infliximab dose adjustments in the MMC arm were taken based on molecular
disease assessments and model-based dosing recommendations (i.e., MIPD) using
Bayesian forecasting (cf., Figure 5.1) [209–211].
When selecting a model for MIPD, several factors must be considered including the
age of the studied population (e.g., pediatrics, elderly), indications, health status,
patient body composition (e.g., normal, obese, cachectic), genetic factors, evalu-
ated dose levels, administration route, sampling scheme, investigated covariates
and assay methods [55]. A predictive external model performance evaluation can
help to assess the suitability of different models before applying them in clinical
practice [55]. Hence, such an external model evaluation investigating the predictiv-
ity of various infliximab popPK models was conducted (see project IV). Based on
the results of the assessment, the model developed and published by Fasanmade
et al. [128] was selected as the most suitable one for the clinical trial “GUIDE-IBD”.
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Figure 5.1: Clinical trial design overview for the “GUIDE-IBD” study. Anti-TNF-α

treatment-naïve patients suffering from CD or UC were enrolled and ran-
domized into one of the two treatment arms – the BC or the MMC arm.
Molecular medical board meetings were held by a multidisciplinary team
of healthcare professionals to discuss patients’ individual molecular dis-
ease behavior and individual model-based dosing recommendations (MMC

arm only). Drawings were adapted from Servier Medical Art [2], licensed
under a Creative Commons Attribution 4.0 (CC BY 4.0) Unported License
(https://creativecommons.org/licenses/by/4.0/).

In "GUIDE-IBD", blood samples were taken at weeks 0 (post-infusion concentra-
tion measurement), 2, 6, 14, 26, 52 and 104 (Cmin measurements), respectively [209,
210]. Using the first two measured infliximab concentrations from the induction
phase (i.e., one peak and one Cmin) in a Bayesian forecasting setting allowed dose
simulations for each individual patient in the MMC arm after two weeks of inflix-
imab therapy, predicting infliximab Cmin values in the maintenance phase [209,
210]. For predicted Cmin of < 5 µg/mL, (i.e., below the recommended minimum
target trough threshold from the AGA guideline [63]), dose adjustments were
proposed early on [209, 210]. Model-based dosing regimen recommendations
were re-assessed, verified and/or adapted after weeks 14, 26 and 52, respectively
[209, 210]. In addition, molecular assessments were conducted using published
mRNA-based biomarkers from blood and biopsies [212]. Molecular and MIPD

reports were provided for patients in the MMC arm after weeks 2, 14, 26 and 52,
respectively, and results were presented to a multidisciplinary team of healthcare
professionals. To facilitate MIPD report generation, an R-Shiny application was
established. The workflow how to generate the reports is depicted in Figure 5.2.

https://creativecommons.org/licenses/by/4.0/
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Figure 5.2: Workflow to generate an MIPD report for the “GUIDE-IBD” study using the
R-Shiny application. The individual patient dataset is uploaded as CSV file. A
NONMEM® dataset is generated which is used to perform the MAP estimation
in the modeling software NONMEM®. The NONMEM® output files can be
imported in the application and specific simulation settings can be set (e.g.,
current dosing regimen, simulated dose and interval). The model-based dosing
recommendations can be previewed and downloaded as MIPD report. MAP,
maximum a posteriori probability; MIPD, model-informed precision dosing.

Over the period of February 4, 2021, and January 18, 2024 a total of 102

patients were randomized; of these, 41 patients suffering from CD and 46 from
UC completed the study [212]. Interim results showed that most patients did
indeed not achieve the target Cmin of ≥ 5 µg/mL in the maintenance phase when
applying the standard weight-based dosing regimen and required MIPD-based
dosing adaptations [209, 210]. Moreover, a higher proportion of patients in the
MMC arm achieved disease control at week 52 compared to the BC arm [212].

5.2.3 Automated model selection and model averaging approach

Besides using a “single-model approach” for MIPD (i.e., using a single popPK model
for dose simulations), two new “multi-model approaches” using an automated
model selection algorithm or automated model averaging were introduced very
recently by Uster et al. and have been successfully applied for vancomycin [55,
213]. These algorithms aim to select either the best-fit model or a combination
of models – informed by each model’s fit to the individual PK data – for the use
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in Bayesian forecasting [55, 213]. In these settings, model averaging suggested a
better predictive performance compared to using the best popPK model obtained
from previous external evaluations [213, 214].

5.3 outlook for clinical implementation of mipd

TDM has found its place in clinical routine for specific drugs (e.g., vancomycin,
gentamycin, digoxin, phenytoin) to keep the target exposure metrics within
the desired therapeutic range [215]. Based on measured drug concentrations,
physicians decide which drug doses and intervals to choose in order to improve
individual outcomes [56]. While TDM offers advantages such as a simple im-
plementation in the clinical setting, simple interpretation of laboratory results
and simple adaptations of the dose strength or the interval [58], TDM also bears
decisive limitations. In case of complex drug PK, complex relationships between
specific patient characteristics and drug exposure or changing covariates over
time requiring frequent dose adjustments, the interpretation of TDM results is not
straightforward [58, 216]. Additionally, taking a single or a small number of blood
samples can be limited to a predefined time window, may pose a suboptimal
surrogate parameter for drug exposure, and may not be adequately interpreted
without the use of a pharmacometric model [58]. Moreover, protocols for imple-
mentation of TDM are often not well established and clinicians often consider
TDM only in cases when concerns about loss of response or immunogenicity arise
[216]. Here, applying pharmacometric models in MIPD as outlined and shown
above offers a powerful tool to overcome these issues.
While modeling and simulation is usually handled by pharmacometricians, dash-
board precision dosing tools and clinical decision support systems (CDSS) based
on popPK, PBPK and PK/PD models could serve as a user-friendly framework in
the future to guide therapeutic decision making for clinicians and thus, enable
MIPD “at the bedside” [24, 122, 217]. Such dashboards allow a user-friendly inte-
gration of patient-specific factors with measured concentrations to guide regimen
selection toward attaining the desired therapeutic target [216]. The patient-specific
input parameters include patient demographics (e.g., body weight) as well as
routine laboratory results (e.g., serum albumin concentrations, immunogenic-
ity) and are integrated with the applied drug doses, dosing scheme and mea-
sured drug concentrations to estimate patient’s individual PK parameters [122].
Subsequent individualized dosing recommendations are provided, aiming for
physician-specified target exposure [122]. Several dashboards have been devel-
oped in the academic setting (e.g., TDMx [http://www.tdmx.eu/] and NextDose
[https://www.nextdose.org/] based on empirical models or dosing decision sup-
port systems for drugs like simvastatin [217] or imatinib based on PBPK models),
but implementation in clinical care is lacking [33]. An exemplary representation
of a decision support system which leverages developed PBPK models is depicted
in Figure 5.3.
In addition, commercial software exists for clinical support such as iDose®

[https://www.baysient.net/idose-product/]. However, even a well-designed
CDSS will unfold its full potential only if it is integrated in the clinical workflow
(e.g., an e-prescribing system or electronic health record (EHR)) and will not

http://www.tdmx.eu/
https://www.nextdose.org/
https://www.baysient.net/idose-product/
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replace clinical judgement that integrates all relevant patient- and therapy-related
factors – for example as implemented in the "GUIDE-IBD" study [33, 209–211].
Frymoyer et al. successfully showed that the implementation of CDSS integrated
into EHR for vancoymycin therapy in clinical care is feasible and provides a pow-
erful framework improving drug therapy [33]. However, the implementation of
such tools still faces multiple challenges – particularly regulatory requirements
for software tools being used as medical devices – which need to be overcome in
the future [24, 218].

Figure 5.3: Screenshot of a decision support system based on PBPK models which were
developed as part of the INSPIRATION European Union project. The screen-
shot depicts exemplary PBPK-based dosing simulations and corresponding
dosing recommendations. For this purpose, a minimum target imatinib Cmin

of 1000 ng/mL was selected to identify the optimal imatinib dosing regimen
for the virtual patient [62, 187].



6
C O N C L U S I O N S

Since MIPD was first introduced, efforts have been undertaken to advance drug
therapy of compounds by identifying optimal doses for individual patients –
particularly in therapeutic areas such as anti-infectives, oncology, immunosup-
pressants and anti-inflammatory drugs, where the labeled drug dose often results
in suboptimal drug exposure [55]. However, these and many other therapeutic
areas may benefit from continuous efforts to implement a more personalized
dosing approach. Thus, this thesis delved into the novel field of MIPD with the aim
of advancing precision dosing approaches of dasatinib, imatinib, (E)-clomiphene
and infliximab, gaining a deeper understanding of the PK of these drugs by
applying mechanistic and empirical pharmacometric modeling approaches, and
consequently improving drug therapy outcomes.
Whole-body PBPK models have been thoroughly developed for the TKIs dasatinib
and imatinib as well as for the SERM (E)-clomiphene. Enzyme-, transporter-
mediated and pH-dependent DDIs, DGIs and DDGIs across different CYP2D6 AS

groups were investigated, and new dosing strategies for various CYP3A4 DDI

scenarios provided. Furthermore, with this work, powerful frameworks to indi-
vidually tailor doses to the patient’s need have been made available for future
studies and clinical care. In addition, an external model performance evaluation
for infliximab was conducted to select a pharmacometric model for application in
the clinical trial “GUIDE-IBD”, supporting physicians in the selection of individ-
ually optimized dosing regimens for each patient.
For this thesis, several pharmacometric models were developed and applied to
support personalized dosing strategies for patients in clinical settings. In addition,
this work may contribute to the paradigm shift from a “one-size-fits-all” to a
more personalized dosing approach. However, although the application of MIPD

presents a step in the right direction, delivering the right drug via the right route
and the right dose for the right patient at the right time remains an ever-present
daily challenge for clinicians, calling for continuous efforts in the field of precision
dosing and precision medicine.
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S1 PBPK Model Building
S1.1 Assignment to Training and Test Dataset
Plasma profiles from the literature were divided into a training and a test dataset for model building (5
profiles) and evaluation (58 profiles), respectively. The plasma profiles were allocated to the training
and test datasets using a non-randomized strategy to ensure comprehensive and varied data for model
building. This data assortment encapsulated a wide spectrum of dosing ranges and an array of dosing
regimens. In the process, we strived to maximize the number of plasma profiles for model evaluation.
We specifically selected datasets with dense sampling intervals spanning a prolonged investigation
period for the training dataset. An overview of all clinical studies is presented in Table S1, Table S7
and Table S9.

S1.2 Virtual Individuals
Virtual “mean individuals” were created for each study based on mean or mode of age, sex, body
weight, height, body mass index and ethnicity from the corresponding study reports. If demographic
information was not provided for a study, either a 30-year-old white American male with a body
weight of 80 kg and height of 1.78 m for healthy volunteers or a 64-year-old white American male
with body weight of 82 kg and height of 1.75 m for cancer patients were used according to the third
National Health and Nutrition Examination Survey (NHANES) database [1].
For each compartment expressing cytochrome P450 3A4 (CYP3A4), we applied uniform parameter
values for the Michaelis-Menten kinetics—specifically, the Michaelis constant (Km) and the catalytic
constant (kcat)—to model CYP3A4-mediated metabolism. In general, enzyme and transporter ex-
pressions in different tissues were implemented according to the PK-Sim® expression database.
As CML is more prevalent in men, with an average diagnosis age of 64 years, a virtual 64-year-old
European male individual was used for the dosing simulations [2]. Default values for body weight (64
kg) and height (1.70 m) were derived from the International Commission on Radiological Protection
(ICRP) database [3].

S1.3 Virtual Populations
Virtual populations of 100 individuals were generated based on the respective study population
demographics. Depending on the ethnicity and demographic characteristics, virtual individuals were
varied by the implemented algorithm in PK-Sim® within the limits of the NHANES database for white
Americans, the ICRP database for Europeans and the integrated database for Japanese population
[4]. The corresponding algorithms for the generation of virtual populations have been reported by
Willmann and coworkers [5].
For the studies CA180016 [6] and CA180032 [6] as well as the studies by Christopher et al. 2008
(a) [7], Vaidhyanathan et al. 2019 [8] and Vargas et al. 2016 [9] an age range of 20 to 50 years
for healthy volunteers was assumed, while for the studies CA180005 and CA180009 as well as the
studies by Christopher et al. 2008 (b) [7] and Luo et al. 2008 [10] an age range of 20 to 80
years for cancer patients was used since information about the study populations were not available.
System-dependent parameters including reference concentrations and enzyme expression variabilities
are listed in Table S2.
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S1.5 System-dependent Parameters

Table S2: System-dependent parameters and expression of relevant enzymes, transporters and processes.
Enzyme/Transporter/
Processes

Mean ref. conc.
[µmol/L]a

GeoSD of the
ref. conc.b

Relative expression
in different organsc

Half-life
liver [hours]

Half-life
intestine [hours]

AADAC 1.00d [18] 1.40e RT-PCR [26] 36 23
CYP1A2 1.80 [27] 1.63 (liver) [28] RT-PCR [29] 39 23
CYP2A6 2.72 [27] 1.40e RT-PCR [29] 26 23
CYP2B6 1.56 [27] 1.40e RT-PCR [29] 32 23
CYP2C19 0.76 [27] 1.79 (liver) [28] RT-PCR [29] 26 23
CYP2C8 2.56 [27] 2.05 (liver) [28] RT-PCR [29] 23 23
CYP2D6 0.40 [27] 2.49 [28] RT-PCR [29] 51 23
CYP3A4 4.32 [27] 1.18/1.46 (liver/duodenum) [28] RT-PCR [29] 36 [30] 23 [31]
CYP3A5 0.04 [18] 1.40e RT-PCR [29] 36 23
EPHX1 1.00d [18] 1.40e RT-PCR [26] 36 23
FMO3 1.00d 1.00 [18] RT-PCR [26] - 23
PON3 1.00d 1.40e Array [29] 36 23
UGT1A1 1.00d 1.40e RT-PCR [26] 36 23
UGT1A3 1.00d 1.40e RT-PCR [26] 36 23
UGT1A4 2.32f 1.07[28] RT-PCR [26] 36 23
UGT2B7g 2.78f [32] 1.60 (liver) [28] EST [33] 36 23
Unspecific liver lactonization 1.00d 1.40e Liver only 36 23
Unspecific plasma hydrolysis 1.00d 1.40e Plasma only 36 23

BCRP 1.00d 1.35 [34] RT-PCRh [35] 36 23
MRP2 1.00d 1.49 [36] Array [37] 36 23
OATP1B1 0.07i,j [23] 1.54 [23] RT-PCR [35] 36 -
OATP1B3 1.00d [18] 1.54 [23] Array [37] 36 23
P-gp 1.41optimized 1.60 [23] RT-PCRk [35] 36 23
Unspecific liver influx 1.00d 1.40e Liver only 36 23

Unspecific hepatic clearance - -
Chemical hydrolysis 1.00 - Ubiquitous 36 23

AADAC: arylacetamide deacetylase, BCRP: breast cancer resistance protein, CYP: cytochrome P450, EST: espressed sequence tag,
EPHX1: epoxide hydroxylase 1, FMO: flavin-containing monooxygenase, GeoSD: geometric standard deviation,
MRP2: multidrug resistance-associated protein 2, OATP: organic anion transporting polypeptide, P-gp: P-glycoprotein, PON3: paraoxonase 3,
ref. conc.: reference concentration, RT-PCR: reverse transcription polymerase chain reaction, UGT: UDP-glucuronosyltransferase

a µmol protein/L in the tissue of highest expression
b Geometric standard deviation of the reference concentration
c In the different organs (PK-Sim® expression database profile)
d If no information was available, the mean ref. conc. was set to 1.0 µmol/L and the catalytic rate constant (kcat) was optimized according to [18]
e If no information was available a moderate variability of 35% CV was assumed (= 1.40 GSD)
f Calculated from protein per mg microsomal protein × 40.0 mg microsomal protein per g liver [19]
g UGT2B7 enzyme for metabolism of fluconazole and simvastatin was implemented according to the respective publication [20, 21]
h With relative expression in blood cells set to 0.3046 [22]
i Calculated from transporter per mg membrane protein × 37.0 mg membrane protein per g liver [23]
j Differences in the implementation of the OATP1B1 ref. conc. in the rifampicin [24], simvastatin [21] and erythromycin [25] PBPK model
were compensated by using the concentration of 0.07 µmol/L [23] and optimizing the kcat
k With relative expression in intestinal mucosa increased by factor 3.57 [24]
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Table S3: Relative enzymes and transporters expression in organs and tissues implemented in the dasatinib PBPK model [%]
CYP2C8 CYP3A4 OATP1B1 OATP1B3

Data source RT-PCR [29] RT-PCR [29] RT-PCR [35] Array [37]

Blood cells 0 0 0 0
Plasma 0 0 - -
Bone 0 0 0 3
Brain 0 0 0 3
Fat 0 0 0 0
Gonads 1 0 1 4
Heart 0 0 0 6
Kidney 0 1 0 2
Liver periportal 100 100 100 100
Liver pericentral 100 100 100 100
Lung 0 0 0 2
Muscle 0 0 0 2
Pancreas 0 0 0 1
Skin 0 0 0 1
Spleen 0 0 0 1
Duodenum mucosa 0 7 0 2
Upper jejunum mucosa 0 7 0 2
Lower jejunum mucosa 0 7 0 2
Upper ileum mucosa 0 7 0 2
Lower ileum mucosa 0 7 0 2
Cecum mucosa 0 0 0 0
Colon ascendens mucosa 0 0 0 1
Colon transversum mucosa 0 0 0 1
Colon descendens mucosa 0 0 0 1
Colon sigmoid mucosa 0 0 0 1
Rectum mucosa 0 0 0 0
Stomach non-mucosal tissue 0 0 0 1
Small intestine non-mucosal tissue 0 7 0 2
Large intestine non-mucosal tissue 0 0 0 1
Stomach lumen 0 0 - -
Duodenum lumen 0 0 - -
Upper jejunum lumen 0 0 - -
Lower jejunum lumen 0 0 - -
Upper ileum lumen 0 0 - -
Lower ileum lumen 0 0 - -
Cecum lumen 0 0 - -
Colon ascendens lumen 0 0 - -
Colon transversum lumen 0 0 - -
Colon descendens lumen 0 0 - -
Colon sigmoid lumen 0 0 - -
Rectum lumen 0 0 - -

Array: microarray expression profile, CYP: cytochrome P450, OATP: organic anion transporting polypeptide

7

148 supplementary documents



S1
.6

D
ru

g-
de

pe
nd

en
t

Pa
ra

m
et

er
Ta

bl
e

Ta
bl

e
S4

:D
ru

g-
de

pe
nd

en
tp

ar
am

et
er

s
fo

rd
as

at
in

ib
.

P
ar

am
et

er
V

al
u

e
[9

5%
C

I]
U

n
it

S
ou

rc
e

L
it

er
at

u
re

R
ef

er
en

ce
D

es
cr

ip
ti

on

M
W

48
8.

01
g/

m
ol

L
it

er
at

ur
e

48
8.

01
[3

9]
M

ol
ec

ul
ar

w
ei

gh
t

pK
a

(b
as

e)
3.

10
,

6.
80

-
L

it
er

at
ur

e
3.

10
,

6.
80

[4
0]

A
ci

d
di

ss
oc

ia
ti

on
co

ns
ta

nt
pK

a
(a

ci
d)

10
.8

0
-

L
it

er
at

ur
e

10
.8

0
[4

0]
A

ci
d

di
ss

oc
ia

ti
on

co
ns

ta
nt

So
lu

bi
lit

y
(p

H
4.

0)
0.

04
m

g/
m

l
L

it
er

at
ur

e
0.

04
[4

1]
So

lu
bi

lit
y

lo
gP

3.
59

[3
.4

7,
3.

71
]

-
O

pt
im

iz
ed

2.
71

–4
.0

1
[3

9,
40

]
L

ip
op

hi
lic

it
y

f u
4.

00
%

L
it

er
at

ur
e

4.
00

[4
2]

Fr
ac

ti
on

un
bo

un
d

C
Y

P
3A

4
K

m
→M

20
a

6.
00

µm
ol

/l
L

it
er

at
ur

e
6.

00
[4

3]
M

ic
ha

el
is

-M
en

te
n

co
ns

ta
nt

C
Y

P
3A

4
k c

at
→M

20
a

58
.3

8
[4

6.
19

,
70

.5
7]

1/
m

in
O

pt
im

iz
ed

-
-

C
at

al
yt

ic
ra

te
co

ns
ta

nt
C

Y
P

3A
4

K
I

9.
00

µm
ol

/l
L

it
er

at
ur

e
9.

00
[4

4]
In

hi
bi

ti
on

C
on

st
an

t
C

Y
P

3A
4

k i
n

ac
t

0.
02

1/
m

in
L

it
er

at
ur

e
0.

02
[4

4]
M

ax
im

um
ra

te
of

in
ac

ti
va

ti
on

C
Y

P
2C

8
K

i
3.

60
µm

ol
/l

L
it

er
at

ur
e

3.
60

[4
4]

D
is

so
ci

at
io

n
C

on
st

an
t

O
A

T
P

1B
1

K
i

2.
33

µm
ol

/l
L

it
er

at
ur

e
2.

33
[4

5]
D

is
so

ci
at

io
n

C
on

st
an

t
O

A
T

P
1B

3
K

i
2.

75
µm

ol
/l

L
it

er
at

ur
e

2.
75

[4
5]

D
is

so
ci

at
io

n
C

on
st

an
t

U
ns

pe
ci

fic
he

pa
ti

c
cl

ea
ra

nc
e

5.
62

[3
.1

7,
8.

