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Physiologically-Based Pharmacokinetic
Modeling for Drug Dosing in Pediatric Patients:
A Tutorial for a Pragmatic Approach in Clinical

Care

Joyce E. M. van der Heijden"* ®, Jolien J. M. Freriksen' © , Marika A. de Hoop-Sommen' ®,

Rick Greupink' ©® and Saskia N. de Wildt"*

It is well-accepted that off-label drug dosing recommendations for pediatric patients should be based on the best
available evidence. However, the available traditional evidence is often low. To bridge this gap, physiologically-based
pharmacokinetic (PBPK) modeling is a scientifically well-founded tool that can be used to enable model-informed
dosing (MID) recommendations in children in clinical practice. In this tutorial, we provide a pragmatic, PBPK-based
pediatric modeling workflow. For this approach to be successfully implemented in pediatric clinical practice, a
thorough understanding of the model assumptions and limitations is required. More importantly, careful evaluation
of an MID approach within the context of overall benefits and the potential risks is crucial. The tutorial is aimed to
help modelers, researchers, and clinicians, to effectively use PBPK simulations to support pediatric drug dosing.

Study highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

Ma pragmatic physiologically-based pharmacokinetic (PBPK)
modeling approach to predict pediatric pharmacokinetics has
been shown to be feasible, although a thorough understanding
of the model assumptions and limitations is required before
model-informed doses can be recommended for clinical use.
WHAT QUESTION DID THIS STUDY ADDRESS?

V] To describe the workflow for the best practice pragmatic
PBPK modeling approach in pediatrics to eventually establish
credible pediatric PBPK-based model-informed dosing (MID)

recommendations.

Lack of clinical safety and efficacy data still leads to off-label drug
prescribing in pediatric clinical care, despite the introduction of
legislative initiatives (i.c., Best Pharmaceuticals for Children Act
(BPCA), Pediatric Research Equity Act (PREA), and the EU
Pediatric Regulation).1 When age-appropriate dose recommenda-
tions are lacking, extrapolating pharmacokinetic (PK) data with
physiologically-based PK (PBPK) modeling may be a solution to fill
this information gap. PBPK modeling can reduce or replace clinical
PK studies, for example, in the context of the pediatric study decision
tree proposed by the US Food and Drug Administration (FDA).
Physiologically-based pharmacokinetic modeling is a mecha-
nistic approach to predict PKs in children based on drug-specific
information accumulated in adult populations and physiology

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

V] This tutorial addresses important considerations in the best
practice of re-using existing physiology and compound mod-
els to explore pediatric pharmacokinetic predictions, that is, a
pragmatic PBPK modeling approach.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

V] Pediatric MID recommendations can be implemented in
clinical care to support or improve current dosing recommen-
dations that are now only based on low levels of evidence.

information of children of specific age groups. PBPK models con-
sist of two distinguishable sets of data: physiology data and com-
pound data. In theory, both compound and population models can
be developed independently and can be linked, thereby re-using ex-
isting compound and population models. Hence, combining com-
pound models with different population models would allow us to
predict PKs of any drug in any population of interest, without the
need to develop either for each new application.

Today, PBPK models are routinely applied in drug discovery
and development, including first-in-human dose selection, man-
agement of clinical drug—drug interactions, and characterization
of a food effect on drug dissolution and absorption.3 The approach
has been increasingly used to support pediatric dosing for recently
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approved clrugs.4 As such, pediatric PBPK (p-PBPK) simulations
can go beyond the drug development process by informing off-
label use in pediatric clinical care. For example, PBPK simulation
results can help establish dosing recommendations or help increase
the level of confidence of existing recommendations for medicines
used to treat pediatric diseases.

Pediatric PBPK modeling studies have been published with
the aim to establish model-informed dosing (MID) recommen-
dations. Some studies only provide dosing recommendations for
the age ranges for which clinical PK data were available, whereas
frequently omitting the youngest age groups (e.g., (pre)term neo-
nates and/or infants up to 2 years). 8 Others extended their dos-
ing recommendations to younger age groups for which PK data are
lacl<ing.9_11 In both cases, the models must be sufficiently robust
and mechanistically well-parameterized to make informative pro-
spective predictions of PKs in these younger pediatric age groups.