07
]

1/
m

in
O

pt
im

iz
ed

-
-

E
lim

in
at

io
n

fr
om

pl
as

m
a

(fi
rs

t-
or

de
r

pr
oc

es
s

in
th

e
liv

er
)

G
E

T
(f

as
te

d)
15

.0
0

m
in

L
it

er
at

ur
e

15
.0

0
[4

6]
G

as
tr

ic
em

pt
yi

ng
ti

m
e

G
E

T
(f

ed
)

10
3.

44
m

in
O

pt
im

iz
ed

45
–1

20
[4

7]
G

as
tr

ic
em

pt
yi

ng
ti

m
e

G
E

T
(w

it
h

R
ab

ep
ra

zo
le

)
60

.1
3

m
in

O
pt

im
iz

ed
-

-
G

as
tr

ic
em

pt
yi

ng
ti

m
e

G
E

T
(w

it
h

M
aa

lo
x®

)
31

.2
7

m
in

O
pt

im
iz

ed
-

-
G

as
tr

ic
em

pt
yi

ng
ti

m
e

G
F

R
fr

ac
ti

on
1.

00
-

A
ss

um
ed

-
-

Fr
ac

ti
on

of
fil

te
re

d
dr

ug
in

th
e

ur
in

e
E

H
C

co
nt

in
uo

us
fr

ac
ti

on
1.

00
-

A
ss

um
ed

-
-

Fr
ac

ti
on

of
bi

le
co

nt
in

ua
lly

re
le

as
ed

P
ar

ti
ti

on
co

effi
ci

en
ts

D
iv

er
se

b
-

C
al

cu
la

te
d

Sc
hm

it
t

[4
8]

C
el

l
to

pl
as

m
a

pa
rt

it
io

n
co

effi
ci

en
ts

C
el

lu
la

r
pe

rm
ea

bi
lit

y
D

iv
er

se
b

cm
/m

in
C

al
cu

la
te

d
P

K
-S

im
St

an
da

rd
[4

6]
P

er
m

ea
bi

lit
y

in
to

th
e

ce
llu

la
r

sp
ac

e
In

te
st

in
al

pe
rm

ea
bi

lit
y

1.
22
⋅10-6

cm
/s

O
pt

im
iz

ed
-

-
T

ra
ns

ce
llu

la
r

in
te

st
in

al
pe

rm
ea

bi
lit

y
[6

.4
2⋅10

-7
,

1.
80
⋅10-6

]
D

en
si

ty
1.

41
g/

cm
3

L
it

er
at

ur
e

1.
41

[4
9]

D
en

si
ty

A
qu

eo
us

di
ff

us
io

n
co

effi
ci

en
t

2.
67
⋅10-4

cm
2

/m
in

C
al

cu
la

te
d

2.
67
⋅10-4

-
A

qu
eo

us
di

ff
us

io
n

co
effi

ci
en

t
P

ar
ti

cl
e

di
ss

ol
ut

io
n

ra
di

us
(B

in
1)

11
.4

6
µm

C
al

cu
la

te
d

11
.4

6c
[8

]
M

ea
n

P
ar

ti
cl

e
R

ad
iu

s
P

ar
ti

cl
e

di
ss

ol
ut

io
n

ra
di

us
(B

in
2)

38
.0

7
µm

C
al

cu
la

te
d

38
.0

7c
[8

]
M

ea
n

P
ar

ti
cl

e
R

ad
iu

s
P

ar
ti

cl
e

di
ss

ol
ut

io
n

ra
di

us
(B

in
3)

67
.8

6
µm

C
al

cu
la

te
d

67
.8

6c
[8

]
M

ea
n

P
ar

ti
cl

e
R

ad
iu

s

C
I:

co
nfi

de
nc

e
in

te
rv

al
,

C
Y

P
:

cy
to

ch
ro

m
e

P
45

0,
E

H
C

:
en

te
ro

he
pa

ti
c

ci
rc

ul
at

io
n,

G
F

R
:

gl
om

er
ul

ar
fil

tr
at

io
n

ra
te

,
O

A
T

P
:

or
ga

ni
c

an
io

n
tr

an
sp

or
ti

ng
po

ly
pe

pt
id

e

a
M

et
ab

ol
it

e
w

as
no

t
in

cl
ud

ed
in

th
e

P
B

P
K

m
od

el
b

V
al

ue
s

di
ff

er
ac

ro
ss

th
e

or
ga

ns
c

C
al

cu
la

te
d

ac
co

rd
in

g
to

[3
8]

8

A.1 supplementary document to publication i 149



S2 PBPK Model Evaluation
S2.1 Healthy Volunteers
S2.1.1 Plasma Profiles (Linear Scale)
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Figure S1: Predicted and observed dasatinib plasma concentration–time profiles in healthy volunteers on a linear scale.
Solid lines show predicted geometric mean concentration–time profiles with ribbons illustrating the corresponding
geometric standard deviation of the population simulations (n=100). Points demonstrate the mean observed
data with the corresponding standard deviation of dasatinib (if depicted in the respective publication). /: no
information available, bid: twice a day, md: multiple dose, n: number of participants, PFOS: powder for oral
suspension, po: peroral, qd: once a day, sd: single dose, tab: tablet.
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Figure S1: (continued) Predicted and observed dasatinib plasma concentration–time profiles in healthy volunteers on
a linear scale. Solid lines show predicted geometric mean concentration–time profiles with ribbons illustrating the
corresponding geometric standard deviation of the population simulations (n=100). Points demonstrate the mean
observed data with the corresponding standard deviation of dasatinib (if depicted in the respective publication).
/: no information available, bid: twice a day, md: multiple dose, n: number of participants, PFOS: powder for
oral suspension, po: peroral, qd: once a day, sd: single dose, tab: tablet.
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S2.1.2 Plasma Profiles (Semilogarithmic Scale)
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Figure S2: Predicted and observed dasatinib plasma concentration–time profiles in healthy volunteers on a semiloga-
rithmic scale. Solid lines show predicted geometric mean concentration–time profiles with ribbons illustrating the
corresponding geometric standard deviation of the population simulations (n=100). Points demonstrate the mean
observed data with the corresponding standard deviation of dasatinib (if depicted in the respective publication).
/: no information available, bid: twice a day, md: multiple dose, n: number of participants, PFOS: powder for
oral suspension, po: peroral, qd: once a day, sd: single dose, tab: tablet.
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Figure S2: (continued) Predicted and observed dasatinib plasma concentration–time profiles in healthy volunteers on
a semilogarithmic scale. Solid lines show predicted geometric mean concentration–time profiles with ribbons
illustrating the corresponding geometric standard deviation of the population simulations (n=100). Points demon-
strate the mean observed data with the corresponding standard deviation of dasatinib (if depicted in the respective
publication). /: no information available, bid: twice a day, md: multiple dose, n: number of participants, PFOS:
powder for oral suspension, po: peroral, qd: once a day, sd: single dose, tab: tablet.
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S2.2 Cancer Patients
S2.2.1 Plasma Profiles (Linear Scale)
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Figure S3: Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a linear scale.
Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric pH of 2.0 and
2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the population
simulations (n=100). Points demonstrate the mean observed data with the corresponding standard deviation
of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consecutive days
bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a day, md:
multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing followed by
two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S3: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on
a linear scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric
pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the
population simulations (n=100). Points demonstrate the mean observed data with the corresponding standard
deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consec-
utive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a
day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing
followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S3: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on
a linear scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric
pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the
population simulations (n=100). Points demonstrate the mean observed data with the corresponding standard
deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consec-
utive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a
day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing
followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S3: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on
a linear scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric
pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the
population simulations (n=100). Points demonstrate the mean observed data with the corresponding standard
deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consec-
utive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a
day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing
followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S3: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on
a linear scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric
pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the
population simulations (n=100). Points demonstrate the mean observed data with the corresponding standard
deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consec-
utive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a
day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing
followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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S2.2.2 Plasma Profiles (Semilogarithmic Scale)
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Figure S4: Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a semiloga-
rithmic scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with gastric
pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation of the
population simulations (n=100). Points demonstrate the mean observed data with the corresponding standard
deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five consec-
utive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid: twice a
day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily dosing
followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S4: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a
semilogarithmic scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with
gastric pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation
of the population simulations (n=100). Points demonstrate the mean observed data with the corresponding
standard deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five
consecutive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid:
twice a day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily
dosing followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S4: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a
semilogarithmic scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with
gastric pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation
of the population simulations (n=100). Points demonstrate the mean observed data with the corresponding
standard deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five
consecutive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid:
twice a day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily
dosing followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S4: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a
semilogarithmic scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with
gastric pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation
of the population simulations (n=100). Points demonstrate the mean observed data with the corresponding
standard deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five
consecutive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid:
twice a day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily
dosing followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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Figure S4: (continued) Predicted and observed dasatinib plasma concentration–time profiles in cancer patients on a
semilogarithmic scale. Solid and dashed lines show predicted geometric mean concentration–time profiles with
gastric pH of 2.0 and 2.5, respectively, with ribbons illustrating the corresponding geometric standard deviation
of the population simulations (n=100). Points demonstrate the mean observed data with the corresponding
standard deviation of dasatinib (if depicted in the respective publication). /: no information available, B5D: five
consecutive days bid dosing followed by two nontreatment days, B7D: seven consecutive days bid dosing, bid:
twice a day, md: multiple dose, n: number of participants, po: peroral, Q5D: five consecutive days once daily
dosing followed by two nontreatment days, qd: once a day, sd: single dose, tab: tablet.
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S2.2.3 Goodness-of-fit Plots
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Figure S5: Goodness-of-fit plots of predicted versus observed AUClast (a–b), Cmax (c–d) and plasma concentrations (e–
f) of the training (first column) and test dataset (second column). Solid lines mark the lines of identity, dotted
lines indicate 1.25-fold and dashed lines two-fold deviation. AUClast: areas under the plasma concentration–time
curves from the first to the last time point of measurement, Cmax: maximum plasma concentration.
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S2.2.4 Residual Plot
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Figure S6: Residuals versus time. Blue and light blue symbols represent residuals from healthy volunteers and cancer
patients, respectively. Triangles indicate residuals from the training dataset, while points indicate residuals from
the test dataset. Obs: observed concentration, pred: predicted concentration.

24

A.1 supplementary document to publication i 165



S2
.3

Q
ua

nt
ita

tiv
e

PB
PK

M
od

el
Ev

al
ua

tio
n

S2
.3

.1
G

eo
m

et
ric

M
ea

n
Fo

ld
Er

ro
r

(G
M

FE
)

Ta
bl

e
S5

:G
eo

m
et

ric
M

ea
n

Fo
ld

Er
ro

r(
GM

FE
)

of
C m

ax
an

d
AU

C l
as

t
Pr

ed
ict

io
ns

.
C

m
ax

A
U

C
la

st

A
dm

in
ist

ra
tio

n
C

om
po

un
d

Pr
ed
[ng m

l]
O

bs
[ng m

l]
Pr

ed
/O

bs
Pr

ed
[ng⋅

h
m

l
]

O
bs
[ng⋅

h
m

l
]

Pr
ed

/O
bs

R
ef

er
en

ce

14
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

13
2.

01
15

7.
54

0.
84

46
0.

68
58

4.
68

0.
79

B
io

eq
ui

va
le

nc
e

st
ud

y
[1

3]
10

0
m

g,
po

,s
ol

,s
d

D
as

at
in

ib
14

2.
39

96
.5

6
1.

47
47

0.
88

35
5.

02
1.

33
C

hr
ist

op
he

r
20

08
(a

)
[7

]
50

m
g,

po
,t

ab
,b

id
,m

d
D

as
at

in
ib

53
.2

4
41

.4
3

1.
29

29
5.

99
27

1.
31

1.
09

El
ey

20
09

(c
on

tr
ol

)
[5

0]
10

0
m

g,
po

,t
ab

,s
d

D
as

at
in

ib
94

.7
8

81
.7

2
1.

16
29

4.
52

29
8.

60
0.

99
Fu

rlo
ng

20
12

[1
4]

10
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

14
0.

72
10

6.
81

1.
32

46
1.

41
38

7.
37

1.
19

Ya
go

20
14

(c
on

tr
ol

)
[5

1]
10

0
m

g,
po

,t
ab

,s
d

D
as

at
in

ib
94

.7
8

81
.3

1
1.

17
29

2.
05

32
3.

65
0.

90
St

ud
y

C
A

18
00

09
(f

as
te

d
st

at
e

(a
))

[6
]

10
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

63
.7

6
49

.7
8

1.
28

41
0.

28
35

7.
61

1.
15

St
ud

y
C

A
18

00
09

(w
ith

hi
gh

–f
at

m
ea

l(
b)

)
[6

]
10

0
m

g,
po

,t
ab

,s
d

D
as

at
in

ib
94

.7
8

98
.0

8
0.

97
29

8.
20

38
7.

83
0.

77
St

ud
y

C
A

18
00

09
(w

ith
lig

ht
–f

at
m

ea
l(

c)
)

[6
]

10
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

94
.7

8
76

.8
2

1.
23

29
3.

25
30

1.
65

0.
97

St
ud

y
C

A
18

00
16

[6
]

10
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

94
.8

4
80

.9
3

1.
17

29
0.

68
29

1.
31

1.
00

St
ud

y
C

A
18

00
32

(c
on

tr
ol

)
[6

]
70

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

67
.3

2
61

.9
6

1.
09

19
1.

56
21

2.
69

0.
90

Va
id

hy
an

at
ha

n
20

18
(a

)
[8

]
10

0
m

g,
po

,P
FO

S,
sd

D
as

at
in

ib
94

.7
8

10
6.

27
0.

89
28

2.
00

33
4.

05
0.

84
Va

id
hy

an
at

ha
n

20
18

(b
)

[8
]

10
0

m
g,

po
,d

isp
er

se
d

ta
b,

sd
D

as
at

in
ib

94
.7

8
10

7.
35

0.
88

28
1.

99
34

5.
96

0.
82

Va
id

hy
an

at
ha

n
20

18
(c

)
[8

]
10

0
m

g,
po

,t
ab

,s
d

D
as

at
in

ib
94

.7
8

11
6.

56
0.

81
28

1.
44

41
6.

37
0.

68
Va

id
hy

an
at

ha
n

20
18

(d
)

[8
]

10
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

10
6.

04
11

3.
27

0.
94

35
4.

01
43

2.
84

0.
82

Va
rg

as
20

16
[9

]

10
0

m
g,

po
,t

ab
,q

d,
m

d
D

as
at

in
ib

11
3.

57
84

.0
0

1.
35

56
5.

38
40

0.
19

1.
41

A
ra

uj
o

20
12

[1
5]

18
0

m
g,

po
,t

ab
,s

d
D

as
at

in
ib

16
1.

85
23

7.
86

0.
68

55
7.

79
11

49
.4

0
0.

49
C

hr
ist

op
he

r
20

08
(b

)
[7

]
35

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
28

.7
4

17
.2

8
1.

66
93

.4
8

71
.0

5
1.

32
D

em
et

ri
20

09
(a

)
[1

6]
50

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
41

.2
3

65
.6

5
0.

63
13

9.
03

12
0.

09
1.

16
D

em
et

ri
20

09
(b

)
[1

6]
70

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
57

.1
6

32
.6

4
1.

75
19

9.
85

10
3.

69
1.

93
D

em
et

ri
20

09
(c

)
[1

6]
70

m
g,

po
,t

ab
,b

id
,m

d
(B

7D
)

D
as

at
in

ib
56

.4
7

52
.1

2
1.

08
20

7.
76

23
8.

01
0.

87
D

em
et

ri
20

09
(d

)
[1

6]
90

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
72

.1
0

74
.8

8
0.

96
25

8.
15

30
7.

42
0.

84
D

em
et

ri
20

09
(e

)
[1

6]
90

m
g,

po
,t

ab
,b

id
,m

d
(B

7D
))

D
as

at
in

ib
69

.8
7

69
.0

3
1.

01
26

3.
07

27
3.

55
0.

96
D

em
et

ri
20

09
(f

)
[1

6]
10

0
m

g,
po

,t
ab

,b
id

,m
d

(B
7D

)
D

as
at

in
ib

75
.9

0
54

.4
0

1.
40

28
4.

12
24

0.
30

1.
18

D
em

et
ri

20
09

(g
)

[1
6]

12
0

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
92

.4
6

10
0.

07
0.

92
33

9.
75

39
6.

39
0.

86
D

em
et

ri
20

09
(h

)
[1

6]
12

0
m

g,
po

,t
ab

,b
id

,m
d

(B
7D

)
D

as
at

in
ib

86
.7

3
58

.4
2

1.
48

33
4.

03
17

7.
28

1.
88

D
em

et
ri

20
09

(i)
[1

6]
16

0
m

g,
po

,t
ab

,b
id

,m
d

(B
5D

)
D

as
at

in
ib

11
6.

02
18

0.
29

0.
64

41
3.

91
43

3.
80

0.
95

D
em

et
ri

20
09

(j
)

[1
6]

20
m

g,
po

,t
ab

,s
d

D
as

at
in

ib
19

.5
7

17
.4

8
1.

12
47

.9
3

67
.2

6
0.

71
Jo

hn
so

n
20

10
(c

on
tr

ol
)

[5
2]

90
m

g,
po

,t
ab

,b
id

,m
d

D
as

at
in

ib
72

.4
7

70
.2

8
1.

03
30

6.
38

30
1.

74
1.

02
Lu

o
20

08
[1

0]

(c
on

tin
ue

d)

25

166 supplementary documents



Ta
bl

e
S5

:G
eo

m
et

ric
M

ea
n

Fo
ld

Er
ro

r(
GM

FE
)

of
C m

ax
an

d
AU

C l
as

t
Pr

ed
ict

io
ns

(c
on

tin
ue

d)
.

C
m

ax
A

U
C

la
st

A
dm

in
ist

ra
tio

n
C

om
po

un
d

Pr
ed
[ng m

l]
O

bs
[ng m

l]
Pr

ed
/O

bs
Pr

ed
[ng⋅

h
m

l
]

O
bs
[ng⋅

h
m

l
]

Pr
ed

/O
bs

R
ef

er
en

ce

15
m

g,
po

,t
ab

,q
d,

m
d

(Q
5D

)
D

as
at

in
ib

15
.7

7
13

.3
0

1.
19

40
.2

2
35

.5
0

1.
13

St
ud

y
C

A
18

00
02

(a
)

[6
]

25
m

g,
po

,t
ab

,b
id

,m
d

(B
5D

)
D

as
at

in
ib

20
.3

1
16

.9
2

1.
20

71
.5

6
64

.4
7

1.
11

St
ud

y
C

A
18

00
02

(b
)

[6
]

30
m

g,
po

,t
ab

,q
d,

m
d

(Q
5D

)
D

as
at

in
ib

32
.6

3
25

.0
9

1.
30

12
7.

07
13

4.
72

0.
94

St
ud

y
C

A
18

00
02

(c
)

[6
]

35
m

g,
po

,t
ab

,b
id

,m
d

(B
5D

)
D

as
at

in
ib

28
.5

5
26

.0
2

1.
10

10
7.

80
11

4.
35

0.
94

St
ud

y
C

A
18

00
02

(d
)

[6
]

50
m

g,
po

,t
ab

,b
id

,m
d

(B
5D

)
D

as
at

in
ib

40
.4

0
33

.5
9

1.
20

15
8.

70
11

1.
15

1.
43

St
ud

y
C

A
18

00
02

(e
)

[6
]

50
m

g,
po

,t
ab

,b
id

,m
d

(B
7D

)
D

as
at

in
ib

41
.3

4
32

.6
3

1.
27

16
9.

28
15

6.
54

1.
08

St
ud

y
C

A
18

00
02

(f
)

[6
]

50
m

g,
po

,t
ab

,q
d,

m
d

(Q
5D

)
D

as
at

in
ib

35
.7

2
22

.3
6

1.
60

10
2.

44
87

.5
1

1.
17

St
ud

y
C

A
18

00
02

(g
)

[6
]

70
m

g,
po

,t
ab

,b
id

,m
d

(B
5D

)
D

as
at

in
ib

54
.8

4
58

.4
7

0.
94

22
3.

45
28

7.
82

0.
78

St
ud

y
C

A
18

00
02

(h
)

[6
]

70
m

g,
po

,t
ab

,b
id

,m
d

(B
7D

)
D

as
at

in
ib

56
.1

5
68

.6
6

0.
82

23
7.

56
31

1.
15

0.
76

St
ud

y
C

A
18

00
02

(i)
[6

]
75

m
g,

po
,t

ab
,q

d,
m

d
(Q

5D
)

D
as

at
in

ib
83

.5
4

78
.0

0
1.

07
36

3.
20

38
0.

49
0.

95
St

ud
y

C
A

18
00

02
(j

)
[6

]
90

m
g,

po
,t

ab
,b

id
,m

d
(B

7D
)

D
as

at
in

ib
11

5.
01

13
4.

50
0.

86
51

2.
27

48
4.

38
1.

06
St

ud
y

C
A

18
00

02
(k

)
[6

]
10

5
m

g,
po

,t
ab

,q
d,

m
d

(Q
5D

)
D

as
at

in
ib

66
.6

2
45

.9
3

1.
45

29
0.

29
23

4.
29

1.
24

St
ud

y
C

A
18

00
02

(l)
[6

]
12

0
m

g,
po

,t
ab

,b
id

,m
d

(B
7D

)
D

as
at

in
ib

85
.0

7
14

0.
79

0.
60

37
8.

38
50

3.
90

0.
75

St
ud

y
C

A
18

00
02

(m
)

[6
]

14
0

m
g,

po
,t

ab
,q

d,
m

d
(Q

5D
)

D
as

at
in

ib
80

.3
5

43
.8

4
1.