Building a compound model for p-PBPK modeling purposes
from scratch can be time-consuming. However, for a large body of
compounds, model information or model files are available in the
public domain, for example, in peer reviewed journals, regulatory
review documents, and model repositories of PBPK software devel-
opers. Often, these models were developed to simulate PKs in adult
populations, and were rarely explored for their potential to guide
drug dosing in children. A less time-consuming PBPK modeling
approach in which pre-existing compound models are combined
with pediatric physiology models can be pragmatic and feasible to
predict PK and guide drug dosing in pediatric clinical care.!3

Rapid growth of PBPK to support drug development decisions
in the last decade resulted in active engagement of major regula-
tors to develop guidelines around the use of this technology. The
process is a work in progress. Currently available PBPK modeling
guidelines from the European Medicines Agency (EMA) and FDA
focus on the qualification of PBPK platforms and on the reporting
of PBPK modeling studies.'*1 Although describing the general
process of model verification and application in scenarios where
clinical data are available for model verification, these guidelines
lack details on the modeling process itself and on important con-
siderations that should be taken into account while conducting
simulations. For example, how to conduct model verification when
different sets of clinical data exist (e.g., data from diverse popula-
tions with differing underlying discases) or when clinical data are
sparse, is not further elaborated on in these guidelines. Besides
regulatory guidelines, “best practice” papers for p-PBPK model-
ing have been published, including a tutorial providing a detailed
description of full p-PBPK model development workflow.'® These
best practice papers generally focus on adult and pediatric model
development from scratch. Because compound models as well as
physiology models may already be available in literature or in da-
tabases, we here describe a “best practice” workflow when using p-
PBPK to inform pediatric dosing in clinical practice in a pragmatic
way, that is, taking these available models as a starting point.

THE PRAGMATIC PBPK MODELING APPROACH
A structured outline of a pragmatic PBPK modeling approach is
provided, which addresses important considerations when re-using

existing compound models to predict pediatric PKs (Figure 1).
The framework includes four steps: (1) background information,
(2) model requirements, (3) model verification, and (4) model ap-
plication. In the first step (“background information”), the mod-
eling objective, drug characteristics (such as the indications for use
and the consequences of suboptimal dosing), and available PBPK
models of the drug of interest are discussed. Next, the step “model
requirements” includes a description of the modeling platform,
as well as the physiology data and drug-dependent data. The step
“model verification” follows and describes the search for clinical
PK data required for assessment of model performance according
to a defined model verification workflow. Last, the step “model
application” details uses of the simulation results to support pe-
diatric dosing recommendations, considering the assumptions
regarding the model input parameters which may lead to uncer-
tainties in the modeling results.

0
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0 Modeling objective

0 Drug characteristics and its
context of use

O Existing PBPK models
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0 Drug-dependent model
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0 Model verification workflow
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Model application
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0 Dose-finding method
0 Practicality of the dose

Figure 1 Pragmatic PBPK modeling workflow. Visualized workflow
addressing the four main steps and their subtopics when applying
the pragmatic PBPK modeling approach. PBPK, physiologically-based
pharmacokinetic; PK, pharmacokinetic.
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BACKGROUND INFORMATION

Modeling objective

A specific clinical or scientific question and a corresponding spe-
cific modeling objective, often dictates a p-PBPK modeling study.
It is therefore imperative that clinicians are involved in the dis-
cussion how to approach the problem, already in the early stages
of the modeling process. Requirements and decisions that need
to be made during PBPK modeling are case-dependent. The level
of mechanistic model parameterization, the need to include ad-
ditional verification steps, and sensitivity analyses rely on the
modeling objective. In the context of off-label dosing in clinical
care, objectives for p-PBPK modeling can be: (1) to support or
refine a current dosing recommendation that is associated with a
low level of evidence from clinical studies,'” (2) to establish a dose
recommendation for a new indication and disease population or a
new age group (drug is already prescribed to pediatric patients for
another indication and disease population or another age group),
and (3) to establish a new pediatric dose recommendation (not yet
prescribed to pediatric patients).

Drug characteristics and its context of use

Information regarding physicochemical and PK properties, as well
as the context of its clinical use are crucial to conduct PBPK simu-
lations properly and to facilitate implementation of PBPK model-
ing results in clinical practice.

Intended indication(s). All indication(s) for which the drug is used
in the clinical setting should be summarized (both registered and
off-label). It is helpful because if there are no PK data available for
the indication of interest, PK data from another indication may be
used for model verification (see step Literature search for PK data).

Currentclinicaldosingguidelines.Currcntdosingrecommendations
in pediatrics can be found in, for example, the Summary of Product
Characteristics, national/regional pediatric formularies (if
available), or handbooks such as Lexicomp and IBM Micromedex.
For certain drug classes, specific dosing guidelines are available,
such as the World Health Organization (WHO) pediatric dosing
dashboard for antiretroviral drugss.18 Evidence used to support
dosing recommendations can differ substantially between sources,
potentially resulting in different dose recommendations among
the guidelines. One can evaluate the evidence base and line of
reasoning behind dosing recommendations to assess the strength
and usefulness.