83
36

0.
80

27
8.

94
1.

29
St

ud
y

C
A

18
00

02
(n

)
[6

]
18

0
m

g,
po

,t
ab

,q
d,

m
d

(Q
5D

)
D

as
at

in
ib

18
2.

78
21

1.
15

0.
87

86
8.

30
10

86
.3

5
0.

80
St

ud
y

C
A

18
00

02
(o

)
[6

]
70

m
g,

po
,t

ab
,b

id
,m

d
(B

5D
)

D
as

at
in

ib
68

.6
2

78
.0

2
0.

88
18

7.
28

28
3.

48
0.

66
St

ud
y

C
A

18
00

05
(a

)
[6

]
70

m
g,

po
,t

ab
,b

id
,m

d
(B

7D
)

D
as

at
in

ib
68

.6
2

43
.9

2
1.

56
18

6.
53

18
2.

88
1.

02
St

ud
y

C
A

18
00

05
(b

)
[6

]
10

0
m

g,
po

,t
ab

,q
d,

m
d

D
as

at
in

ib
11

3.
21

24
6.

31
0.

46
15

39
9.

80
35

90
.7

9
4.

29
Ta

ka
ha

sh
i2

01
1

(a
)

[1
7]

15
0

m
g,

po
,t

ab
,q

d,
m

d
D

as
at

in
ib

17
3.

08
25

2.
88

0.
68

21
56

0.
86

42
11

0.
33

0.
51

Ta
ka

ha
sh

i2
01

1
(b

)
[1

7]
20

0
m

g,
po

,t
ab

,q
d,

m
d

D
as

at
in

ib
19

6.
19

21
9.

58
0.

89
28

50
3.

51
32

38
2.

36
0.

88
Ta

ka
ha

sh
i2

01
1

(c
)

[1
7]

10
0

m
g,

po
,t

ab
,q

d,
sd

D
as

at
in

ib
13

0.
21

83
.0

5
1.

57
41

9.
24

37
0.

40
1.

13
Zw

aa
n

20
13

(a
)

[1
2]

14
0

m
g,

po
,t

ab
,q

d,
sd

D
as

at
in

ib
17

3.
94

11
7.

30
1.

48
58

3.
41

48
5.

17
1.

20
Zw

aa
n

20
13

(b
)

[1
2]

17
0

m
g,

po
,t

ab
,q

d,
sd

D
as

at
in

ib
20

2.
39

22
8.

72
0.

88
68

8.
11

11
74

.6
3

0.
59

Zw
aa

n
20

13
(c

)
[1

2]
20

0
m

g,
po

,t
ab

,q
d,

sd
D

as
at

in
ib

22
6.

89
13

3.
54

1.
70

78
9.

00
61

3.
16

1.
29

Zw
aa

n
20

13
(d

)
[1

2]

G
M

F
E

:
1.

29
(1

.0
1–

2.
18

)
G

M
F

E
:

1.
27

(1
.0

0–
4.

29
)

G
M

F
E
≤2

:
52

/5
3

G
M

F
E
≤2

:
51

/5
3

A
U

C
la

st
:

ar
ea

un
de

r
th

e
pl

as
m

a
co

nc
en

tr
at

io
n–

tim
e

cu
rv

e
fr

om
th

e
fir

st
to

th
e

la
st

tim
e

po
in

t
of

m
ea

su
re

m
en

t,
B

5D
:fi

ve
co

ns
ec

ut
iv

e
da

ys
bi

d
do

sin
g

fo
llo

w
ed

by
tw

o
no

nt
re

at
m

en
t

da
ys

,B
7D

:c
on

tin
uo

us
bi

d
do

sin
g,

bi
d:

tw
ic

e
a

da
y,

C
m

ax
:

m
ax

im
um

pl
as

m
a

co
nc

en
tr

at
io

n,
D

F
I,

dr
ug

–f
oo

d
in

te
ra

ct
io

n,
m

d:
m

ul
tip

le
do

se
,O

bs
:

ob
se

rv
ed

,P
FO

S:
po

w
de

r
fo

r
or

al
su

sp
en

sio
n,

po
:

pe
ro

ra
l,

P
re

d:
pr

ed
ic

te
d,

Q
5D

:fi
ve

co
ns

ec
ut

iv
e

da
ys

on
ce

da
ily

do
sin

g
fo

llo
w

ed
by

tw
o

no
nt

re
at

m
en

t
da

ys
,q

d:
on

ce
a

da
y,

sd
:

sin
gl

e
do

se
,s

ol
:

so
lu

tio
n,

ta
b:

ta
bl

et

26

A.1 supplementary document to publication i 167



S2.3.2 Mean Relative Deviation (MRD)

Table S6: Mean relative deviation (MRD) values of dasatinib plasma concentration predictions.
Administration Compound Health Status MRD Reference

140 mg, po, tab, sd Dasatinib Healthy 1.36 Bioequivalence study [13]
100 mg, po, sol, sd Dasatinib Healthy 1.54 Christopher 2008 (a) [7]
50 mg, po, tab, bid, md Dasatinib Healthy 1.43 Eley 2009 (control) [50]
100 mg, po, tab, sd Dasatinib Healthy 1.18 Furlong 2012 [14]
100 mg, po, tab, sd Dasatinib Healthy 1.37 Yago 2014 (control) [51]
100 mg, po, tab, sd Dasatinib Healthy 1.29 Study CA180009 (at fasted state (a)) [6]
100 mg, po, tab, sd Dasatinib Healthy 1.34 Study CA180009 (with high–fat meal (b)) [6]
100 mg, po, tab, sd Dasatinib Healthy 1.15 Study CA180009 (with light–fat meal (c)) [6]
100 mg, po, tab, sd Dasatinib Healthy 1.25 Study CA180016 [6]
100 mg, po, tab, sd Dasatinib Healthy 1.28 Study CA180032 (control) [6]
70 mg, po, tab, sd Dasatinib Healthy 1.31 Vaidhyanathan 2018 (a) [8]
100 mg, po, PFOS, sd Dasatinib Healthy 1.26 Vaidhyanathan 2018 (b) [8]
100 mg, po, dispersed tab, sd Dasatinib Healthy 1.32 Vaidhyanathan 2018 (c) [8]
100 mg, po, tab, sd Dasatinib Healthy 1.60 Vaidhyanathan 2018 (d) [8]
100 mg, po, tab, sd Dasatinib Healthy 1.63 Vargas 2016 [9]

100 mg, po, tab, qd, md Dasatinib Cancer 2.07 Araujo 2012 [15]
180 mg, po, tab, sd Dasatinib Cancer 2.01 Christopher 2008 (b) [7]
35 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.35 Demetri 2009 (a) [16]
50 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.49 Demetri 2009 (b) [16]
70 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.91 Demetri 2009 (c) [16]
70 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.26 Demetri 2009 (d) [16]
90 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.21 Demetri 2009 (e) [16]
90 mg, po, tab, bid, md (B7D)) Dasatinib Cancer 1.19 Demetri 2009 (f) [16]
100 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.30 Demetri 2009 (g) [16]
120 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.44 Demetri 2009 (h) [16]
120 mg, po, tab, bid, md (B7D) Dasatinib Cancer 2.89 Demetri 2009 (i) [16]
160 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.66 Demetri 2009 (j) [16]
20 mg, po, tab, sd Dasatinib Cancer 1.64 Johnson 2010 (control) [52]
90 mg, po, tab, bid, md Dasatinib Cancer 1.24 Luo 2008 [10]
15 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.21 Study CA180002 (a) [6]
25 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.13 Study CA180002 (b) [6]
30 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.24 Study CA180002 (c) [6]
35 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.22 Study CA180002 (d) [6]
50 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.67 Study CA180002 (e) [6]
50 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.19 Study CA180002 (f) [6]
50 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.33 Study CA180002 (g) [6]
70 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.37 Study CA180002 (h) [6]
70 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.30 Study CA180002 (i) [6]
75 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.25 Study CA180002 (j) [6]
90 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.28 Study CA180002 (k) [6]
105 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.47 Study CA180002 (l) [6]
120 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.42 Study CA180002 (m) [6]
140 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.53 Study CA180002 (n) [6]
180 mg, po, tab, qd, md (Q5D) Dasatinib Cancer 1.34 Study CA180002 (o) [6]
70 mg, po, tab, bid, md (B5D) Dasatinib Cancer 1.89 Study CA180005 (a) [6]
70 mg, po, tab, bid, md (B7D) Dasatinib Cancer 1.36 Study CA180005 (b) [6]
100 mg, po, tab, qd, md Dasatinib Cancer 1.58 Takahashi 2011 (a) [17]
150 mg, po, tab, qd, md Dasatinib Cancer 2.08 Takahashi 2011 (b) [17]
200 mg, po, tab, qd, md Dasatinib Cancer 1.72 Takahashi 2011 (c) [17]

(continued)
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Table S6: Mean relative deviation (MRD) values of dasatinib plasma concentration predictions (continued).
Study Compound Health Status MRD Reference

100 mg, po, tab, qd, sd Dasatinib Cancer 1.84 Zwaan 2013 (a) [12]
140 mg, po, tab, qd, sd Dasatinib Cancer 2.00 Zwaan 2013 (b) [12]
170 mg, po, tab, qd, sd Dasatinib Cancer 1.78 Zwaan 2013 (c) [12]
200 mg, po, tab, qd, sd Dasatinib Cancer 1.81 Zwaan 2013 (d) [12]

Overall MRD: 1.54 (1.13–2.89)
49/53 MRD ≤ 2

B5D: five consecutive days bid dosing followed by two nontreatment days, B7D: continuous bid dosing,
bid: twice a day, DFI: drug–food interaction, md: multiple dose, PFOS: powder for oral suspension,
po: peroral, Q5D: five consecutive days once daily dosing followed by two nontreatment days,
qd: once a day, sd: single dose, sol: solution, tab: tablet
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S2.4 Local Sensitivity Analysis
S2.4.1 Mathematical Implementation

A sensitivity analysis was conducted by calculating the impact of single parameter changes (local
sensitivity analysis) on the predicted AUCinf. Here, the relative change of AUCinf at steady-state after
peroral administration of 100 mg dasatinib daily to the relative variation of model input parameters
was calculated according to Equation S1. Parameters were included in the sensitivity analysis, if they
were optimized (I), assumed to affect AUCinf (II) or might have a strong impact due to their use in the
calculation of permeabilities or partition coefficients (III). A relative perturbation of 1000% (variation
range 10.0, maximum number of 9 steps) was utilized. Parameters were considered sensitive if their
sensitivity value was equal or greater than |0.5|. For instance, a sensitivity of +0.5 implies that a
100% increase of the examined parameter value leads to a 50% increase of the simulated AUCinf.

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S1)

S = sensitivity of the AUCinf to the examined model parameter, ∆AUCinf = change of the AUCinf,
AUCinf = simulated AUCinf with the original parameter value, p = original model parameter value,
∆p = variation of the model parameter value
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S2.4.2 Results of the Sensitivity Analysis

pKa (acid)

GFR fraction
Thickness uwl (bin 3)

Unspecific hepatic clearance
Thickness uwl (bin 2)

KI (CYP3A4)

Thickness uwl (bin 1)

kinact (CYP3A4)

Density
Aqueous diffusion coefficient

Solubility gain per charge
Intestinal permeability

Solubility (pH 4)

GET
Fraction unbound
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pKa (base 1)
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−0.004
−0.005
−0.041
−0.051
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−0.138
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 0.195
 0.224

 0.300
 0.378
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 0.531
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 2.085
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Sensitivity, ranked by absolute value

Figure S7: Sensitivity analysis of the dasatinib PBPK model. CYP: cytochrome P450, GET: gastric emptying time,
GFR: glomerular filtration rate, kcat: catalytic rate constant, KI: inhibition constant, kinact: maximum rate of
inactivation, Km: Michaelis-Menten constant, pKa: acid dissociation constant, uwl: unstirred water layer.
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S3.2 DDI Model Evaluation
S3.2.1 Plasma Profiles of Enzyme-mediated DDIs (Semilogarithmic Scale)

( a )
Dasatinib–Ketoconazole–DDI
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Figure S8: Predicted and observed plasma concentration–time profiles for enzyme-mediated DDIs with dasatinib
acting as victim (a–b) and perpetrator drug (c–d) on a semilogarithmic scale. The solid lines show predicted
geometric mean concentration–time profiles with and without intake of the perpetrator drug and ribbons show the
corresponding geometric standard deviation of the population simulations (n=100). Points depict mean observed
data and corresponding standard deviation of dasatinib, while squares and triangles depict the observed data and
corresponding standard deviation of simvastatin lactone and simvastatin acid, respectively. /: no information
available, DDIs: drug–drug interactions, n: number of participants.
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S3.2.2 Plasma Profiles of pH-Dependent DDIs (Semilogarithmic Scale)

( a )
Dasatinib–Rabeprazole–DDI
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Figure S9: Predicted and observed plasma concentration–time profiles for the pH-dependent DDIs on a semiloga-
rithmic scale. The solid lines show predicted geometric mean concentration–time profiles with and without the
intake of perpetrator drug and ribbons show the corresponding geometric standard deviation of the population
simulations (n=100). Points depict mean observed data and corresponding standard deviation of dasatinib (if
depicted in the respective publication). BHCl: betaine hydrochloride, DDIs: drug–drug interactions, n: number
of participants.
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S4 PBPK Drug–Food Interaction (DFI) Modeling
S4.1 DFI Model Building
Studies have shown that the intake of both light and high-fat meals only marginally influences the
pharmacokinetics (PK) of dasatinib. During light-fat meal ingestion, the maximum concentration
(Cmax) and area under the concentration–time curve (AUC) increased by 22% and 21%, respectively.
The time to peak concentration (Tmax) remained unaffected. In contrast, high-fat meal consumption
led to a 24% decrease in Cmax and a 14% increase in AUC, along with a one-hour delay in Tmax, when
compared to a fasted state [6]. The plasma concentration–time profiles of the DFI study investigating
dasatinib exposure in the fasted state, after light-fat and high-fat breakfast were included in the model
development (Table S9). The observed dasatinib data during ingestion of a light-fat meal (which only
slightly impacted the PK of dasatinib) could be well predicted using the dasatinib model parameters
of the fasted state, while the delay in Tmax after a high-fat meal intake could be covered by prolonging
the gastric emptying time from 15.0 minutes (default setting in PK-Sim® for the fasted state) to 103.4
minutes.

S4.1.1 Clinical DFI Studies

Table S9: Overview of clinical study data from the literature used for DFI model development.
Clinical study Dosing of dasatinib Meal N Females

[%]
Age
[years]

BMI
[kg/m2]

Health
Status

Dataset

Study CA180009 (control)) [6] 100 mg, tab, qd, sd Fasted state 48 - - - healthy test

Study CA180009 (DFI (a)) [6] 100 mg, tab, qd, sd Light breakfast (319 kcal) 48 - - - healthy test

Study CA180009 (DFI (b)) [6] 100 mg, tab, qd, sd High-fat breakfast (985 kcal) 48 - - - healthy test

BMI: body mass index, D: day, DFI: drug–food interaction, N: number of subjects, qd: once a day, sd: single dose, tab: tablet
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S4.2 DFI Model Evaluation
S4.2.1 Plasma Profiles And Goodness-of-Fit Plot of DFIs

( a ) ( b )
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Figure S10: Predicted and observed plasma concentration–time profiles for the DFIs. Blue, yellow and orange lines
show predicted geometric mean concentration–time profiles at fasted state, after light-fat and after high-fat
breakfast, respectively. Ribbons show the corresponding geometric standard deviation of the population simu-
lations (n=100). Points depict mean observed data and corresponding standard deviation of dasatinib. DFI:
drug–food interaction, n: number of participants.
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Figure S11: Predicted versus observed DFI AUClast ratios (a) and DFI Cmax ratios (b) of dasatinib. The straight solid
lines mark the lines of identity, the curved lines show the limits of the predictive measure proposed by Guest et
al. with 1.25-fold variability [55]. Dotted lines indicate 1.25-fold and dashed lines two-fold deviation. AUClast:
area under the plasma concentration–time curve from the first to the last time point of measurement, Cmax:
maximum plasma concentration, DFI: drug–food interaction.
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S5 Model Application & Others
S5.1 Exposure Simulations for Model-Informed Precision Dosing
The developed PBPK model of dasatinib was coupled with previously published PBPK models
of carbamazepine [56] (version 11), clarithomycin [24] (version 11), efavirenz [56, 57] (version 11),
erythromycin [25] (version 11), fluconazole [20] (version 11), fluvoxamine [58] (version 11), grapefruit
juice [59] (version 11), itraconazole [24] (version 11), ketoconazole [60] (version 11), rifampicin [24]
(version 11), simvastatin [21] (version 9) and voriconazole [61] (version 11). The drug-dependent
parameters of the compounds were adapted from the respective publications. Modifications of drug-
dependent parameters are shown in Table S11.
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ClarithromycinGrapefruit Juice

Voriconazole

Substrate

Mechanism-based Inhibition

Induction

Competitive Inhibition

Itraconazole

Figure S12: Overview of investigated DDI scenarios. The developed dasatinib PBPK model was coupled with previously
published PBPK perpetrator models of clarithromycin, erythromycin, fluconazole, fluvoxamine, grapefruit juice,
itraconazole, ketoconazole and voriconazole as CYP3A4 inhibitors as well as of carbamazepine, efavirenz and
rifampicin as CYP3A4 inducers. DDI: drug–drug interaction, PBPK: physiologically based pharmacokinetic.

Table S11: Modified drug-dependent parameters of the PBPK models from the literature.
PBPK model Modified parameter Published parameter Reason for Modification

Efavirenz [56, 57] modified according to [56] see [57] -
Erythromycin [25] OATP1B1 kcat = 19.29 1/min OATP1B1 kcat = 1.35 1/min Different OATP1B1 ref. conc.
Rifampicin [24] OATP1B1 kcat = 74.43 1/min OATP1B1 kcat = 5.21 1/min Different OATP1B1 ref. conc.
Simvastatin [21] OATP1B1 kcat = 146.41 1/min OATP1B1 kcat = 10.25 1/min Different OATP1B1 ref. conc.
kcat: catalytic rate constant, OATP: organic anion transporting polypeptide, ref. conc.: reference concentration
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S5.1.1 Plasma Profiles of Simulated Single DDI Scenarios
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Figure S13: Model-based dose adaptations for dasatinib within various single DDI scenarios including moderate and
strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation results after
administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines show simulated
mean concentration–time profiles with and without intake of a perpetrator drug, respectively. Dashed lines
represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using an adapted
dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS: dasatinib,
DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole, GFJ:
grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF: rifampicin,
sd: single dose, tid: three times a day, VRC: voriconazole.
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Figure S13: (continued) Model-based dose adaptations for dasatinib within various single DDI scenarios including
moderate and strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation
results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines
show simulated mean concentration–time profiles with and without intake of a perpetrator drug, respectively.
Dashed lines represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using
an adapted dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS:
dasatinib, DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole,
GFJ: grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF:
rifampicin, sd: single dose, tid: three times a day, VRC: voriconazole.
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Figure S13: (continued) Model-based dose adaptations for dasatinib within various single DDI scenarios including
moderate and strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation
results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines
show simulated mean concentration–time profiles with and without intake of a perpetrator drug, respectively.
Dashed lines represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using
an adapted dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS:
dasatinib, DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole,
GFJ: grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF:
rifampicin, sd: single dose, tid: three times a day, VRC: voriconazole.
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Figure S13: (continued) Model-based dose adaptations for dasatinib within various single DDI scenarios including
moderate and strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation
results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines
show simulated mean concentration–time profiles with and without intake of a perpetrator drug, respectively.
Dashed lines represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using
an adapted dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS:
dasatinib, DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole,
GFJ: grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF:
rifampicin, sd: single dose, tid: three times a day, VRC: voriconazole.