Available formulations and route(s) of administration. Describe the
available formulations and, relevant route(s) of administration
of the drug of interest, both for adults and for pediatric patients,
and pinpoint the relevant route of administration in view of your
modeling objective. Note that age-specific formulations may be
available for the drug of interest, such as suspensions, chewable
tablets, or fast dissolving tablets.

Route(s) of elimination. Relevant elimination pathways and their
relative contribution to total elimination should be known in order

to evaluate whether the PBPK model is adequately parameterized
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for the population of interest. Hence, ideally, a mass balance
diagram of the drug disposition with the fractions metabolized
by specific enzymes and/or fraction eliminated by the kidneys is
available," preferably per age group. A word of caution is needed, as
elimination pathways and their relative contribution to clearance
(CL) may change throughout the pediatric age span, examples are
acctaminophen20 and caffeine,?! and hence extrapolation from
adults to children should take this into account.

Plasma exposure target/therapeutic window. Knowledge of the
drug- and population-specific (if available) therapeutic window or
a more specific plasma exposure target is essential for establishing
an MID. An example of a measure which relates plasma exposure
to pharmacodynamics (PDs) is the “% time above the minimum
inhibitory concentration (MIC)” which is used as surrogate
therapy goal of several antibiotics.”> To relate PK exposures to
an effective dose, these conditions are essential. In this step, the
information gap regarding the drug’s therapeutic window or a
specific PD-related plasma target level should be reported. In
that case, the MID can often be established assuming exposure
matching (step 4). When no exposure can be related to an effective
dose (.., when no exposure matching is possible), one may
consider other approaches to support dosing recommendations,
such as PD models which do not require any drug concentrations
(i.e., so called kinetic-PK modcls).23

Risk of suboptimal exposure. For final model evaluation and
application (steps 3 and 4), it is essential to recognize the
potential risks and consequences of under- and overdosing of
the drug. In addition, it should be evaluated whether these risks
and consequences differ between age groups and this should be
weighed against the level of certainty in an MID. In case of, for
instance, a narrow therapeutic window and severe side effects, it is
essential to have stronger confidence in the accuracy of the PBPK
modeling output.

Existing PBPK models

Existing physiology and compound models can generally be ob-
tained from three distinct sources. Both types of models can be
readily available in dedicated modeling software, in a model repos-
itory, or published in peer reviewed literature. Many high-quality
compound models, but also lower quality compound models, have
been built and published, using both commercial and open source
PBPK software platforms. Models readily available in the soft-
ware, for example, as available in Simcyp (Certara UK Limited,
Simcyp Division, Sheffield, UK) are considered as high quality for
specific modeling purposes as these are most often used, verified,
and updated if necessary. Nevertheless, in our pragmatic approach,
we always assess whether the compound model is fit-for-purpose
to predict PKs in the pediatric population, specifically. For ex-
ample, the compound model might have been developed to serve
as a so called “perpetrator drug model,” enabling the simulation
of potential drug-drug interactions (DDIs). This allows a rather
simple mechanistic parameterization of the elimination processes
(i.e., total body CL instead of enzyme-specific CL), which makes
it unsuitable to predict PKs in pediatric subjects. Models from
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a repository or from scientific literature (e.g., obtained upon re-
quest from the corresponding authors) may also still be easily up-
loaded in the software, although sufficient quality of the model is
not always ensured for the same reason as described above. If no
compound or physiology models are available, rebuilding a model
based on reported input parameters provided in scientific liter-
ature is a third option, but this can be challenging as parameter
values might be incomplete or reported in an ambiguous manner.
Consequently, this might be time-consuming and may impede
one’s ability to properly copy parameters from published models.
If no compound model is available for the intended modeling soft-
ware, but for another software, it is important to note that com-
pound data are not always directly interchangeable. For example,
similar CL processes are available in software tools like Simcyp
and PK-Sim, varying from specific intrinsic CL values for metab-
olizing enzymes to total organ or plasma CLs.24% Yet, depending
on the type of data used, for instance, experimental iz vitro data,
this is linked to the iz vitro-in vivo extrapolation procedure that
is used by the software, that is, it is a very specific aspect which

should be handled with care.

MODEL REQUIREMENTS

Modeling platform

Many software tools are available to conduct PBPK model-
ing: general-purpose modeling tools, such as R, MATLAB, and
Berkeley Madonna, but also dedicated user-friendly PBPK soft-
ware platforms, such as GastroPlus (www.simulations-plus.com),
PK-Sim (www.open-systems-pharmacology.org), and Simcyp
(www.simeyp.com). The PBPK modeling platform should be
qualified for the intended purpose and the extent of qualification
required depends on the clinical impact of the modeling.l4’26 As
the aim of the studies targeted in this paper is to conduct PBPK
model simulations to establish MID for pediatric patients in clin-
ical care, it is necessary to use a robust and well-qualified PBPK
modeling software platform. This tutorial will further focus on
the use of dedicated PBPK modeling platforms. To note, these
software tools are updated regularly which can include new data
or tools. A compound model developed with an earlier software
version might not be reproducible in a later version due to these
adjustments. Therefore, if simulations are performed with a later
software version than the version in which the compound model
was developed, one should verify if it is still performing well.

Physiology data

Dedicated PBPK modeling platforms provide a number of pre-
parameterized physiology population models, such as a healthy
volunteer, pediatric, pregnant, and a renally/hepatic impaired
population. Most of these models are considered qualified, as they
have often been tested and used by a large number of users.”” This
is an important feature enabling broad and routine use of PBPK
by drug developers and regulators. Availability of a healthy adule
physiology population model is always required, regardless of the
modeling objective, because healthy adult model verification needs
to be performed before continuing to pediatrics to avoid that com-
pound models with poor predictive performance in adults would

impact subsequent predictions in pediatric populations. 8

Next, depending on the modeling objective, a pediatric and/or
a (pre)term neonate population model is required. Pediatric phys-
iology models incorporate age-related changes in, for example,
organ blood flows, organ volumes, plasma protein concentrations,
and drug metabolism capacity, and, increasingly, drug transporter
expression. A recent review describes the current status of p-PBPK
models and the developmental changes in physiological parame-
ters.” Qualification of these physiology models should be fit-for-
purpose for specific applications, meanwhile be continuous as new
knowledge becomes available, and the effort is anticipated to be
non-trivial. Therefore, dedicated platforms are advantageous for
effective and efficient use of p-PBPK in clinical practice. Because
our knowledge on pediatric physiology continues to evolve, one
should always be cognitive to uncertainty regarding certain physi-
ological parameters and present alternative solutions (e.g., through
sensitivity analyses) to support decisions. One should also realize
that characteristics of the virtual pediatric populations available in
different PBPK software platforms may differ, which will have con-
sequences for model output, for example, the impact of variation in
parameterization of pediatric population models on PKs has been
investigated for tramadol.”’ The authors show that minor physio-
logical differences (c.g., fraction unbound in blood, liver weight,
and enzyme abundance) between the virtual populations resulted
in different predictions of tramadol CL, indicating the relevance of
conducting sensitivity analyses in case of uncertainty with regard
to physiological parameters.

To predict PKs in pediatrics accurately, it is essential that ontog-
eny profiles of relevant metabolizing enzymes, for example, cyto-
chrome P450 (CYP) enzymes or uridine 5’-diphospho-glucurono
syltransferases (UGT), and drug transporters, for example, organic
anion transporters (OAT) or P-glycoprotein (P-gp), relevant for
PKs of adrugofinterest are incorporated adequately in the models.
Ontogeny profiles of drug metabolizing enzymes and transporters
have been outlined pl‘evi01151y.27‘30 Ontogeny functions can be
based on 7 vitro or in vivo data, or combinations thereof, and can
differ depending on the approach used.* Upreti ez al®' showed
that PK predictions were more accurate when based on ontogeny
functions derived from iz vivo data compared with when iz vitro
data were used. It is important to assess if and how ontogeny of
the relevant enzyme(s)/transporter(s) involved in the disposition
of the drug of interest are incorporated in the model. Once again,
for distinct enzymes or transporters, ontogeny profiles are already
provided in several dedicated PBPK platforms, and users have
flexibility to re-parameterize ontogeny profiles in situations when
there is no consensus on a specific ontogeny profile, or when the
user is aware of significant differences among specific platforms. As
mentioned earlier, the current best practice is to perform simula-
tions reflecting available options to reveal which one captures clini-
cal PK better and hence considered most realistic.>? Still, ontogeny
profiles of many transporters are not yet defined, which results in
aknowledge gap, for example, in predicting renal tubular secretion
or tubular re-absorption in young children.