46

A.1 supplementary document to publication i 187



( y )
Dasatinib + Grapefruit

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

100 mg qd DAS (control)

100 mg qd DAS + 250 ml GFJ sd

90 mg qd DAS + 250 ml GFJ sd

( z )
Dasatinib + Grapefruit

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

130 mg qd DAS + 250 ml GFJ sd

140 mg qd DAS (control)

140 mg qd DAS + 250 ml GFJ sd

( aa )
Dasatinib + Carbamazepine

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

100 mg qd DAS (control)

100 mg qd DAS + 400 mg tid CBZ

250 mg qd DAS + 400 mg tid CBZ

( ab )
Dasatinib + Carbamazepine

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

140 mg qd DAS (control)

140 mg qd DAS + 400 mg tid CBZ

340 mg qd DAS + 400 mg tid CBZ

( ac )
Dasatinib + Rifampicin

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

100 mg qd DAS (control)

100 mg qd DAS + 600 mg qd RIF (+0h)

230 mg qd DAS + 600 mg qd RIF (+0h)

( ad )
Dasatinib + Rifampicin

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
 [n

g/
m

l]

10
0

10
1

10
2

10
3

480 486 492 498 504

140 mg qd DAS (control)

140 mg qd DAS + 600 mg qd RIF (+0h)

360 mg qd DAS + 600 mg qd RIF (+0h)

Figure S13: (continued) Model-based dose adaptations for dasatinib within various single DDI scenarios including
moderate and strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation
results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines
show simulated mean concentration–time profiles with and without intake of a perpetrator drug, respectively.
Dashed lines represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using
an adapted dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS:
dasatinib, DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole,
GFJ: grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF:
rifampicin, sd: single dose, tid: three times a day, VRC: voriconazole.
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Figure S13: (continued) Model-based dose adaptations for dasatinib within various single DDI scenarios including
moderate and strong CYP3A4 inhibitors and inducers. The first and second column represent the simulation
results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey solid lines
show simulated mean concentration–time profiles with and without intake of a perpetrator drug, respectively.
Dashed lines represent the simulated mean concentration–time profiles in presence of a perpetrator drug, using
an adapted dose of dasatinib. Bid: twice a day, CAM: clarithromycin, CBZ: carbamazepine, D: day, DAS:
dasatinib, DDI: drug–drug interaction, EFV: efavirenz, ERY: erythromycin, FLV: fluvoxamine, FLZ: fluconazole,
GFJ: grapefruit juice, ITZ: itraconazole, KCZ: ketoconazole, qd: once a day, qid: four times a day, RIF:
rifampicin, sd: single dose, tid: three times a day, VRC: voriconazole.
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S5.1.2 Plasma Profiles of Simulated Multiple DDI Scenarios
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Figure S14: Model-based dose adaptations for dasatinib within multiple DDIs. The first and second column represent
the simulation results after administration of 100 mg and 140 mg dasatinib daily, respectively. Colored and grey
solid lines show simulated mean concentration–time profiles with and without intake of perpetrator drug(s),
respectively. Dashed lines represent the simulated mean concentration–time profiles in presence of perpetrator
drug(s), using an adapted dose of dasatinib. Bid: twice a day, CBZ: carbamazepine, DAS: dasatinib, DDI:
drug–drug interaction, ERY: erythromycin, GFJ: grapefruit juice, ITZ: itraconazole, qd: once a day, tid: three
times a day.
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S5.2 CYP3A4 Autoinhibition
Dasatinib exhibits time-dependent inhibition of CYP3A4 according to in vitro studies [44, 62] affect-
ing the exposure of CYP3A4 substrates (e.g., simvastatin) [6], but also its own metabolism. CYP3A4
time-dependent inhibition by dasatinib results in a slight supra-proportional increase in exposure of
16% comparing area under the concentration–time curve (AUC) from zero to infinity after single
dose administration and AUC steady state (AUCss) (see Table S13). Moreover, the time-dependent
inhibition showed no or only minor effects on the performed prospective DDI simulations with dasa-
tinib as victim drug (e.g., no impact on AUCss during itraconazole DDI and 7% higher AUCss during
fluvoxamine DDI).

Table S13: Impact of CYP3A4 autoinhibition on dasatinib exposure.
Dasatinib Dosing Regimen AUCinf AUCss AUCss/AUCinf

20 mg, sd 0.19 - 1.07
20 mg, qd - 0.20 1.07
100 mg, sd 1.06 - 1.16
100 mg, qd - 1.24 1.16
140 mg, sd 1.51 - 1.15
140 mg, qd - 1.73 1.15
360 mg, sd 3.09 - 1.11
360 mg, qd - 3.42 1.11
420 mg, sd 3.26 - 1.10
420 mg, qd - 3.58 1.10

AUCinf: area under the concentration–time curve from zero to infinity,
AUCss:, steady state area under the concentration–time curve,
CYP: cytochrome P450, qd: once a day, sd: single dose

S5.3 Pharmacokinetic Parameters: Absolute Bioavailability, Fraction Absorbed,
Fraction Metabolized, Fraction Escaping Gut Wall and Hepatic Elimination

Table S14: Overview of simulated Fa, Fg, Fh, Fm and BA.
Dasatinib Dosing Regimen Fa (%) Fg (%) Fh (%) Fm (%) BA (%)

20 mg, sd 80 47 64 94 24
100 mg, sd 69 64 63 93 28
140 mg, sd 65 68 63 92 28
360 mg, sd 45 79 62 91 22
420 mg, sd 41 79 62 90 20

BA: absolute bioavailability, CYP: cytochrome P450, Fa: fraction absorbed,
Fg: fraction escaping gut wall elimination, Fh: fraction escaping hepatic elimination
Fm: fraction metabolized via CYP3A4, sd: single dose
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S1 Physiologically Based Pharmacokinetic Model
Building

S1.1 System-Dependent Parameters

Table S1: System-dependent parameters

Enzyme/ Reference concentration Localization/ Half-life Half-life

Transporter Meana [µmol/L] GeoSDb Direction liver [h] intestine [h]

AADAC 1.00c 1.40d intracellular 36 23
CYP2C8 2.56 [1] 2.05 [2] intracellular 23 23
CYP2D6 0.40 [1] 2.49 [2] intracellular 51 23
CYP3A4 4.32 [1] 1.18 (liver) [2] intracellular 36 23

1.45 (duodenum) [2]
FMO3 1.00c 1.40d intracellular 36 23
PON3 1.00c 1.40d intracellular 36 23
UGT1A1 1.00c 1.40d intracellular 36 23
UGT1A3 1.00c 1.40d intracellular 36 23
UGT1A4 2.32e [3] 1.07 [2] intracellular 36 23
UGT2B7 2.78 [4] 1.60 [2] intracellular 36 23
Chemical hydrolysisf 1.00c - - 36 23
Liver lactonizationg 1.00c 1.40d - 36 23
Plasma hydrolysisf 1.00c 1.40d - 36 23

BCRP 1.00c 1.35 [5] efflux 36 23
MRP2 1.00c 1.49 [6] efflux 36 23
OATP1B1 0.07h[7] 1.54 [7] influx 36 23
OATP1B3 1.00c 1.54 [7] influx 36 23
P-gp 1.41 [8] 1.60 [7] efflux 36 23
Liver influxi 1.00c 1.40d influx 36 23

AADAC: arylacetamide deacetylase, BCRP: breast cancer resistance protein, CYP: cytochrome P450,
FMO: flavin-containing monooxygenase, MRP: multidrug resistance-associated protein, OATP: organic-
anion-transporting polypeptide, P-gp: P-glycoprotein, PON: paraoxonase, UGT: uridine 5’-diphospho-
glucuronosyltransferase.
a: µmol protein/L in the tissue of highest expression
b: geometric standard deviation of the reference concentration
c: if no information was available, the mean reference concentration was set to 1.00 µmol/L and the
catalytic rate constant was optimized according to [9]
d: if no information was available, a moderate variability of 35% coefficient of variation was assumed
e: calculated from protein per mg microsomal protein x 40.0 mg microsomal protein per g liver [10]
f : simvastatin
g: simvastatin hydroxy acid
h: calculated from transporter per mg membrane protein x 37.0 mg membrane protein per g liver [7]
i: gemfibrozil
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S1.2 Equations

S1.2.1 Weibull Function

fd(t) = 1 − exp(
−(t− tlag)b

a
) (S1)

where fd (t) = fraction of administered dose dissolved at time t, tlag = lag time between drug intake
and start of the dissolution process, b = shape parameter, a = scale parameter.

S1.2.2 Michaelis-Menten Kinetics

v =
vmax · [S]

KM + [S]
=

kcat · [E] · [S]

KM + [S]
(S2)

where v = reaction velocity, vmax = maximum reaction velocity, [S ] = free substrate concentration,
KM = Michaelis-Menten constant, kcat = catalytic rate constant, and [E ] = enzyme concentration.
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S2 Physiologically Based Pharmacokinetic Model
Evaluation

S2.1 Plasma Concentration-Time Profiles (Semilogarithmic)

Figure S1: Semilogarithmic plots of predicted and observed plasma concentration-time profiles of
imatinib and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n =
1000; geometric mean and geometric standard deviation), while corresponding observed data are
shown as dots (± standard deviation, if available) [17–20]. Healthy: healthy subjects, Ima: imatinib,
iv: intravenous, n: number of study participants, NDMI: N-desmethyl imatinib, Patients: cancer
patients, po: oral, QD: once daily, SD: single dose.
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Figure S2: Semilogarithmic plots of predicted and observed plasma concentration-time profiles of
imatinib and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n =
1000; geometric mean and geometric standard deviation), while corresponding observed data are shown
as dots (± standard deviation, if available) [18, 21–28]. Healthy, healthy subjects, Ima: imatinib, n:
number of study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD:
once daily, SD: single dose.
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Figure S3: Semilogarithmic plots of predicted and observed plasma concentration-time profiles of
imatinib and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n =
1000; geometric mean and geometric standard deviation), while corresponding observed data are shown
as dots (± standard deviation, if available) [17, 28–34]. Healthy: healthy subjects, Ima: imatinib, n:
number of study participants, NDMI: N-desmethyl imatinib, po: oral, SD: single dose.
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Figure S4: Semilogarithmic plots of predicted and observed plasma concentration-time profiles of
imatinib and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n =
1000; geometric mean and geometric standard deviation), while corresponding observed data are
shown as dots (± standard deviation, if available) [18, 20, 35–39]. Healthy: healthy subjects, Ima:
imatinib, n: number of study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients,
po: oral, QD: once daily, SD: single dose.
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Figure S5: Semilogarithmic plots of predicted and observed plasma concentration-time profiles of
imatinib and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n =
1000; geometric mean and geometric standard deviation), while corresponding observed data are
shown as dots (± standard deviation, if available) [18, 40]. BID: twice daily, Ima: imatinib, n:
number of study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD:
once daily, SD: single dose.
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S2.2 Plasma Concentration-Time Profiles (Linear)

Figure S6: Linear plots of predicted and observed plasma concentration-time profiles of imatinib and
N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [17–20]. Healthy: healthy subjects, Ima: imatinib, iv: intravenous, n:
number of study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD:
once daily, SD: single dose.
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Figure S7: Linear plots of predicted and observed plasma concentration-time profiles of imatinib and
N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [18, 21–28]. Healthy: healthy subjects, Ima: imatinib, n: number of
study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD: once daily,
SD: single dose.

17

214 supplementary documents



Figure S8: Linear plots of predicted and observed plasma concentration-time profiles of imatinib and
N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [17, 28–34]. Healthy: healthy subjects, Ima: imatinib, n: number of
study participants, NDMI: N-desmethyl imatinib, po: oral, SD: single dose.
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Figure S9: Linear plots of predicted and observed plasma concentration-time profiles of imatinib and
N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [18, 20, 35–39]. Healthy: healthy subjects, Ima: imatinib, n: number
of study participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD: once
daily, SD: single dose.
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Figure S10: Linear plots of predicted and observed plasma concentration-time profiles of imatinib
and N-desmethyl imatinib. Solid lines and ribbons represent population predictions (n = 1000; geo-
metric mean and geometric standard deviation), while corresponding observed data are shown as dots
(± standard deviation, if available) [18, 40]. BID: twice daily, Ima: imatinib, n: number of study
participants, NDMI: N-desmethyl imatinib, Patients: cancer patients, po: oral, QD: once daily, SD:
single dose.

S2.3 Urinary Excretion Profiles

Figure S11: Cumulative amount excreted in urine of imatinib. Solid lines and ribbons represent
population predictions (n = 1000; geometric mean and geometric standard deviation), while corre-
sponding observed data are shown as dots [19]. Healthy: healthy subjects, Ima: imatinib, n: number
of study participants, po: oral, SD: single dose.
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S2.4 Goodness-of-Fit Plots

Figure S12: Goodness-of-fit plots of the final imatinib model. Stratified by training (left column) and
test dataset (right column), predicted plasma concentration measurements (a–b) as well as AUClast

(c–d) and Cmax (e–f) values are plotted against corresponding observed data. The solid line represents
the line of identity, while dotted lines indicate 1.25-fold and dashed lines twofold deviation from the
respective observed value. AUClast: area under the curve determined between first and last plasma
concentration measurements, Cmax: maximum plasma concentration, NDMI: N-desmethyl imatinib.
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S2.5 MRD of Plasma Concentration Predictions

Table S5: MRD values of plasma concentration predictions

Compound Imatinib dosing regimen n Dataset MRD Reference

Route Dose [mg]

Ima iv (inf, 1 h, SD) 100 17 (healthy) training 1.13 Peng 2004 [17]
Ima po (-, QD) 25 3 (CML patients) test 1.43 Peng 2004 [18]
Ima po (-, SD) 50 3 (CML patients) test 1.49 Peng 2004 [18]
Ima po (-, QD) 50 3 (CML patients) test 1.32 Peng 2004 [18]
Ima po (-, QD) 85 3 (CML patients) test 1.63 Peng 2004 [18]
Ima po (tab, SD) 100 1 (healthy) test 1.71 Zidan 2018 [19]
Ima po (tab, SD) 100 1 (healthy) test 1.59 Zidan 2018 [19]
Ima po (tab, SD) 100 1 (healthy) test 1.64 Zidan 2018 [19]
Ima po (tab, SD) 100 37 (healthy) test 1.61 Ostrowicz 2014 [20]
Ima po (tab, SD) 200 10 (healthy) training 1.36 Filppula 2013 [21]
Ima po (tab, SD) 200 23 (healthy) training 1.37 Jung 2014 [22]
Ima po (cap, SD) 200 14 (healthy) test 1.13 Dutreix 2004 [23]
Ima po (cap, SD) 200 4 (healthy) test 1.33 Gschwind 2005 [24]
Ima po (tab, SD) 200 1 (healthy) test 1.29 Golabchifar 2011 [25]
Ima po (-, SD) 200 27 (healthy) test 1.43 Yang 2013 [26]
Ima po (-, QD) 350 5 (CML patients) test 1.87 Peng 2004 [18]
Ima po (-, SD) 400 12 (healthy) training 1.28 Frye 2004 [27]
Ima po (tab, SD) 400 33 (healthy) training 1.25 Nikolova 2004 [28]
Ima po (cap, SD) 400 17 (healthy) test 1.52 Peng 2004 [17]
Ima po (cap, SD) 400 33 (healthy) test 1.25 Nikolova 2004 [28]
Ima po (tab, SD) 400 33 (healthy) test 1.23 Nikolova 2004 [28]
Ima po (-, SD) 400 26 (healthy) test 1.31 Pena 2020 [29]
Ima po (tab, SD) 400 30 (healthy) test 1.42 Parrillo-Campiglia [30]
Ima po (-, SD) 400 10 (healthy) test 1.28 Smith 2004 [31]
Ima po (-, SD) 400 11 (healthy) test 1.54 Tawbi 2014 [32]
Ima po (cap, SD) 400 24 (healthy) test 1.14 Zhang 2014 [33]
Ima po (-, SD) 400 12 (healthy) test 1.32 Sparano 2009 [34]
Ima po (cap, SD) 400 12 (CML patients) test 1.72 Mohajeri 2015 [35]
Ima po (tab, SD) 400 12 (CML patients) test 1.84 Mohajeri 2015 [35]
Ima po (tab, SD) 400 12 (CML patients) test 2.02 Mohajeri 2015 [35]
Ima po (tab, SD) 400 21 (healthy) test 1.40 Jawhari 2011 [36]
Ima po (cap, SD) 400 14 (healthy) test 1.31 Bolton 2004 [37]
Ima po (tab, SD) 400 37 (healthy) test 1.38 Ostrowicz 2014 [20]
Ima po (-, SD) 400 12 (healthy) test 1.23 Egorin 2009 [38]
Ima po (-, SD) 400 4 (CML patients) test 1.25 Peng 2004 [18]
Ima po (tab, QD) 400 40 (CML patients) test 1.15 Arora 2016 [39]
Ima po (-, QD) 400 12 (GIST patients) test 1.07 Eechoute 2011 [40]
Ima po (-, QD) 400 5 (CML patients) test 1.09 Peng 2004 [18]
Ima po (-, BID) 400 4 (CML patients) test 1.46 Peng 2004 [18]
Ima po (-, BID) 500 6 (CML patients) test 1.56 Peng 2004 [18]
Ima po (-, QD) 600 9 (CML patients) test 1.24 Peng 2004 [18]
Ima po (-, SD) 750 6 (CML patients) test 1.45 Peng 2004 [18]

-: not given, BID: twice daily, cap: capsule, CML: chronic myeloid leukemia, GIST: gastrointestinal stromal
tumor, Ima: imatinib, inf: infusion, iv: intravenous, MRD: mean relative deviation, n: number of partici-
pants, NDMI: N-desmethyl imatinib, po: oral, QD: once daily, SD: single dose, tab: tablet.
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Table S5: MRD values of plasma concentration predictions (continued)

Compound Imatinib dosing regimen n Dataset MRD Reference

Route Dose [mg]

NDMI po (tab, SD) 100 37 (healthy) test 1.71 Ostrowicz 2014 [20]
NDMI po (tab, SD) 200 10 (healthy) training 1.17 Filppula 2013 [21]
NDMI po (cap, SD) 200 14 (healthy) test 1.29 Dutreix 2004 [23]
NDMI po (cap, SD) 200 4 (healthy) test 1.85 Gschwind 2005 [24]
NDMI po (tab, SD) 200 1 (healthy) test 1.48 Golabchifar 2011 [25]
NDMI po (-, SD) 400 12 (healthy) training 1.42 Frye 2004 [27]
NDMI po (tab, SD) 400 33 (healthy) training 1.42 Nikolova 2004 [28]
NDMI po (cap, SD) 400 33 (healthy) test 1.27 Nikolova 2004 [28]
NDMI po (tab, SD) 400 33 (healthy) test 1.25 Nikolova 2004 [28]
NDMI po (-, SD) 400 11 (healthy) test 1.84 Tawbi 2014 [32]
NDMI po (cap, SD) 400 24 (healthy) test 1.21 Zhang 2014 [33]
NDMI po (-, SD) 400 12 (healthy) test 1.21 Sparano 2009 [34]
NDMI po (cap, SD) 400 12 (CML patients) test 1.92 Mohajeri 2015 [35]
NDMI po (tab, SD) 400 12 (CML patients) test 2.44 Mohajeri 2015 [35]
NDMI po (tab, SD) 400 12 (CML patients) test 2.81 Mohajeri 2015 [35]
NDMI po (tab, SD) 400 37 (healthy) test 1.44 Ostrowicz 2014 [20]
NDMI po (-, SD) 400 12 (healthy) test 1.61 Egorin 2009 [38]
NDMI po (-, QD) 400 12 (GIST patients) test 1.13 Eechoute 2011 [40]

Training dataset mean MRD (range) 1.29 (1.13–1.42)
Test dataset mean MRD (range) 1.48 (1.07–2.81)

Imatinib mean MRD (range) 1.41 (1.07–2.02)
NDMI mean MRD (range) 1.58 (1.13–2.81)

Overall mean MRD (range) 1.46 (1.07–2.81)
MRD ≤ 2 57/60

-: not given, BID: twice daily, cap: capsule, CML: chronic myeloid leukemia, GIST: gastrointestinal stromal
tumor, Ima: imatinib, inf: infusion, iv: intravenous, MRD: mean relative deviation, n: number of partici-
pants, NDMI: N-desmethyl imatinib, po: oral, QD: once daily, SD: single dose, tab: tablet.
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S2.7 Local Sensitivity Analysis

S2.7.1 Methods

Local sensitivity analyses were performed for imatinib and N-desmethyl imatinib, by calculating the
sensitivity to single parameter changes according to Equation S3. A relative perturbation of 10%
was applied (variation range 0.1, maximum number of 2 steps) and parameters included were either
optimized or assumed to affect AUClast.

S =
∆AUClast

∆p
· p

AUClast
(S3)

where S = sensitivity, ∆AUClast = change of AUClast, ∆p = change of the analyzed parameter value,
p = original parameter value, and AUClast = simulated AUClast with the original parameter value.

The threshold for sensitivity was set at |0.5|, which corresponds to a 50% change in simulated AUClast

given a 100% change in the parameter value examined.

S2.7.2 Results

Table S7: Parameters evaluated during the local sensitivity analyses

Compound Parameter Source Compound Parameter Source

Ima pKa1, acid Lit. Ima CYP3A4 Ki MBI Lit.
Ima pKa2, base Lit. Ima CYP3A4 KI MBI Lit.
Ima pKa3, base Lit. Ima CYP3A4 kinact MBI Lit.
Ima Solubility Lit. Ima P-gp Ki CI Lit.
Ima Lipophilicity Opt. NDMI pKa1, acid Lit.
Ima Fraction unbound Lit. NDMI pKa2, base Lit.
Ima CYP2C8 KM Lit. NDMI pKa3, base Lit.
Ima CYP2C8 kcat Opt. NDMI Solubility Lit.
Ima CYP3A4 KM Lit. NDMI Lipophilicity Opt.
Ima CYP3A4 kcat Opt. NDMI Fraction unbound Lit.
Ima CYP3A4 CL Opt. NDMI CYP2C8 CL Opt.
Ima P-gp KM Opt. NDMI CYP3A4 CL Opt.
Ima P-gp kcat Opt. NDMI Hepatic CL Opt.
Ima GFR fraction Asm. NDMI GFR fraction Asm.
Ima Intestinal permeability Opt. NDMI CYP2C8 Ki CI Lit.
Ima CYP2C8 Ki CI Lit. NDMI CYP3A4 Ki CI Lit.

Asm.: assumed, CI: competitive inhibition, CYP: cytochrome P450, GFR: glomerular filtration
rate, Ima: imatinib, kcat: catalytic/transport rate constant, Ki: dissociation constant inhibitor-
enzyme/transporter complex, KI: concentration for half-maximal inactivation, kinact: maximum
inactivation rate constant, KM: Michaelis-Menten constant, lit.: literature, MBI: mechanism-
based inactivation, NDMI: N-desmethyl imatinib, opt.: optimized, pKa: acid dissociation constant,
P-gp: P-glycoprotein.
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Figure S13: Imatinib model sensitivity analysis (400 mg, once daily [18]). Presented are parameters
with a calculated sensitivity different from 0.00. Asm.: assumed, CI: competitive inhibition, CYP:
cytochrome P450, fu: fraction unbound, GFR: glomerular filtration rate, kcat: catalytic/transport rate
constant, Ki: dissociation constant inhibitor-enzyme/transporter complex, KI: concentration for half-
maximal inactivation, kinact: maximum inactivation rate constant, KM: Michaelis-Menten constant,
lit.: literature, MBI: mechanism-based inactivation, NDMI: N-desmethyl imatinib, opt.: optimized,
pKa: acid dissociation constant, P-gp: P-glycoprotein. *: Due to the proximity of the model parameter
(7.84) to the physiological pH of 7.4, an increase of 10% causes only a small change in imatinib and
NDMI AUC values, while a reduction of 10% is associated with a large decrease in exposure.
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S3.2 Drug-Dependent Parameters of DDI Partners

S3.2.1 Rifampicin

Table S9: Drug-dependent parameters of the rifampicin PBPK model [8]

Parameter Unit Value Description

Rifampicin

Molecular weight g/mol 822.94 Molecular weight
pKa1, base 7.90 Acid dissociation constant
pKa2, acid 1.70 Acid dissociation constant
Solubility (pH) mg/L 2800.00 (7.5) Solubility
Lipophilicity 2.50 Lipophilicity
fu % 17.00 Fraction unbound
AADAC KM → sink µmol/L 195.10 Michaelis-Menten constant
AADAC kcat → sink 1/min 9.87 Catalytic rate constant
OATP1B1 KM µmol/L 1.50 Michaelis-Menten constant
OATP1B1 kcat 1/min 74.43a Transport rate constant
P-gp KM µmol/L 55.00 Michaelis-Menten constant
P-gp kcat 1/min 0.61 Transport rate constant

GFR fraction 1b Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 1.24 · 10−5 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, Permeability into the cellular space

2.93 · 10−5

Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients
Formulation Solution Formulation used in predictions
Induction EC50 µmol/L 0.34 Conc. for half-maximal induction
AADAC Emax 0.99 Maximum induction effect
CYP2C8 Emax 3.20 Maximum induction effect
CYP2C8 Ki µmol/L 30.20 Diss. const. inhibitor-enzyme complex
CYP3A4 Emax 9.00 Maximum induction effect
CYP3A4 Ki µmol/L 18.50 Diss. const. inhibitor-enzyme complex
OATP1B1 Emax 0.38 Maximum induction effect
OATP1B1 Ki µmol/L 0.48 Diss. const. inhibitor-transporter complex
P-gp Emax 2.50 Maximum induction effect
P-gp Ki µmol/L 169.00 Diss. const. inhibitor-transporter complex

a: adjusted due to different reference concentrations in the original model and imatinib model, b: a GFR
fraction of 1 corresponds to passive glomerular filtration of a compound, AADAC: arylacetamide deacetylase,
conc.: concentration, CYP: cytochrome P450, diss. const.: dissociation constant, EHC: enterohepatic circu-
lation, GFR: glomerular filtration rate, OATP: organic-anion-transporting polypeptide, P-gp: P-glycoprotein.
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S3.2.2 Ketoconazole

Table S10: Drug-dependent parameters of the ketoconazole PBPK model [58]

Parameter Unit Value Description

Ketoconazole

Molecular weight g/mol 531.43 Molecular weight
pKa1, base 6.51 Acid dissociation constant
pKa2, base 2.94 Acid dissociation constant
Solubility (pH) mg/L 4.34 (7.40) Solubility
Lipophilicity log units 2.52 Lipophilicity
fu % 1 Fraction unbound
AADAC KM → ND-Keto µmol/L 1.88 Michaelis-Menten constant
AADAC kcat → ND-Keto 1/min 0.87 Catalytic rate constant
CYP3A4 KM → sink µmol/L 8.46 · 10−3 Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 0.10 Catalytic rate constant
UGT1A4 KM → sink µmol/L 7.00 Michaelis-Menten constant
UGT1A4 kcat → sink 1/min 0.31 Catalytic rate constant
P-gp KM µmol/L 0.04 Michaelis-Menten constant
P-gp kcat 1/min 0.33 Transport rate constant
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 9.95 · 10−6 (fed) Transcellular intestinal permeability
GET min 45 (fed) Gastric emptying time
Cellular permeability cm/min PK-Sim Standard Permeability into the cellular space

7.18 · 10−4

Partition coefficients Berezhkovskiy Organ-plasma partition coefficients
Particle radius Bin1 nm 11.75 Particle dissolution radius
Particle radius Bin2 nm 111.06 Particle dissolution radius
Particle radius Bin3 nm 205.46 Particle dissolution radius
Density g/cm3 1.40 Density
Aqueous diffusion coefficient dm2/min 3.75 · 10−7 Aqueous diffusion coefficient

CYP2C8 Ki µmol/L 2.50b Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 8.46 · 10−3 Diss. const. inhibitor-enzyme complex
P-gp Ki µmol/L 0.04 Diss. const. inhibitor-transporter complex

N-Deacetyl-Ketoconazole

Molecular weight g/mol 489.40 Molecular weight
pKa1, base 8.90 Acid dissociation constant
pKa2, base 6.42 Acid dissociation constant
pKa3, base 0.20 Acid dissociation constant
Solubility (pH) mg/mL 1.24 (6.50) Solubility
Lipophilicity log units 3.75 Lipophilicity
fu % 1 Fraction unbound
FMO3 KM → OH-Keto µmol/L 1.17 Michaelis-Menten constant
FMO3 kcat → OH-Keto 1/min 378.65 Catalytic rate constant
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 1.08 · 10−4 Transcellular intestinal permeability
Cellular permeability cm/min Charge dependent Schmitt, Permeability into the cellular space

0.02
Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients

CYP2C8 Ki µmol/L 2.50b Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 0.02 Diss. const. inhibitor-enzyme complex
P-gp Ki µmol/L 0.12 Diss. const. inhibitor-transporter complex

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the model [57],
AADAC: arylacetamide deacetylase, CYP: cytochrome P450, diss. const.: dissociation constant, EHC: enterohepatic
circulation, FMO: flavin-containing monooxygenase, Gemfi-Glu: gemfibrozil-glucuronide, GFR: glomerular filtration
rate, MBI: mechanism-based inactivation, MRP: multidrug resistance-associated protein, ND-Keto: N-deacetyl-keto-
conazole, OATP: organic-anion-transporting polypeptide, OH-Keto: N-deacetyl-N-hydroxy-ketoconazole, P-gp:
P-glycoprotein, UGT: uridine 5’-diphospho-glucuronosyltransferase.
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Table S10: Drug-dependent parameters of the ketoconazole PBPK model [58] (continued)

Parameter Unit Value Description

N-Deacetyl-N-Hydroxy-Ketoconazole

Molecular weight g/mol 505.40 Molecular weight
pKa1, base 6.42 Acid dissociation constant
pKa2, base 3.42 Acid dissociation constant
Solubility (pH) mg/mL 4.40 · 10−3 (6.50) Solubility
Lipophilicity log units 4.20 Lipophilicity
fu % 1 Fraction unbound
FMO3 CL → sink Lµmol/min 0.09 Clearance
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 2.60 · 10−4 Transcellular intestinal permeability
Cellular permeability cm/min Charge dependent Schmitt, Permeability into the cellular space

0
Partition coefficients Berezhkovskiy Organ-plasma partition coefficients

CYP2C8 Ki µmol/L 2.50b Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 0.02 Diss. const. inhibitor-enzyme complex
P-gp Ki µmol/L 0.12 Diss. const. inhibitor-transporter complex

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the model [57],
AADAC: arylacetamide deacetylase, CYP: cytochrome P450, diss. const.: dissociation constant, EHC: enterohepatic
circulation, FMO: flavin-containing monooxygenase, Gemfi-Glu: gemfibrozil-glucuronide, GFR: glomerular filtration
rate, MBI: mechanism-based inactivation, MRP: multidrug resistance-associated protein, ND-Keto: N-deacetyl-keto-
conazole, OATP: organic-anion-transporting polypeptide, OH-Keto: N-deacetyl-N-hydroxy-ketoconazole, P-gp:
P-glycoprotein, UGT: uridine 5’-diphospho-glucuronosyltransferase.
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S3.2.3 Gemfibrozil

Table S11: Drug-dependent parameters of the gemfibrozil PBPK model [59]

Parameter Unit Value Description

Gemfibrozil

Molecular weight g/mol 250.33 Molecular weight
pKa, acid 4.70 Acid dissociation constant
Solubility (pH) mg/mL 0.17 (5.90) Solubility
Lipophilicity log units 2.80 Lipophilicity
fu % 0.65 Fraction unbound
UGT2B7 KM → Gemfi-Glu µmol/L 2.20 Michaelis-Menten constant
UGT2B7 kcat → Gemfi-Glu 1/min 18.67a Catalytic rate constant
Liver influx KM µmol/L 2.39 Michaelis-Menten constant

Liver influx kcat 1/min 39.26b Transport rate constant
GFR fraction 1c Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 6.62 · 10−3 Transcellular intestinal permeability
Cellular permeability cm/min Charge dependent Schmitt Permeability into the cellular space

0.07
Partition coefficients Berezhkovskiy Organ-plasma partition coefficients
Dissolution time (Weibull) min 24.45 Dissolution time (50%)
Dissolution shape (Weibull) 1.56 Dissolution shape
CYP2C8 Ki µmol/L 30.40 Diss. const. inhibitor-enzyme complex
OATP1B1 Ki µmol/L 25.20 Diss. const. inhibitor-transporter complex

Gemfibrozil-Glucuronide

Molecular weight g/mol 426.46 Molecular weight
pKa, acid 2.68 Acid dissociation constant
Solubility (pH) mg/L 789.00 (7.00) Solubility
Lipophilicity log units 1.41 Lipophilicity
fu % 12 Fraction unbound
MRP2 KM µmol/L 21.49 Michaelis-Menten constant
MRP2 kcat 1/min 7.13 Transport rate constant
OATP1B1 KM µmol/L 0.43 Michaelis-Menten constant

OATP1B1 kcat 1/min 147.00b Transport rate constant
GFR fraction 1c Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 5.98 · 10−7 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, Permeability into the cellular space

1.22 · 10−4

Partition coefficients PK-Sim Standard Organ-plasma partition coefficients
CYP2C8 KI µmol/L 20.00 Conc. for half-maximal inactivation
CYP2C8 kinact 1/min 0.21 Maximum inactivation rate constant
OATP1B1 Ki µmol/L 22.60 Diss. const. inhibitor-transporter complex

a: adjusted due to different reference concentrations in the original model and imatinib model, b: adapted when
migrating the model from PK-Sim® version 9 to 10, c: a GFR fraction of 1 corresponds to passive glomerular
filtration of a compound, conc.: concentration, CYP: cytochrome P450, diss. const.: dissociation constant, EHC:
enterohepatic circulation, Gemfi-Glu: gemfibrozil-glucuronide, GFR: glomerular filtration rate, MRP: multidrug
resistance-associated protein, OATP: organic-anion-transporting polypeptide, UGT: uridine 5’-diphospho-glucu-
ronosyltransferase.
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S3.2.4 Simvastatin

Table S12: Drug-dependent parameters of the simvastatin PBPK model (PK-Sim® V9) [60]

Parameter Unit Value Description

Simvastatin

Molecular weight g/mol 418.57 Molecular weight
Solubility (pH) mg/L 16.40 (5.00) Solubility
Lipophilicity log units 4.68 Lipophilicity
fu % 1.34 Fraction unbound
CYP3A4 KM → sink µmol/L 21.00 Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 5194.04 Catalytic rate constant
PON3 KM → Simva-Acid µmol/L 840.00 Michaelis-Menten constant
PON3 kcat → Simva-Acid 1/min 4952.08 Catalytic rate constant
Chemical hydrolysis CL → Simva-Acid L/µmol/min 9.80 · 10−4 Clearance
Plasma hydrolysis CL → Simva-Acid L/µmol/min 0.06 Clearance
BCRP KM µmol/L 5.00 Michaelis-Menten constant
BCRP kcat 1/min 7.50 Transport rate constant
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 1.08 · 10−3 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard Permeability into the cellular space

0.26
Partition coefficients Berezhkovskiy Organ-plasma partition coefficients
Dissolution time (Weibull) min 86.38 Dissolution time (50%)
Dissolution shape (Weibull) 1.30 Dissolution shape
CYP2C8 Ki µmol/L 1.10 Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 0.16 Diss. const. inhibitor-enzyme complex
OATP1B1 Ki µmol/L 5.00 Diss. const. inhibitor-transporter complex
P-gp Ki µmol/L 4.60 Diss. const. inhibitor-transporter complex

Simvastatin Hydroxy Acid

Molecular weight g/mol 436.60 Molecular weight
pKa, acid 4.20 Acid dissociation constant
Solubility (pH) mg/L 13.09 (6.84) Solubility
Lipophilicity log units 1.45 Lipophilicity
fu % 5.68 Fraction unbound
CYP2C8 KM → sink µmol/L 36.00 Michaelis-Menten constant
CYP2C8 kcat → sink 1/min 52.30 Catalytic rate constant
CYP3A4 KM → sink µmol/L 26.00 Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 31.00 Catalytic rate constant
UGT1A1 KM → sink µmol/L 349.00 Michaelis-Menten constant
UGT1A1 kcat → sink 1/min 6.50 Catalytic rate constant
UGT1A3 KM → sink µmol/L 349.00 Michaelis-Menten constant
UGT1A3 kcat → sink 1/min 6.50 Catalytic rate constant
Liver lactonization CL → sink L/µmol/min 2.43 · 10−3 Clearance
OATP1B1 KM µmol/L 2.00 Michaelis-Menten constant
OATP1B1 kcat 1/min 146.43b Transport rate constant
OATP1B3 KM µmol/L 2.00 Michaelis-Menten constant
OATP1B3 kcat 1/min 2.15 Transport rate constant
P-gp KM µmol/L 10.00 Michaelis-Menten constant
P-gp kcat 1/min 50.00 Transport rate constant
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 5.92 · 10−7 Transcellular intestinal permeability
Cellular permeability cm/min Schmitt, 1.17 · 10−4 Permeability into the cellular space
Partition coefficients Charge dependent Schmitt Organ-plasma partition coefficients

normalized to PK-Sim
CYP2C8 Ki µmol/L 41.10 Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 69.60 Diss. const. inhibitor-enzyme complex
BCRP Ki µmol/L 18.00 Diss. const. inhibitor-transporter complex
OATP1B1 Ki µmol/L 3.60 Diss. const. inhibitor-transporter complex

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: adjusted due to different reference concen-
trations in the original model and imatinib model, BCRP: breast cancer resistance protein, CYP: cytochrome P450, diss. const.:
dissociation constant, EHC: enterohepatic circulation, GFR: glomerular filtration rate, MRP: multidrug resistance-associated
protein, OATP: organic-anion-transporting polypeptide, P-gp: P-glycoprotein, PON: paraoxonase, Simva-Acid: simvastatin
hydroxy acid, UGT: uridine 5’-diphospho-glucuronosyltransferase.
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S3.2.5 Metoprolol

Table S13: Drug-dependent parameters of the metoprolol PBPK model [61]

Parameter Unit Value Description

R-Metoprolol

Molecular weight g/mol 267.36 Molecular weight
pKa, base 9.70 Acid dissociation constant
Solubility (pH) mg/mL 1000.00 (7.40) Solubility
Lipophilicity log units 1.77 Lipophilicity
fu % 88 Fraction unbound
CYP2D6 KM → OH-Meto µmol/L 10.08 Michaelis-Menten constant
CYP2D6 kcat NM → OH-Meto 1/min 5.73 Catalytic rate constant
CYP2D6 kcat IM → OH-Meto 1/min 1.65 Catalytic rate constant
CYP2D6 KM → sink µmol/L 8.82 Michaelis-Menten constant
CYP2D6 kcat NM → sink 1/min 9.40 Catalytic rate constant
CYP2D6 kcat IM → sink 1/min 2.70 Catalytic rate constant
CYP3A4 CL → sink 1/min 0.02a Clearance

GFR fraction 1b Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 4.14 · 10−5 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard Permeability into the cellular space

4.64 · 10−3

Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients
Dissolution time (Weibull) min 12.31 Dissolution time (50%)
Dissolution shape (Weibull) 0.72 Dissolution shape

S-Metoprolol

Molecular weight g/mol 267.36 Molecular weight
pKa, base 9.70 Acid dissociation constant
Solubility (pH) mg/mL 1000.00 (7.40) Solubility
Lipophilicity log units 1.77 Lipophilicity
fu % 88 Fraction unbound
CYP2D6 KM → OH-Meto µmol/L 10.75 Michaelis-Menten constant
CYP2D6 kcat NM → OH-Meto 1/min 6.30 Catalytic rate constant
CYP2D6 kcat IM → OH-Meto 1/min 1.82 Catalytic rate constant
CYP2D6 KM → sink µmol/L 12.43 Michaelis-Menten constant
CYP2D6 kcat NM → sink 1/min 7.89 Catalytic rate constant
CYP2D6 kcat IM → sink 1/min 2.27 Catalytic rate constant
CYP3A4 CL → sink 1/min 0.02a Clearance

GFR fraction 1b Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 4.14 · 10−5 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard Permeability into the cellular space

4.64 · 10−3

Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients
Dissolution time (Weibull) min 12.31 Dissolution time (50%)
Dissolution shape (Weibull) 0.72 Dissolution shape

a: included in the model instead of a non-specific hepatic clearance process, b: a GFR fraction of 1
corresponds to passive glomerular filtration of a compound, CYP: cytochrome P450, EHC: enterohepatic
circulation, GFR: glomerular filtration rate, IM: intermediate metabolizer, NM: normal metabolizer,
OH-Meto: hydroxymetoprolol.
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Table S13: Drug-dependent parameters of the metoprolol PBPK model [61] (continued)

Parameter Unit Value Description

Hydroxymetoprolol

Molecular weight g/mol 283.36 Molecular weight
pKa1, base 9.67 Acid dissociation constant
pKa2, acid 13.55 Acid dissociation constant
Solubility (pH) mg/L 1430.00 (7.00) Solubility
Lipophilicity log units 0.87 Lipophilicity
fu % 63 Fraction unbound
Hepatic CL → sink 1/min 0.34 Clearance

GFR fraction 1b Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 1.08 · 10−6 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard Permeability into the cellular space

4.08 · 10−4

Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients

a: included in the model instead of a non-specific hepatic clearance process, b: a GFR fraction of 1
corresponds to passive glomerular filtration of a compound, CYP: cytochrome P450, EHC: enterohepatic
circulation, GFR: glomerular filtration rate, IM: intermediate metabolizer, NM: normal metabolizer,
OH-Meto: hydroxymetoprolol.
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S3.3 Plasma Concentration-Time Profiles (Semilogarithmic)
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Figure S14: Evaluation of the modeled drug-drug interaction network. Presented are predicted
plasma concentration-time profiles (semilogarithmic) of each victim drug (imatinib (a–c), simvastatin
(d), metoprolol (e–f)) without (Control) and with (DDI) intake of the respective perpetrator drug
(rifampicin (a), ketoconazole (b), gemfibrozil (c), imatinib (d–f)), alongside corresponding observed
data [21, 23, 37, 55, 56]. Solid (Control) and dashed (DDI) lines and ribbons represent model popula-
tion predictions (n = 1000; geometric mean and geometric standard deviation), while corresponding
observed data are shown as dots (± standard deviation, if available). CYP: cytochrome P450, DDI:
drug-drug interaction, Healthy: healthy subjects, IM: intermediate metabolizer, Ima: imatinib, Meto:
metoprolol, n: number of study participants, NDMI: N-desmethyl imatinib, NM: normal metabolizer,
OH-Meto: hydroxymetoprolol, Patients: cancer patients, Simva: simvastatin, Simva-Acid: simvas-
tatin hydroxy acid.
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S3.4 Plasma Concentration-Time Profiles (Linear)
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Figure S15: Evaluation of the modeled drug-drug interaction network. Presented are predicted
plasma concentration-time profiles (linear) of each victim drug (imatinib (a–c), simvastatin (d),
metoprolol (e–f)) without (Control) and with (DDI) intake of the respective perpetrator drug (ri-
fampicin (a), ketoconazole (b), gemfibrozil (c), imatinib (d–f)), alongside corresponding observed
data [21, 23, 37, 55, 56]. Solid (Control) and dashed (DDI) lines and ribbons represent model popula-
tion predictions (n = 1000; geometric mean and geometric standard deviation), while corresponding
observed data are shown as dots (± standard deviation, if available). CYP: cytochrome P450, DDI:
drug-drug interaction, Healthy: healthy subjects, IM: intermediate metabolizer, Ima: imatinib, Meto:
metoprolol, n: number of study participants, NDMI: N-desmethyl imatinib, NM: normal metabolizer,
Patients: cancer patients, OH-Meto: hydroxymetoprolol, Simva: simvastatin, Simva-Acid: simvas-
tatin hydroxy acid.
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S3.5 DDI AUClast and DDI Cmax Ratio Goodness-of-Fit Plots

Figure S16: Evaluation of the modeled drug-drug interaction network. Predicted versus observed
DDI AUClast (a) and DDI Cmax (b) ratios are shown with the solid line representing the line of identity,
dotted lines indicating 1.25-fold and dashed lines twofold deviation from the respective observed value.
Curved lines mark the prediction success limits proposed by Guest et al. [62] including 20% variability.
AUClast: area under the curve determined between first and last plasma concentration measurements,
Cmax: maximum plasma concentration, DDI: drug-drug interaction, NDMI: N-desmethyl imatinib,
OH-Meto: hydroxymetoprolol, Simva-Acid: simvastatin hydroxy acid.
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S3.7 Comparison of CYP3A Perpetrator Effects – SD vs. MD Imatinib
Administration

In DDI studies involving CYP3A perpetrators, ketoconazole was observed to increase imatinib ex-
posure by 40% after SD-administration, while ritonavir showed almost no effect on the steady-state
AUC of imatinib [23, 63].

A detailed description and evaluation of the modeled ketoconazole-imatinib-DDI [23] can be found in
Sections S3.1–S3.6.

The ritonavir-imatinib-DDI study by van Erp et al. [63] was not included in the developed DDI net-
work due to limited reproducibility. Eleven patients were enrolled, six of whom were women, with an
average age of 62 years. The influence of ritonavir on imatinib exposure at steady-state was investi-
gated. Participants received imatinib doses equivalent to 100% on study days 1 and 5 and 50% on
days 2, 3, and 4 of the doses given prior to participation in the study, which ranged from 400 to 800
mg once daily. Ritonavir was co-administered (600 mg once daily) on days 2, 3, and 4.

Since the AUC and Cmax values for imatinib and NDMI were reported as dose-normalized means for
all patients and additionally the number of patients receiving each dose was not specified, the DDI
study could not be accurately recreated in our model without bias. Here, we assumed a daily dose
of 400 mg (100%) imatinib to simulate the ritonavir-imatinib-DDI and assessed the performance of
our model in predicting the steady-state AUC of imatinib. The effect was compared to the impact of
ketoconazole on imatinib SD-administration. For this, the imatinib model was coupled with a recently
published ritonavir model [64]. Drug-dependent parameters of ritonavir are presented in Table S16.
Figure S17 presents the goodness-of-fit plots of the ketoconazole-imatinib and ritonavir-imatinib DDI
ratios, with respective values listed in Table S15.

Figure S17: Predicted versus observed DDI AUClast (a) and DDI Cmax (b) ratios are shown with the
solid line representing the line of identity, dotted lines indicating 1.25-fold and dashed lines twofold
deviation from the respective observed value. Curved lines mark the prediction success limits proposed
by Guest et al. [62] including 20% variability. AUClast: area under the curve determined between first
and last plasma concentration measurements, Cmax: maximum plasma concentration, DDI: drug-drug
interaction, NDMI: N-desmethyl imatinib.
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Table S15: Predicted versus observed DDI AUClast and DDI Cmax ratios

Perpetrator Compound DDI AUClast ratio DDI Cmax ratio Reference

Pred Obs Pred/Obs Pred Obs Pred/Obs

KET Ima 1.44 1.40 1.02 1.24 1.39 0.89 Dutreix 2004 [23]
NDMI 1.04 0.86 1.21 0.83 0.84 0.99

RIT Ima 1.25 0.97 1.29 1.24 0.87 1.42 van Erp 2007 [63]
NDMI 1.02 1.39 0.74 1.02 1.05 0.97

Overall mean GMFE (range) 1.22 (1.02–1.35) 1.15 (1.01–1.42)
GMFE ≤ 2 4/4 4/4

AUClast: area under the plasma concentration-time curve determined between first and last concentration
measurements, Cmax: maximum plasma concentration, DDI: drug-drug interaction, GMFE: geometric mean
fold error, Ima: imatinib, KET: ketoconazole, NDMI: N-desmethyl imatinib, RIT: ritonavir.

Table S16: Drug-dependent parameters of the ritonavir PBPK model [64]

Parameter Unit Value Description

Ritonavir

Molecular weight g/mol 721.00 Molecular weight
pKa1, base 1.90 Acid dissociation constant
pKa2, base 2.60 Acid dissociation constant
Solubility (pH) µg/mL 60.00 (7.0) Solubility
Lipophilicity 3.90 Lipophilicity
fu % 2.00 Fraction unbound
CYP2D6 KM → sink µmol/L 1.00 Michaelis-Menten constant
CYP2D6 kcat → sink 1/min 3.00 Catalytic rate constant
CYP3A4 KM → sink µmol/L 0.07 Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 1.10 Catalytic rate constant
P-gp KM µmol/L 0.13 Michaelis-Menten constant
P-gp kcat 1/min 0.70 Transport rate constant
GFR fraction 1a Filtered drug in the urine
EHC continuous fraction 1 Bile fraction continously released
Intestinal permeability cm/min 6.50 · 10−5 Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, Permeability into the cellular space

1.63 · 10−3

Partition coefficients Rodgers + Rowland Organ-plasma partition coefficients
Particle radius µm 10.00 Particle dissolution radius
Induction EC50 µmol/L 0.17 Conc. for half-maximal induction
CYP3A4 Emax 7.47 Maximum induction effect
CYP2D6 Ki µmol/L 0.04 Diss. const. inhibitor-enzyme complex
CYP3A4 Ki µmol/L 0.25 Diss. const. inhibitor-enzyme complex
CYP3A4 KI µmol/L 0.20 Conc. for half-maximal inactivation
CYP3A4 kinact 1/min 0.40 Maximum inactivation rate constant
P-gp Ki µmol/L 4.2b Diss. const. inhibitor-transporter complex

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the
model [65], conc.: concentration, CYP: cytochrome P450, diss. const.: dissociation constant, EHC:
enterohepatic circulation, GFR: glomerular filtration rate, P-gp: P-glycoprotein.
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S1. PBPK Model Building
S1.1. Clinical Studies
Plasma and renal excretion profiles of (E)-clomiphene ((E)-Clom) and its metabolites from a pharma-
cokinetic panel study with 20 healthy female volunteers, that were assigned to six different cytochrome 
P450 (CYP) 2D6 activity scores (AS), were available for model building and evaluation (see Table 1 
in the main manuscript for demographic information). The pharmacokinetic panel study was com-
plemented with digitized data from published clinical studies (study search criteria were (a) studies 
with intravenous or oral (E)-Clom administration and (b) reported pharmacokinetic data of (E)-
Clom and/or its metabolites (E)-4-hydroxyclomiphene ((E)-4-OH-Clom), (E)-N-desethylclomiphene 
((E)-DE-Clom) and (E)-4-hydroxy-N-desethylclomiphene ((E)-4-OH-DE-Clom). Data originating 
from two single dose and two multiple dose studies with oral (E)-Clom administration could be 
integrated. To the best of our knowledge, plasma profiles o f  ( E )-Clom a n d i t s m e tabolites after 
intravenous administration were not publicly available. Information on the identified a nd integrated 
published clinical studies are listed in Table S2. As CYP2D6 AS and phenotype of corresponding 
study participants were not reported, CYP2D6 catalytic rate constants (kcat) values in the PBPK 
model were estimated (see Table S1).

Table S1. Optimized CYP2D6 kcat values for each study.
CYP2D6 kcat values Mikkelson et al.

1986 [1]
Study Ratioph.
1991 [2]

Wiehle et al.
2013 (a) [3]

Wiehle et al.
2013 (b)[3]

Wiehle et al.
2013 (c) [3]

Miller et al.
2018 [4]

(E)-Clom → (E)-4-OH-Clom 213.0 283.1 87.7 124.1 43.3 18.1
(E)-Clom → undef. 90.6 120.5 37.3 52.8 18.4 7.7
(E)-Clom → (E)-DE-Clom 84.4 112.1 34.8 49.1 17.1 7.2

CYP: cytochrome P450, (E)-4-OH-Clom: (E)-4-hydroxyclomiphene, (E)-Clom: (E)-clomiphene, (E)-DE-Clom: (E)-N-desethylclomiphene,
kcat: catalytic rate constant, Ratioph.: Ratiopharm® GmbH, undef.: undefined metabolite

Of note, in the pharmacokinetic panel study, two study participants with the CYP2D6 genotypes
*9/*10 and *9/*41 had been classified as AS=0.75. Here, a high interindividual variability in the
plasma profiles could be observed. The study participant genotyped as *9/*41 showed unexpectedly
high (E)-Clom plasma concentrations for an AS=0.75 individual with (E)-Clom levels comparable
with those of poor metabolizers (PM). Since the allele haplotype *41 has shown a high dispersion in
CYP2D6 enzyme activity, the respective individual was excluded from the dataset [5].
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S1.2. System-dependent Parameters and Virtual Populations
Virtual individuals were created in PK-Sim®, using the published information on the respective study 
population, including mode of ethnicity and gender as well as mean values of age, weight and height. 
For the study population in the study from Ratiopharm® GmbH [2], demographic information were 
not provided. Here, the default values of a 30-year-old male European individual with body weight 
of 73 kg and height of 176 cm according to the International Commission on Radiological Protection 
(ICRP) reference values were used [6]. Distribution and abundance of enzymes in the different 
tissues was implemented according to the PK-Sim® expression database [7]. For the generation 
of virtual populations, 1000 individuals were created according to the respective study population 
demographics. Demographic characteristics of virtual individuals were varied within the ICRP [6] and 
the third National Health and Nutrition Examination Survey (NHANES) [8] limits by an implemented 
algorithm in PK-Sim®. The corresponding algorithms for the generation of virtual populations have 
been reported by Willmann and coworkers [9]. For the study by Mikkelson et al. [1] and the study 
from Ratiopharm® GmbH [2] an age range of 20 to 50 years was assumed.
Variabilities for CYP2B6 and CYP3A4 enzyme abundances in the virtual populations were integrated 
and variability in CYP2D6 abundance was allowed for study populations that were not genotyped 
and thus not stratified by CYP2D6 AS. For the pharmacokinetic panel s tudy, CYP2D6 k cat values 
differ across CYP2D6 AS groups, already accounting for varying CYP2D6 abundance and/or activity. 
Thus, CYP2D6 expression variability was set to 0 for the respective population simulations. 
System-dependent parameters including reference concentrations and enzyme expression variabilities 
are listed in Table S3.
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S1.3. Supplementary Information on (E)-clomiphene PBPK Model Building
The parent-metabolite PBPK model of (E)-Clom was developed using a middle-out approach, com-
bining information on drug- and system-specific parameters from literature with a parameter estima-
tion step based on clinical trial data [14]. In vitro, in silico and clinical in vivo data were combined 
to inform model input parameters [14]. Information about absorption, distribution, metabolism and 
excretion (ADME) processes were used to incorporate relevant enzymes.
Metabolism via CYP enzymes was implemented as Michaelis-Menten kinetic processes. To account 
for nonspecific binding in in vitro assays, apparent Michaelis-Menten constant (Km) values informed 
from literature were adjusted by the free fraction of drug compound as suggested by Obach and 
Austin et al. [15, 16]. Km and vmax values were available only for composite metabolic pathway 
reactions, while parameters for each specific C YP e nzyme i nvolved i n t he r espective p athway were 
not reported. When multiple CYP enzymes were incorporated in one metabolic pathway (see Fig-
ure 2 in the main manuscript), identical Km values were allocated to each CYP enzyme and the 
corresponding kcat estimated with a fixed r atio b ased o n i n v itro r esults o n t he m etabolic enzyme 
activities [17, 18].
In the PBPK model, three metabolic pathways were implemented for the parent compound (E)-
Clom: metabolism to (E)-DE-Clom, metabolism to (E)-4-OH-Clom and metabolism to
(Z )-3-hydroxyclomiphene (implemented as an undefined m etabolite). The latter enzymatic pathway, 
mediated via CYP2D6, was estimated with a 1.8-fold higher intrinsic clearance compared to the 
formation of (E)-4-OH-Clom in the PBPK model according to literature [19]. Further, the forma-
tion of (E)-DE-Clom is primarily catalyzed by CYP3A4 and to some extent by CYP2D6 [17, 18]. 
This was integrated by accounting for the 80:20 metabolic ratio of CYP3A4 to CYP2D6 reported by 
Mazzarino and coworkers [20]. (E)-DE-CLOM itself is also metabolized via CYP3A4 and CYP2D6 
to (E)-N,N-didesethylclomiphene (implemented as an undefined metabolite) [ 17, 1 8]. As previously 
described, the ratio of the corresponding measured in vitro metabolic enzyme activities was used dur-
ing the parameter estimation step for optimization of kcat values (kcat, CYP3A4 = 0.13 * kcat, CYP2D6)
[17, 18].

7
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S1.4. Drug-dependent Parameter Tables

Table S4. Drug-dependent parameters for (E )-clomiphene.
Parameter Value Unit Source Literature Reference Description

MW 405.96 g/mol Literature 405.96 [22] Molecular weight
pKa (base) 9.31 - Literature 9.31 [23] Acid dissociation constant
Solubility (pH 6.8) 0.0138 mg/ml Literature 0.0138 [24] Solubility
logP 5.67 - Optimized 5.18, 6.08, 6.48, 6.65 [23, 25–27] Lipophilicity
fu 0.08 % Optimized 1.42a [21] Fraction unbound
CYP2D6 Km → (E)-4-OH-Clom 0.13 µmol/l Literature 0.13b [19] Michaelis-Menten constant
CYP2D6 kcat → (E)-4-OH-Clom 306.4c 1/min Optimized - - Catalytic rate constant
CYP2D6 Km → undef. 0.03 µmol/l Literature 0.03b [19] Michaelis-Menten constant
CYP2D6 kcat → undef. 130.4c 1/min Optimized - - Catalytic rate constant
CYP2B6 Km → (E)-4-OH-Clom 0.60 µmol/l Literature 0.60b [17, 18] Michaelis-Menten constant
CYP2B6 kcat → (E)-4-OH-Clom 7.5 1/min Optimized - - Catalytic rate constant
CYP2D6 Km → (E)-DE-Clom 0.78 µmol/l Literature 0.78b [17, 18] Michaelis-Menten constant
CYP2D6 kcat → (E)-DE-Clom 121.4c 1/min Optimized - - Catalytic rate constant
CYP3A4 Km → (E)-DE-Clom 0.78 µmol/l Literature 0.78b [17, 18] Michaelis-Menten constant
CYP3A4 kcat → (E)-DE-Clom 45.0 1/min Optimized - - Catalytic rate constant
GFR fraction 0.92 - Optimized - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diversed - Calculated Schmitt [28] Cell to plasma partition coefficients
Cellular permeability Diversed cm/min Calculated Ch. dep. Schmitt [29] Permeability into the cellular space
Intestinal permeability 0.08 cm/min Optimized - - Transcellular intestinal permeability
Tablet Weibull time 6.80 min Assumed - e Dissolution time (50 % dissolved)
Tablet Weibull shape 0.47 - Assumed - e Dissolution profile shape

Ch. dep. Schmitt: Charge dependent Schmitt calculation method, CYP: cytochrome P450, (E)-4-OH-Clom: (E)-4-hydroxyclomiphene,
(E)-DE-Clom: (E)-N-desethylclomiphene, EHC: enterohepatic circulation, GFR: glomerular filtration rate, IM: intermediate metabolizers,
IVSF: in vitro scaling factor, NM: normal metabolizers, UM: ultrarapid metabolizers, undef.: undefined metabolite
a fu was estimated with the classification model by Watanabe et al. [21]
b Km values from literature were adapted with the calculated fu,inc=0.024, considering nonspecific binding in in vitro assays according to [15, 16]
c Only CYP2D6 kcat values of NM are shown while IM- and UM-kcat values were extrapolated according to Equation 1 in the main manuscript
(IVSFs represented in Table S8)
d values differ across the organs
e see Section 1.6
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Table S5. Drug-dependent parameters for (E )-N-desethylclomiphene.
Parameter Value Unit Source Literature Reference Description

MW 377.91 g/mol Literature 377.91 [30] Molecular weight
pKa (base) 8.14 - Optimized 9.59 [30] Acid dissociation constant
Solubility (pH 6.5) 0.46 mg/ml Literature 0.46 [30] Solubility
logP 4.17 - Optimized 5.74, 6.4 [30, 31] Lipophilicity
fu 0.86 % Optimized 1.37a [21] Fraction unbound
CYP2D6 Km → (E)-4-OH-DE-Clom 0.49 µmol/l Literature 0.49b [17, 18] Michaelis-Menten constant
CYP2D6 kcat → (E)-4-OH-DE-Clom 64.5c 1/min Optimized - - Catalytic rate conbstant
CYP2D6 Km → undef. 0.97 µmol/l Literature 0.97b [17, 18] Michaelis-Menten constant
CYP2D6 kcat → undef. 5.8c 1/min Optimized - - Catalytic rate constant
CYP3A4 Km → undef. 0.97 µmol/l Literature 0.97b [17, 18] Michaelis-Menten constant
CYP3A4 kcat → undef. 0.8 1/min Optimized - - Catalytic rate constant
GFR fraction 0.10 - Optimized - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diversed - Calculated R&R [32, 33] Cell to plasma partition coefficients
Cellular permeability Diversed cm/min Calculated Ch. dep. Schmitt [29] Permeability into the cellular space

Ch. dep. Schmitt: Charge dependent Schmitt caclulation method, CYP: cytochrome P450,
(E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene, EHC: enterohepatic circulation, GFR: glomerular filtration rate,
IM: intermediate metabolizers, IVSF: in vitro scaling factor, NM: normal metabolizers, R&R: Rodgers and Rowland calculation method,
UM: ultrarapid metabolizers, undef.: undefined metabolite
a fu was estimated with the classification model by Watanabe et al. [21]
b Km values from literature were adapted with the calculated fu,inc=0.059, considering nonspecific binding in in vitro assays according to [15, 16]
c Only CYP2D6 kcat values of NM are shown while IM- and UM-kcat values were extrapolated according to Equation 1 in the main manuscript
(IVSFs represented in Table S8)
d values differ across the organs
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Table S6. Drug-dependent parameters for (E )-4-hydroxyclomiphene.
Parameter Value Unit Source Literature Reference Description

MW 421.97 g/mol Literature 421.97 [34] Molecular weight
pKa (acid) 8.64 - Literature 8.64 [34] Acid dissociation constant
pKa (base) 7.90 - Optimized 9.41 [34] Acid dissociation constant
Solubility (pH 6.5) 0.06 mg/ml Literature 0.06 [34] Solubility
logP 5.50 - Optimized 5.31, 5.64 [25, 34] Lipophilicity
fu 0.45 % Optimized 0.6, 1.33a [21, 35] Fraction unbound
CYP2D6 Km → undef. 3.60 µmol/l Literature 3.60b [19] Michaelis-Menten constant
CYP2D6 kcat → undef. 855.2c 1/min Optimized - - Catalytic rate constant
CYP3A4 Km → (E)-4-OH-DE-Clom 3.40 µmol/l Literature 3.40b [17, 18] Michaelis-Menten constant
CYP3A4 kcat → (E)-4-OH-DE-Clom 19.5 1/min Optimized - - Catalytic rate constant
Unspec. hep. CL → undef. 23.78 1/min Optimized - - Elimination from plasma

(first-order process in the liver)
GFR fraction 0.24 - Optimized - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diversed - Calculated Berez. [36] Cell to plasma partition coefficients
Cellular permeability 2.23 cm/min Calculated PK-Sim [37] Permeability into the cellular space

Berez.: Berezhkovskiy calculation method, CYP: cytochrome P450, (E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene,
EHC: enterohepatic circulation, GFR: glomerular filtration rate, IM: intermediate metabolizers, IVSF: in vitro scaling factor,
NM: normal metabolizers, PK-Sim: PK-Sim standard calculation method, UM: ultrarapid metabolizers, undef.: undefined metabolite,
unspec. hep. CL: unspecific hepatic clearance
a fu was estimated with the classification model by Watanabe et al. [21]
b Km values from literature were adapted with the calculated fu,inc=0.099, considering nonspecific binding in in vitro assays according to [15, 16]
c Only CYP2D6 kcat values of NM are shown while IM- and UM-kcat values were extrapolated according to Equation 1 in the main manuscript
(IVSFs represented in Table S8)
d values differ across the organs
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Table S7. Drug-dependent parameters for (E )-4-hydroxy-N-desethyl-clomiphene.
Parameter Value Unit Source Literature Reference Description

MW 393.91 g/mol Literature 393.91 [38] Molecular weight
pKa (acid) 8.69 - Literature 8.69 [38] Acid dissociation constant
pKa (base) 9.65 - Literature 9.65 [38] Acid dissociation constant
Solubility (pH 6.5) 0.17 mg/ml Literature 0.17 [38] Solubility
logP 3.71 - Optimized 4.47 [38] Lipophilicity
fu 1.32 % Calculated 1.32a [21] Fraction unbound
CYP2D6 Km → undef. 8.86 µmol/l Assumed 8.86b,c - Michaelis-Menten constant
CYP2D6 kcat → undef. 211.7d 1/min Optimized - - Catalytic rate constant
Unsp. hep. CL → undef. 8.50 1/min Optimized - - Elimination from plasma

(first-order process in the liver)
GFR fraction 0.13 - Optimized - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diversee - Calculated Schmitt [28] Cell to plasma partition coefficients
Cellular permeability Diversee cm/min Calculated Ch. dep. Schmitt [29] Permeability into the cellular space

Ch. dep. Schmitt: Charge dependent Schmitt calculation method, CYP: cytochrome P450, (E)-4-OH-Clom: (E)-4-hydroxyclomiphene,
(E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene, EHC: enterohepatic circulation, GFR: glomerular filtration rate,
IM: intermediate metabolizers, IVSF: in vitro scaling factor, NM: normal metabolizers, UM: ultrarapid metabolizers,
undef.: undefined metabolite, unsp. hep. CL: unspecific hepatic clearance
a fu was estimated with the classification model by Watanabe et al. [21]
b Km values from literature were adapted with the calculated fu,inc=0.243, considering nonspecific binding in in vitro assays according to [15, 16]
c Km value for CYP2D6-mediated hydroxylation of (E)-4-OH-DE-Clom was assumed to be equal to Km value of the CYP2D6-mediated hydroxylation
of (E)-4-OH-Clom
d Only CYP2D6 kcat values of NM are shown while IM- and UM-kcat values were extrapolated according to Equation 1 in the main manuscript
(IVSFs represented in Table S8)
e values differ across the organs

S1.5. Calculation of Fractions Metabolized
The fraction metabolized (fm) of (E)-Clom via CYP2D6 was calculated according to Equation S1, 
using the observed relative AUClast increase between the PM population and the control group
(normal metabolizers (NM)) [39]. Calculation yielded a CYP2D6 fm of ˜90%. In addition, data from 
the CYP2D6 NM population in the clarithromycin DDI scenario (CYP3A4 inhibition) was used to
estimate fm of (E)-Clom via CYP3A4 to inform model development regarding CYP3A4-dependent 
(E)-Clom degradation. For this, the observed relative AUClast increase in the NM population between 
the DDI scenario with CYP3A4 inhibition and the control scenario without inhibition was used, 
yielding a CYP3A4 fm of about 13%. Of note, a complete CYP3A4 inhibition through clarithromycin 
was assumed, given the strong and mechanism-based inhibition through clarithromycin, which was 
administered twice a day for four days before the victim drug, (E)-Clom, was administered.

1
1 − fm

= AUClast,effect, AS=i
AUClast,control

(S1)

In case of CYP2D6 fm calculation, AUClast, effect represents the AUClast of (E)-Clom for the PM
population, while AUClast, control represents the AUClast of (E)-Clom for the NM population. For
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calculation of the CYP3A4 fm, AUClast, effect represents the A UClast of (E)-Clom for the NM popula-
tion in the DDI scenario with clarithromycin, while AUClast, control represents the AUClast of (E)-Clom 
for the NM population without concomitant clarithromycin administration.

S1.6. Formulations
Dissolution profiles f or c lomiphene c itrate t ablets a nd ( E)-Clom c itrate c apsules were n ot publicly 
available. However, according to the U.S. pharmacopoeia, the dissolution rate within the first 30 
minutes of clomiphene citrate tablets is required to be at least 75% [40]. This information was used 
to inform the dissolution shape and time (50% dissolved) parameters of a Weibull function, which 
was employed as the formulation in PK-Sim® (mathematical implementation see Equation S2 and 
Equation S3). The respective parameter values are represented in Table S4.

m = 1 − exp
⎛⎝−(t − Tlag)β

α

⎞⎠ (S2)

with α = (Td)β (S3)

Here, m represents the fraction of dissolved drug at time t, Tlag is the lag time before onset of 
dissolution, α is the scaling parameter, β the shape parameter and Td the time needed to dissolve 
63% of the formulation [37].

S1.7. Handling Data Below the Lower Limit of Quantification (LLOQ)
In the pharmacokinetic panel study used for model building and evaluation, 9% of measured concen-
trations fell below the lower limit of quantification (LLOQ). For handling lower limit of quantification 
(LLOQ) data, a combination of the M5 and M6 method [41] was used. Below limit of quantification 
(BLQ) individual plasma concentrations were substituted by LLOQ/2. Subsequently, mean concen-
trations were calculated for each CYP2D6 activity score (AS) and only the first BLQ data was used 
for model building and evaluation, while subsequent concentrations were excluded. During the initial 
period of metabolite formation, BLQ data also appeared in the ascending branch of the plasma pro-
files. I n t his c ase, t he l ast B LQ c oncentration was i ncluded i n t he d ata, w hile B LQ concentrations 
before this time point were discarded.
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S2. Drug-Gene-Interaction (DGI) Modeling
S2.1. CYP2D6 in vitro Scaling Factors
The estimated CYP2D6 kcat values for the NM population were extrapolated to the intermediate 
metabolizers (IM) (AS=0.5, AS=0.75 and AS=1) and ultrarapid metabolizers (UM) populations 
according to Equation 1 in the main manuscript, using in vitro scaling factors (IVSFs). Determination 
of IVSFs were based on AS-specific in v itro metabolite formation rates relative to the corresponding 
formation rate in NM as a reference. The respective IVSFs for each CYP2D6-dependent pathway 
are depicted in Table S8. Measured in vitro data for (E)-4-OH-Clom and (E)-4-OH-DE-Clom AS-
specific formation rates were available, while mean values were assumed for the remaining CYP2D6-
dependent metabolic pathways [17].

Table S8. Employed in vitro scaling factors (IVSFs) for individual CYP2D6 activity scores.
CYP2D6-mediated metabolic pathways AS=0 AS=0.5 AS=0.75 AS=1 AS=2 AS=3

(E)-Clom → (E)-4-OH-Clom 0 0.19 0.27 0.57 1 1.52
(E)-Clom → (E)-DE-Clom 0 0.17 0.23 0.51 1 1.41
(E)-Clom → undef. 0 0.17 0.23 0.51 1 1.41
(E)-4-OH-Clom → undef. 0 0.17 0.23 0.51 1 1.41
(E)-4-OH-DE-Clom → undef. 0 0.17 0.23 0.51 1 1.41
(E)-DE-Clom → (E)-4-OH-DE-Clom 0 0.16 0.19 0.44 1 1.30
(E)-DE-Clom → undef. 0 0.17 0.23 0.51 1 1.41

AS: CYP2D6 activity score, CYP: cytochrome P450, (E)-4-OH-Clom: (E)-4-hydroxyclomiphene,
(E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene, (E)-Clom: (E)-clomiphene,
(E)-DE-Clom: (E)-N-desethylclomiphene, undef.: undefined metabolite

S3. Drug-Drug-(Gene)-Interaction (DD(G)I) Modeling
S3.1. Clarithromycin and Paroxetine
Clarithromycin acts as a mechanism-based inhibitor of CYP3A4, while paroxetine inhibits CYP2D6 
and to a minor extent CYP3A4 [42]. Inhibition mechanisms of CYP3A4 and CYP2D6 were imple-
mented according to the PK-Sim® manual [37]. Two previously published PBPK models of clar-
ithromycin [43] and paroxetine [44] were applied and coupled with the developed parent-metabolite 
PBPK model of (E)-Clom to assess the model prediction performance in the DD(G)I setting. Inter-
action parameters were used as published in the respective perpetrator PBPK models.
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Figure S1. Predicted and observed plasma concentration-time profiles (linear scale) of (E)-Clom (a–f), (E)-4-OH-Clom (g–l), 
(E)-DE-Clom (m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios. Solid lines de-pict predicted geometric mean 
concentration-time profiles in PM, IM, NM and UM. The respective semitranspar-ent areas show the geometric standard 
deviation of the population simulations (n=1000). Mean observed data are shown as symbols with the corresponding standard 
deviation. AS, CYP2D6 activity score; DGI, drug-gene inter-action; (E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-
DE-Clom, (E )-4-hydroxy-N-desethylclomiphene;(E)-Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, 
intermediate metabolizers; n, num-ber of subjects; NM, normal metabolizers; PM, poor metabolizers; UM, ultrarapid 
metabolizers.
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S4.1.2. Plasma Profiles (Semilogarithmic Scale)
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Figure S2. Predicted and observed plasma concentration-time profiles (semilogarithmic scale) of (E)-Clom (a–f), 
(E)-4-OH-Clom (g–l), (E)-DE-Clom (m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios. Solid lines depict 
predicted geometric mean concentration-time profiles in the PM, IM, NM and UM populations. The respective 
semitransparent areas show the geometric standard deviation of the population simulations (n=1000). Mean observed data 
are shown as symbols with the corresponding standard deviation. AS, CYP2D6 activity score; DGI, drug-gene interaction; 
(E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-
clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, intermediate metabolizers; n, number of subjects; NM, normal 
metabolizers; PM, poor metabolizers; UM, ultrarapid metab-olizers.
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S4.1.3. Goodness-of-Fit Plots 
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Figure S3. Predicted versus observed AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-Clom (circles), (E)-4-
OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM, NM and UM (DGI 
scenarios). The black solid lines mark the lines of identity. Black dotted lines indicate 1.25-fold, black dashed lines 
indicate 2-fold deviation. AS, CYP2D6 activity score; DGI, drug-gene interaction;(E)-4-OH-Clom, (E )-4-
hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-clomiphene; (E)-DE-
Clom, (E )-N-desethylclomiphene; IM, intermediate metabolizers; NM, normal metabolizers; PM, poor metabolizers; UM, 
ultrarapid metabolizers.
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Figure S4. Predicted versus observed DGI AUClast (a) and Cmax (b) ratios of (E)-Clom (circles), (E)-4-OH-
Clom (tri-angles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM and UM. The straight 
black lines mark the lines of identity, the curved solid black lines show the limits of the predictive measure proposed 
by Guest et al. with 1.25-fold variability [46]. Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold 
deviation. AS, CYP2D6 activity score; (E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, 
(E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene; IM, 
intermediate metabolizers; PM, poor metabolizers; UM, ultrarapid metabolizers.
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Figure S5. Predicted and observed renal excretion profiles (linear scale) of (E)-Clom (a–f), (E)-4-OH-Clom (g–l), (E)-DE-
Clom (m–r) and (E)-4-OH-DE-Clom (s–x) for DGI scenarios. Solid lines depict predicted geometric mean profiles in 
PM, IM, NM and UM. The respective semitransparent areas show the geometric standard deviation of the population 
simulations (n=1000). Mean observed data are shown as symbols with the corresponding standard deviation. AS, 
CYP2D6 activity score; DGI, drug-gene interaction; (E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, 
(E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, 
intermediate metabolizers; n, number of subjects; NM, normal metabolizers, PM, poor metabolizers; UM, ultrarapid 
metabolizers.
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Figure S6. Predicted and observed plasma concentration-time profiles (linear scale) of digitized studies from 
literature after single (a,b) and multiple (c–f) dosing. Solid lines depict predicted geometric mean concentration-
time profiles of (E )-Clom. The respective semitransparent areas show the geometric standard deviation of the population 
simulations (n=1000). Mean observed data are shown as symbols with the corresponding standard deviation. (E)-Clom, 
(E )-clomiphene; n, number of subjects; Ratioph., Ratiopharm® GmbH.
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Figure S7. Predicted and observed plasma concentration-time profiles (semilogarithmic scale) of digitized studies 
from literature after single (a,b) and multiple (c–f) dosing. Solid lines depict predicted geometric mean 
concentration-time profiles o f (E ) -Clom. T he r espective s emitransparent a reas s how t he g eometric standard 
deviation of the population simulations (n=1000). Mean observed data are shown as symbols with the corre-
sponding standard deviation. (E)-Clom, (E )-clomiphene; n, number of subjects; Ratioph., Ratiopharm® GmbH.
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S4.1.7. Goodness-of-Fit Plots (from Literature)
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Figure S8. Predicted versus observed (a) AUClast, (b) Cmax and (c) plasma concentrations of (E)-Clom. The black

solid lines mark the lines of identity. Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold 
deviation. Ratioph., Ratiopharm® GmbH.
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Figure S9. Predicted and observed plasma concentration-time profiles (linear scale) of (E)-Clom (a–e),

(E)-4-OH-Clom (f–j), (E)-DE-Clom (k–o) and (E)-4-OH-DE-Clom (p–t) for DD(G)I scenarios in PM, 
IM, NM and UM. Grey dashed lines depict the predicted geometric mean concentration-time profiles without 
clarithromycin and paroxetine (control), turquoise lines represent the predicted geometric mean profiles in presence 
of paroxetine and pink lines the predicted geometric mean profiles i n presence o f c larithromycin ( DD(G)I). The 
respective semitransparent areas show the geometric standard deviation of the population simulations (n=1000). 
Mean observed data are shown as symbols with the corresponding standard deviation. For a better visibility, 
DD(G)I scenarios were plotted with a time offset w ith t =0 a t t he fi rst do se of  th e pe rpetrator dr ug. AS, 
CYP2D6 activity score; Clarit., clarithromycin; DD(G)I, drug-drug and drug-drug-gene interactions; (E)-4-OH-
Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-
clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, intermediate metabolizers; n, number of subjects; 
NM, normal metabolizers; Parox., paroxetine; PM, poor metabolizers; UM, ultrarapid metabolizers.
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S4.2.2. Plasma Profiles (Semilogarithmic Scale)
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Figure S10. Predicted and observed plasma concentration-time profiles (semilogarithmic scale) of (E)-

Clom (a–e), (E)-4-OH-Clom (f–j), (E)-DE-Clom (k–o) and (E)-4-OH-DE-Clom (p–t) for DD(G)I scenar-
ios in PM, IM, NM and UM. Grey dashed lines depict the predicted geometric mean concentration-time profiles 
without clarithromycin and paroxetine (control), turquoise lines represent the predicted geometric mean profiles 
in presence of paroxetine and pink lines the predicted geometric mean profiles in presence of c larithromycin. The 
respective semitransparent areas show the geometric standard deviation of the population simulations (n=1000). 
Mean observed data are shown as symbols with the corresponding standard deviation. For a better visibility, 
DD(G)I scenarios were plotted with a time offset w ith t =0 a t t he fi rst do se of  th e pe rpetrator dr ug. AS, 
CYP2D6 activity score; Clarit., clarithromycin; DD(G)I, drug-drug and drug-drug-gene interactions; (E)-4-
OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-Clom,
(E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, intermediate metabolizers; n, number of sub-
jects; NM, normal metabolizers; Parox., paroxetine; PM, poor metabolizers; UM, ultrarapid metabolizers.
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S4.2.3. Goodness-of-Fit Plots 
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Figure S11. Predicted versus observed AUClast (a), Cmax (b) and plasma concentrations (c) of (E)-Clom (circles), (E)-

4-OH-Clom (triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) for DD(G)I scenarios with 
clarithromycin and paroxetine, respectively in PM, IM, NM and UM. The black solid lines mark the lines of identity. 
Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AS, CYP2D6 activity score; DD(G)I, drug-
drug and drug-drug-gene interactions; (E)-4-OH-Clom, (E )-4-hydroxyclomiphene;(E)-4-OH-DE-Clom, (E )-4-hydroxy-N-
desethylclomiphene; (E)-Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, intermediate 
metabolizers; NM, normal metabolizers, PM, poor metabolizers; UM, ultrarapid metabolizers.
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Figure S12. Predicted versus observed DD(G)I AUClast (a) and Cmax (b) ratios of (E)-Clom (circles), (E)-4-OH-Clom
(triangles), (E)-DE-Clom (squares) and (E)-4-OH-DE-Clom (diamonds) in PM, IM, NM and UM. The straight 
black lines mark the lines of identity, the curved black lines show the limits of the predictive measure proposed by Guest 
et al. with 1.25-fold variability [46]. Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AS, 
CYP2D6 activity score; DD(G)I, drug-drug and drug-drug-gene interactions;(E)-4-OH-Clom, (E )-4-hydroxyclomiphene; 
(E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-
desethylclomiphene; IM, intermediate metabolizers; NM, normal metabolizers, PM, poor metabolizers; UM, ultrarapid 
metabolizers.
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Figure S13. Predicted and observed renal excretion profiles (linear scale) of (E)-Clom (a–e), (E)-4-OH-
Clom (f–j), (E)-DE-Clom (k–o) and (E)-4-OH-DE-Clom (p–t) for DD(G)I scenarios in PM, IM, NM 
and UM. Grey dashed lines depict the predicted geometric mean profiles i n a bsence o f c larithromycin and 
paroxetine (control), yellow solid lines represent the predicted geometric mean profiles in presence of paroxetine 
and orange solid lines represent the predicted geometric mean profiles i n presence o f c larithromycin (DD(G)I). 
The respective semitransparent areas show the geometric standard deviation of the population simulations 
(n=1000). Mean observed data are shown as symbols with the corresponding standard deviation. For a 
better visibility, DD(G)I scenarios were plotted with a time offset with t=0 at the first dose of  the perpetrator 
drug. AS, CYP2D6 activity score; Clarit., clarithromycin; DD(G)I, drug-drug and drug-drug-gene interactions;
(E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-N-desethylclomiphene; (E)-
Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; IM, intermediate metabolizers; n, number of 
subjects; NM, normal metabolizers; Parox., paroxetine; PM, poor metabolizers; UM, ultrarapid metabolizers.
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S4.3. Quantitative PBPK Model Evaluation 

S4.3.1. Mean Relative Deviation (MRD)

Table S9. Mean relative deviation (MRD) values of DGI plasma concentration predictions.
Study Compound MRD Reference

PK Panel Study, PM (AS = 0) (E)-4-OH-Clom 1.49 [19]
PK Panel Study, PM (AS = 0) (E)-4-OH-DE-Clom 1.20 [19]
PK Panel Study, PM (AS = 0) (E)-Clom 1.42 [19]
PK Panel Study, PM (AS = 0) (E)-DE-Clom 1.38 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-Clom 2.00 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-DE-Clom 1.44 [19]
PK Panel Study, IM (AS = 0.5) (E)-Clom 1.31 [19]
PK Panel Study, IM (AS = 0.5) (E)-DE-Clom 2.04 [19]
PK Panel Study, IM (AS = 0.75) (E)-4-OH-Clom 2.45 [19]
PK Panel Study, IM (AS = 0.75) (E)-4-OH-DE-Clom 3.04 [19]
PK Panel Study, IM (AS = 0.75) (E)-Clom 3.24 [19]
PK Panel Study, IM (AS = 0.75) (E)-DE-Clom 5.42 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-Clom 1.96 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-DE-Clom 2.38 [19]
PK Panel Study, IM (AS = 1) (E)-Clom 1.99 [19]
PK Panel Study, IM (AS = 1) (E)-DE-Clom 2.52 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-Clom 1.40 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-DE-Clom 1.30 [19]
PK Panel Study, NM (AS = 2) (E)-Clom 1.39 [19]
PK Panel Study, NM (AS = 2) (E)-DE-Clom 1.38 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-Clom 2.26 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-DE-Clom 1.81 [19]
PK Panel Study, UM (AS = 3) (E)-Clom 1.30 [19]
PK Panel Study, UM (AS = 3) (E)-DE-Clom 1.50 [19]
Mikkelson et al. 1986 (E)-Clom 1.43 [1]
Miller et al. 2018 (E)-Clom 2.01 [4]
Study Ratioph. 1991 (E)-Clom 1.61 [2]
Wiehle et al. 2013 (a) (E)-Clom 1.14 [3]
Wiehle et al. 2013 (b) (E)-Clom 1.13 [3]
Wiehle et al. 2013 (c) (E)-Clom 1.33 [3]

Overall MRD: 1.95 (1.13–5.42)
21/30 MRD ≤ 2

AS: CYP2D6 acitivity score, DGI: drug-gene interaction, (E)-4-OH-Clom:
(E)-4-hydroxyclomiphene, (E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene,
(E)-Clom: (E)-clomiphene, (E)-DE-Clom: (E)-N-desethylclomiphene,
IM: intermediate metabolizers, NM: normal metabolizers, PK: pharmacokinetic,
PM: poor metabolizers, UM: ultrarapid metabolizers, Ratioph.: Ratiopharm® GmbH
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Table S10. Mean relative deviation (MRD) values of DD(G)I plasma concentration predictions.
Study Compound Perpetrator MRD Reference

PK Panel Study, PM (AS = 0) (E)-4-OH-Clom Clarithromycin 1.80 [19]
PK Panel Study, PM (AS = 0) (E)-4-OH-Clom Paroxetine 1.50 [19]
PK Panel Study, PM (AS = 0) (E)-4-OH-DE-Clom Clarithromycin 2.04 [19]
PK Panel Study, PM (AS = 0) (E)-4-OH-DE-Clom Paroxetine 2.18 [19]
PK Panel Study, PM (AS = 0) (E)-Clom Clarithromycin 1.72 [19]
PK Panel Study, PM (AS = 0) (E)-Clom Paroxetine 1.41 [19]
PK Panel Study, PM (AS = 0) (E)-DE-Clom Clarithromycin 4.87 [19]
PK Panel Study, PM (AS = 0) (E)-DE-Clom Paroxetine 2.04 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-Clom Clarithromycin 2.18 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-Clom Paroxetine 1.38 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-DE-Clom Clarithromycin 2.11 [19]
PK Panel Study, IM (AS = 0.5) (E)-4-OH-DE-Clom Paroxetine 1.73 [19]
PK Panel Study, IM (AS = 0.5) (E)-Clom Clarithromycin 1.55 [19]
PK Panel Study, IM (AS = 0.5) (E)-Clom Paroxetine 1.43 [19]
PK Panel Study, IM (AS = 0.5) (E)-DE-Clom Clarithromycin 1.92 [19]
PK Panel Study, IM (AS = 0.5) (E)-DE-Clom Paroxetine 1.53 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-Clom Clarithromycin 1.79 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-Clom Paroxetine 2.01 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-DE-Clom Clarithromycin 2.03 [19]
PK Panel Study, IM (AS = 1) (E)-4-OH-DE-Clom Paroxetine 1.38 [19]
PK Panel Study, IM (AS = 1) (E)-Clom Clarithromycin 1.30 [19]
PK Panel Study, IM (AS = 1) (E)-Clom Paroxetine 1.25 [19]
PK Panel Study, IM (AS = 1) (E)-DE-Clom Clarithromycin 1.53 [19]
PK Panel Study, IM (AS = 1) (E)-DE-Clom Paroxetine 1.29 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-Clom Clarithromycin 1.38 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-Clom Paroxetine 2.23 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-DE-Clom Clarithromycin 1.67 [19]
PK Panel Study, NM (AS = 2) (E)-4-OH-DE-Clom Paroxetine 1.52 [19]
PK Panel Study, NM (AS = 2) (E)-Clom Clarithromycin 1.44 [19]
PK Panel Study, NM (AS = 2) (E)-Clom Paroxetine 1.51 [19]
PK Panel Study, NM (AS = 2) (E)-DE-Clom Clarithromycin 1.62 [19]
PK Panel Study, NM (AS = 2) (E)-DE-Clom Paroxetine 2.19 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-Clom Clarithromycin 1.42 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-Clom Paroxetine 2.28 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-DE-Clom Clarithromycin 1.72 [19]
PK Panel Study, UM (AS = 3) (E)-4-OH-DE-Clom Paroxetine 1.71 [19]
PK Panel Study, UM (AS = 3) (E)-Clom Clarithromycin 1.46 [19]
PK Panel Study, UM (AS = 3) (E)-Clom Paroxetine 1.74 [19]
PK Panel Study, UM (AS = 3) (E)-DE-Clom Clarithromycin 1.47 [19]
PK Panel Study, UM (AS = 3) (E)-DE-Clom Paroxetine 2.38 [19]

Overall MRD: 1.83 (1.25–4.87)
28/40 MRD ≤ 2

AS: CYP2D6 acitivity score, DD(G)I: drug-drug and drug-drug-gene interactions, (E)-4-OH-Clom:
(E)-4-hydroxyclomiphene, (E)-4-OH-DE-Clom: (E)-4-hydroxy-N-desethylclomiphene, (E)-Clom: (E)-clomiphene,
(E)-DE-Clom: (E)-N-desethylclomiphene, IM: intermediate metabolizers, NM: normal metabolizers,
PK: pharmacokinetic, PM: poor metabolizers, UM: ultrarapid metabolizers
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S4.4. Local Sensitivity Analysis
S4.4.1. Mathematical Implementation

A sensitivity analysis of the developed model was conducted to explore the impact of single param-
eter changes (local sensitivity analysis) on the predicted AUCinf. According to Equation S4, the 
relative change of AUCinf after oral application of a single dose of 100 mg clomiphene citrate to the 
relative variation of model input parameters was calculated. All optimized parameters as well as 
parameters that might have a strong impact because of calculation methods employed in the model 
(e.g., lipophilicity) were integrated in the sensitivity analysis and a relative perturbation of 10% was 
used.

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S4)

S is the sensitivity of the AUCinf to the examined model parameter, ∆AUCinf is the change of the
AUCinf, AUCinf represents the simulated AUCinf with the original parameter value, p is the original
model parameter value and ∆p 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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S4.4.2. Results of the Sensitivity Analysis 

( a ) Sensitivity Analysis (E)-Clom

Solubility
GFR fraction

CYP2B6 Km −> (E)−4−OH−Clom
CYP2B6 kcat −> (E)−4−OH−Clom

CYP2D6 Km −> (E)−DE−Clom
CYP2D6 kcat −> (E)−DE−Clom

Dissolution shape
Dissolution time

CYP3A4 Km −> (E)−DE−Clom
CYP3A4 kcat −> (E)−DE−Clom

CYP2D6 Km −> undef. 
CYP2D6 Km −> (E)−4−OH−Clom

CYP2D6 kcat −> undef. 
CYP2D6 kcat −> (E)−4−OH−Clom

Fraction unbound
Intestinal permeability

pKa (base)
Lipophilicity

0 2 4 6 8 10 12

0.00

0.00

0.01

−0.01

0.04

−0.04

−0.04

−0.05

0.12

−0.14

0.23

0.25

−0.40

−0.41

−0.70

  0.70

−6.38

−11.35

Sensitivity, ranked by absolute value

( b ) Sensitivity Analysis (E)-4-OH-Clom

GFR fraction

pKa (acid)

pKa (base)

Unspecific hepatic clearance

Lipophilicity

CYP3A4 kcat −> (E)−4−OH−Clom

CYP3A4 Km −> (E)−4−OH−Clom

CYP2D6 Km −> undef. 

CYP2D6 kcat −> undef. 

Fraction unbound

0.0 0.2 0.4 0.6 0.8 1.0 1.2

 0.00

 0.00

 0.00

−0.15

−0.16

−0.16

 0.17

 0.65

−0.65

−0.99

Sensitivity, ranked by absolute value

( c ) Sensitivity Analysis (E)-Clom

GFR fraction

CYP2D6 Km −> undef. 

CYP2D6 kcat −> undef. 

CYP3A4 Km −> undef. 

CYP3A4 kcat −> undef. 

Fraction unbound

CYP2D6 Km −> (E)−4−OH−DE−Clom

CYP2D6 kcat −> (E)−4−OH−DE−Clom

Lipophilicity

pKa (base)

0 1 2 3 4

 0.00

 0.05

−0.05

 0.06

−0.07

−0.74

 0.91

−1.04

 2.50

−4.12

Sensitivity, ranked by absolute value

( d ) Sensitivity Analysis (E)-4-OH-Clom

GFR fraction

pKa (base)

Unspecific hepatic clearance

Lipophilicity

CYP2D6 Km −> undef. 

CYP2D6 kcat −> undef. 

Fraction unbound

pKa (acid)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

 0.00

−0.23

−0.43

 0.53

 0.61

−0.62

−0.99

−1.26

Sensitivity, ranked by absolute value

Figure S14. Sensitivity analysis of the PBPK model for (E)-Clom, (E)-4-OH-Clom, (E)-DE-Clom and (E)-4-OH-
DE-Clom. CYP, cytochrome P450; (E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-
4-hydroxy-N-desethylclomiphene; (E)-Clom, (E )-clomiphene; (E)-DE-Clom, (E )-N-desethylclomiphene; GFR, 
glomerular filtration r ate; k cat, catalytic r ate c onstant; K m, Michaelis Menten c onstant; p Ka, acid dissociation 
constant; undef., undefined metabolite.
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S5. Molecular Structures

 

 

 

  

 

 

  

  

 

 

  

(E)-Clom

 

 

 

  

  

(E)-4-OH-DE-Clom(E)-4-OH-Clom

(E)-DE-Clom

(a) (b)

(c) (d)

Figure S15. Molecular structures of (E)-Clom (a) and its metabolites (E)-DE-Clom (b), (E)-4-OH-Clom (c) and 
(E)-4-OH-DE-Clom (d). (E)-4-OH-Clom, (E )-4-hydroxyclomiphene; (E)-4-OH-DE-Clom, (E )-4-hydroxy-
N-desethylclomiphene; (E)-Clom, (E)-clomiphene; (E)-DE-Clom, (E)-N-desethylclomiphene.
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Supplementary Material: External Model Performance Evalua-
tion of Twelve Infliximab Population Pharmacokinetic Models 
in Patients with Inflammatory Bowel Disease 
Christina Schräpel, Lukas Kovar, Dominik Selzer, Ute Hofmann, Florian Tran, Walter Reinisch, Matthias Schwab 
and Thorsten Lehr 

1. Assumptions for model implementations of investigated population pharmacokinetic models
In the publication by Brandse et al. 2016, the additive residual error of 0.26 was reported without a unit [1]. The 

unit µg/mL, which was used throughout the respective publication to report IFX concentrations was assumed.  
In the publication by Buurman et al. 2015 [2], the equation for calculating the central volume of distribution was pre-
sented as 

௜ܸ  =  ௣ܸ௢௣  ∗  0.964 ∗ ܫܤܪ) − 6) (S1)

with HBI being the Harvey-Bradshaw index and Vpop being the central volume of distribution of the typical patient. 
Using this equation, Vi would become negative for HBI values < 6. The respective publication reported an HBI range of 
the internal dataset of 3–24. With the help of information from the text (“For V, a significant and clinically relevant effect 
was found for the HBI at baseline, a higher value resulting in lower values of V“ [2]) and from Table 3 (θHBI is −3.6 per 
HBI point) in the respective publication [2], the equation was changed to:  

௜ܸ  =  ௣ܸ௢௣ × (1 − 0.036 × ܫܤܪ) − 6)) (S2)

indicating a lower central volume of distribution with higher HBI values. 
In the publication by Aubourg et al. 2015, contradictory units were displayed for the clearance (CL) and inter-

compartmental clearance (Q) parameters (L/h and L/day, respectively) when comparing values from text and Table 1 
[3]. However, in Table 1, also CL and Q parameters from other infliximab population pharmacokinetic models were 
displayed. By comparing these parameters to the respective publications, it becomes clear, that the correct unit is L/h 
which was used for our model implementation. 

For predictions with the model by Edlund et al. 2017 (III), ADA concentrations reported below the lower limit of 
quantification were treated as zero as suggested in the respective publication [4]. 

The full-text version of the publication by Xu et al. 2012 [5] could not be identified. As a result, the information for 
model implementation were gathered from the abstract as well as from the publication by Wojciechowski and cowork-
ers [6], who used the model by Xu et al. 2012 to simulate individual pharmacokinetic parameters for a virtual study 
population and who reported the modeling information of the model by Xu et al. 2012.  

For model predictions with time-varying covariates, changes in covariates over time were acknowledged (e.g. 
change in ADA status, HBI, weight) and used for model computations. Missing continuous covariates were imputed 
by median values and missing categorical covariates by the mode (most frequent value). 

2 Predictive model performance evaluation 
2.1. Goodness-of-fit plots 

The goodness-of-fit plot showing the individual predicted versus observed serum infliximab concentrations for 
the population pharmacokinetic model by Petitcollin et al. 2018 [7] including the concentration which was cut-off in the 
main manuscript is depicted in Figure S1. 
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Figure S1. Individual predicted versus observed serum infliximab concentrations for the population pharmacokinetic 
model by Petitcollin et al. 2018. Concentrations of anti-drug antibody (ADA) negative patients are shown in turquoise, 
concentrations of ADA positive patients in pink. Concentrations used for maximum a posteriori (MAP) estimation (CMAP) 
are depicted as triangles, the remaining symbols depict predictions in different time intervals after CMAP. The black solid 
line represents the line of identity, grey dashed lines mark the target trough concentration of 5 µg/mL. (neg): ADA negative 
patients; (pos): ADA positive patients. 

2.2 Accuracy and bias of model predictions 
The calculated median symmetric accuracy (ζ) and symmetric signed percentage bias (SSPB) values for all included 

population pharmacokinetic models are shown in Tables S1 to S4. Tables S1 and S2 list the results for model predictions 
with fixed covariates determined at the time of the first measured serum infliximab concentration of each patient 
(CMAP), while Tables S3 and S4 list the results for model predictions with time-varying covariates. Tables S1 and S3 
provide the calculated ζ and SSPB values for the ADA negative patient cohort. Tables S2 and S4 provide the ζ and SSPB 
values for the ADA positive patient cohort. In addition, Figures S2 and S3 show the corresponding visual depiction of 
ζ and SSPB values. 

Table S1. ζ and SSPB values for model predictions with fixed covariates at time of CMAP for ADA negative patients. 

Model 
ζ (%) SSPB (%) 

MAP < 1 m 1–6 m > 6 m all pred MAP < 1 m 1–6 m > 6 m all pred
Aubourg et al. 2015 9.2 20.8 32.1 54.7 28.0 −8.3 17.3 19.0 5.0 15.6 
Brandse et al. 2016 23.7 33.7 28.9 49.3 33.2 −23.7 −27.8 −21.9 −18.0 −22.0

Buurman et al. 2015 18.8 43.8 35.0 65.2 43.5 −1.6 40.4 15.3 21.2 27.5
Edlund et al. 2017 (I) 6.2 26.5 28.0 53.8 33.1 −1.5 11.5 17.6 11.0 13.4
Edlund et al. 2017 (II) 5.1 24.6 27.3 53.5 30.5 −1.9 12.0 17.0 9.2 12.0
Edlund et al. 2017 (III) 4.5 23.2 27.2 54.5 29.1 −2.4 11.8 16.1 8.5 12.5
Fasanmade et al. 2009 16.1 24.9 23.5 50.6 27.3 −14.1 −3.5 0.4 −6.1 −2.6

Fasanmade et al. 2011 (a) 14.7 24.7 21.0 54.9 26.4 −14.4 −8.6 1.0 −2.2 −5.3
Fasanmade et al. 2011 (a/c) 13.3 23.6 21.5 53.0 25.5 −12.9 −8.5 0.3 −1.2 −5.2

Passot et al. 2016 0.3 33.1 46.4 49.3 37.7 −0.2 26.9 41.0 20.2 26.6
Petitcollin et al. 2018 2.5 30.0 34.9 69.3 39.5 −2.5 −20.1 −8.6 −37.3 −19.8

Xu et al. 2012 18.0 25.6 20.4 57.5 27.1 −16.9 1.6 −3.2 −6.5 −0.6
a: adults; a/c: adults/children; ADA: anti-drug antibody; m: month; pred: predicted; SSPB: symmetric signed percentage 
bias; ζ:  median symmetric accuracy. Abbreviations for time intervals refer to descriptions in the main manuscript. 
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Table S2. ζ and SSPB values for model predictions with fixed covariates at time of CMAP for ADA positive patients. 

Model 

ζ [%] SSPB [%] 

MAP 
before 
ADA+ 

1st time 
ADA+ 

or ≤ 1 m 

> 1 m
after

ADA+
all pred MAP 

before 
ADA+ 

1st time 
ADA+ 

or ≤ 1 m 

> 1 m
after

ADA+
all pred 

Aubourg et al. 2015 10.7 33.9 98.2 301.9 92.8 -5.2 32.8 82.6 301.9 78.7 
Brandse et al. 2016 18.4 51.5 278.6 384.4 214.9 -12.8 -30.0 -66.2 180.7 8.1 

Buurman et al. 2015 43.1 88.9 361.4 175.1 144.8 22.3 70.0 361.4 175.1 144.8 
Edlund et al. 2017 (I) 10.6 41.3 72.1 300.4 86.4 -9.5 -7.5 30.1 300.4 51.1 
Edlund et al. 2017 (II) 6.8 23.9 77.3 344.3 85.4 0.4 7.8 9.4 344.3 37.6 
Edlund et al. 2017 (III) 5.2 24.9 91.2 205.5 90.8 -0.3 6.3 -9.4 205.5 25.9
Fasanmade et al. 2009 15.1 31.9 79.9 330.1 111.7 -2.9 -4.3 -2.0 330.1 48.4

Fasanmade et al. 2011 (a) 15.8 28.5 107.5 250.9 85.1 -9.9 -25.6 13.5 191.6 14.1
Fasanmade et al. 2011 (a/c) 14.1 29.9 95.4 254.1 83.6 -9.2 -13.8 5.5 200.6 15.6 

Passot et al. 2016 0.3 17.1 144.5 347.7 128.0 0.1 14.5 78.4 330.1 73.0 
Petitcollin et al. 2018 2.3 29.4 106.3 269.9 108.5 -2.0 -10.7 -0.5 77.6 16.4 

Xu et al. 2012 16.5 38.7 80.7 303.3 77.1 -8.3 3.5 54.3 303.3 50.1 
ζ: median symmetric accuracy; a: adults; a/c: adults/children; ADA: anti-drug antibody, ADA+: anti-drug antibody posi-
tive; m: month; pred: predicted; SSPB: symmetric signed percentage bias. Abbreviations for time intervals refer to descrip-
tions in the main manuscript. 

Table S3. ζ and SSPB values for model predictions with time-varying covariates for ADA negative patients. 

Model 
ζ [%] SSPB [%] 

MAP < 1 m 1 - 6 m > 6 m all pred MAP < 1 m 1 - 6 m > 6 m all pred 
Aubourg et al. 2015 9.2 20.9 32.2 54.7 27.8 -8.3 17.3 19.1 5.7 15.6 
Brandse et al. 2016 23.7 33.5 30.5 45.9 33.1 -23.7 -27.9 -26.3 -21.6 -22.6

Buurman et al. 2015 18.8 44.9 31.0 55.8 44.3 -1.6 43.4 15.2 19.3 26.7 
Edlund et al. 2017 (I) 6.2 27.3 26.5 54.2 31.0 -1.5 11.5 16.0 10.5 12.9 
Edlund et al. 2017 (II) 5.1 24.6 27.0 52.9 30.2 -1.9 12.0 14.4 10.3 11.9 
Edlund et al. 2017 (III) 4.5 23.2 25.3 52.5 28.6 -2.4 11.8 10.9 -1.8 10.4 
Fasanmade et al. 2009 16.1 25.1 24.1 47.7 26.0 -14.1 -3.6 0.6 -3.3 -2.5

Fasanmade et al. 2011 (a) 14.7 24.5 16.4 55.0 25.5 -14.4 -8.3 -2.5 -1.2 -5.1
Fasanmade et al. 2011 (a/c) 13.3 23.4 20.1 52.9 24.9 -12.9 -8.8 -1.4 0.2 -5.5

Passot et al. 2016 0.3 33.1 46.4 49.8 37.5 -0.2 27.1 41.0 16.6 26.4
Petitcollin et al. 2018 2.5 30.3 36.3 79.9 42.0 -2.5 -20.7 -16.5 -48.2 -22.0

Xu et al. 2012 18.0 25.2 16.6 57.3 26.8 -16.9 1.3 -5.4 -6.2 -3.9
ζ: median symmetric accuracy; a: adults; a/c: adults/children; ADA: anti-drug antibody; m: month; pred: predicted; SSPB: 
symmetric signed percentage bias. Abbreviations for time intervals refer to descriptions in the main manuscript. 
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Table S4. ζ and SSPB values for model predictions with time-varying covariates for ADA positive patients. 

Model 

ζ [%] SSPB [%] 

MAP 
before 
ADA+ 

1st time 
ADA+ 

or ≤ 1 m 

> 1 m
after

ADA+
all pred MAP 

before 
ADA+ 

1st time 
ADA+ 

or ≤ 1 m 

> 1 m
after

ADA+
all pred 

Aubourg et al. 2015 10.7 33.9 98.2 305.8 92.8 -5.2 32.8 85.2 305.8 79.7 
Brandse et al. 2016 18.4 52.5 288.9 231.2 156.7 -12.8 -21.0 -113.3 -141.0 -56.5

Buurman et al. 2015 43.1 88.9 156.3 137.9 130.6 22.3 70.0 128.7 103.1 103.6 
Edlund et al. 2017 (I) 10.6 40.6 72.1 309.9 82.2 -9.5 -7.5 30.1 309.9 51.7 
Edlund et al. 2017 (II) 6.8 23.9 114.6 156.0 86.5 0.4 7.8 9.4 142.9 22.4 
Edlund et al. 2017 (III) 5.2 24.9 109.8 129.5 71.2 -0.3 6.3 -14.4 11.4 6.4 
Fasanmade et al. 2009 15.1 28.9 197.0 188.7 93.9 -2.9 -3.8 -33.3 153.8 14.3

Fasanmade et al. 2011 (a) 15.8 30.0 114.2 125.6 77.0 -9.9 -15.3 -18.7 77.0 -1.1
Fasanmade et al. 2011 (a/c) 14.1 31.0 95.4 132.3 77.8 -9.2 -13.8 -11.2 79.0 -1.9

Passot et al. 2016 0.3 17.1 144.5 354.8 127.8 0.1 14.5 78.4 340.0 66.9 
Petitcollin et al. 2018 2.3 75.3 214.4 399.5 183.1 -2.0 -18.6 12.3 43.1 1.8 

Xu et al. 2012 16.5 38.1 98.8 161.0 86.7 -8.3 2.9 51.6 134.9 58.8 

ζ:  median symmetric accuracy; a: adults; a/c: adults/children; ADA: anti-drug antibody, ADA+: anti-drug antibody positive; m: month; pred: 
predicted; SSPB: symmetric signed percentage bias. Abbreviations for time intervals refer to descriptions in the main manuscript. 
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(a) (b) 

(c) (d) 

Figure S2. Model prediction accuracy (ζ, a and b) and bias (SSPB, c and d) for anti-drug antibody (ADA) negative patients 
over time. The left panel shows ζ and SSPB values for model predictions with fixed covariates determined at the time of 
the first measured serum infliximab concentration of each patient (CMAP), the right panel shows ζ and SSPB values for 
model predictions with time-varying covariates. “all pred” covers all predicted concentrations excluding CMAP. Numbers 
in parentheses refer to the number of observed concentrations in the respective time interval. (neg): ADA negative patients, 
pred: predictions; SSPB: symmetric signed percentage bias; ζ: median symmetric accuracy. 
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(a) (b) 

(c) (d) 

Figure S3. Model prediction accuracy (ζ, a and b) and bias (SSPB, c and d) for anti-drug antibody (ADA) positive patients 
over time. The left panel shows ζ and SSPB values for model predictions with fixed covariates determined at the time of 
the first measured serum infliximab concentration of each patient (CMAP), the right panel shows ζ and SSPB values for 
model predictions with time-varying covariates. “all pred” covers all predicted concentrations excluding CMAP. Numbers 
in parentheses refer to the number of observed concentrations in the respective time interval. (pos): ADA positive patients, 
pred: predictions; SSPB: symmetric signed percentage bias; ζ: median symmetric accuracy. 
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2.3 Prediction- and variability-corrected visual predictive checks (pvcVPCs) 
In this section, the pvcVPC for the population pharmacokinetic model by Petitcollin et al. 2018 is shown with au-

tomatic (full range) y-axis limits. 

Figure S4. Prediction- and variability-corrected visual predictive check (pvcVPC) of serum infliximab concentrations for 
the population pharmacokinetic model by Petitcollin et al. 2018. Prediction- and variability-corrected observed concentra-
tions are shown as black circles, observed median is depicted as black solid line, 5th and 95th data percentiles as black 
dashed lines. The model simulations (n=1000 replicates) are depicted as grey solid line (median) and blue dashed lines (5th 
and 95th percentiles). Colored areas represent the simulation-based 95% confidence intervals for the corresponding model-
predicted median (grey areas) and 5th and 95th percentiles (blue areas). Pvc: prediction- and variability-corrected. 
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