When PKs are simulated for renally cleared drugs, is it import-
ant that the renal function is defined in the pediatric and preterm
populations. Although renal transporters can have substantial im-
pact on PKs, in most models, renal function largely depends on the
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glomerular filtration rate (GFR). The most commonly used marker
to estimate GFR is serum creatinine and several equations have
been developed for calculating GFR based on serum creatinine
and patient characteristics (e.g., age, body height, and weight).33_4o
Equations used to define GFR maturation in pediatrics and (pre)
term neonates differ between PBPK modeling platforms. If emerg-
ing data warrant an alteration of the GFR calculation in the mod-
eling platforms, this can be done manually. For example, recently,
an individual patient data meta-analysis provided data to support a
new equation for serum creatinine-based GFR estimations for term

neonates.

Drug-dependent model parameters

For our pragmatic approach to be successful, fit-for-purpose com-
pound models are needed. Recently, a tutorial has been published
describing the best practice approach for compound model devel-
opment in Simcyp.” It is important to assess model parameter-
ization critically, especially when a compound model is obtained
from a repository or literature. One needs to check if all input pa-
rameters, required to run a simulation, are mentioned in the pub-
lished PBPK study. Although parameters are software-dependent,
a general consideration is described below.

Each software platform requires physicochemical and blood
binding properties. Examples of physicochemical parameters are
molecular weight, lipophilicity, acid dissociation constant, blood-
to-plasma partition ratio, fraction unbound, main plasma binding
protein, and solubility of the compound. These parameters form
the basis of the compound model and are ideally obtained from ex-
pcriments,24 although also 77 silico derived values can be used in the
case of absence of experimental data. The latter is very common in
carly drug research and development, but it usually is not the case
in view of the clinical application that this tutorial addresses, where
measured data are usually available for parametrization.

If PKs are predicted upon oral administration, adequate in-
corporation of parameters describing its absorption is essential.
Depending on the type of drug a simpler or more complex ab-
sorption model can be selected in most dedicated platforms. For
example, first-order absorption model (empirical) and Advanced
Dissolution Absorption Model (fully mechanistic) are available in
Simcyp software. In terms of a pragmatic approach, particularly
when drugs are only administered parenterally and also do not
enter in enterohepatic circulation, empirical parameterization of
oral absorption in available compound models may be adequate.

In terms of distribution, ideally, a multicompartmental model-
ing structure — with each organ and tissue represented separately
— should be selected to reflect age-specific physiological changes
on an organ level. But again, simpler distribution models can be
acceptable for molecules exhibiting very small volumes of distribu-
tion, for example, for molecules remaining largely in the systemic
circulation. The empirical parameterization of volume of distribu-
tion (7)) is available in the major dedicated platforms. Methods to
predict tissue partition coefficients are developed by, for example,
Berezhkovskiy,42 Rodgers and Rowland,43 Poulin and Theil,44 and
Schmitt,45 to allow the use of the so-called full-PBPK distribution
model. The applied prediction method should be appropriate for
the drug of interest. For clinical MID purposes, describing drug

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2023

distribution using prediction methods alone may not be sufficient.
In compound models, it is therefore very common to calibrate ini-
tial predictions to clinical data (i.c., a middle-out approach). When
using existing compound models, one should be aware whether
such an approach has been taken.

As for CL, accurate mechanistic parameterization of drug elim-
ination is essential to accurately predict PKs in pediatrics. Ideally,
all elimination pathways and their relative contribution for a drug
molecule should have been quantitatively determined prior to the
approval of the drug (also see Drug characteristics). In case metabo-
lizing enzymes, for example, CYP and UGT enzymes, are involved,
compound models generally include intrinsic CL values (assuming
linearity of CL across concentrations) or Michaelis~Menten ki-
netics (capturing saturation or nonlinearity) to describe the rate of
metabolism. One should confirm whether the parameters are spec-
ified per contributing enzyme, in order to connect with the ontog-
eny profile within the physiology model. The same applies to drug
transporters. When taking a pragmatic modeling approach based
on existing compound models, one should be aware that authors
sometimes may have chosen to generalize a smaller or larger part
of CL and not to attribute it to specific CL routes or mechanisms
when not all relevant elimination pathways are identified and/or
quantified. For their purpose, this may have been an acceptable as-
sumption, but this is not necessarily the case for p-PBPK modeling
that aims to establish clinical dosing. Note that nonspecific CL is
often scaled allometrically or not at all, that is, assuming that there
is no ontogeny in metabolizing enzymes, transporters, or changes
in organ blood flow. This may lead to suboptimal model perfor-
mance for MID.

In case a compound model is rebuilt based on published data,
the sources of the input data should be assessed to examine the
reliability (e.g., a trustworthy source is used), the accuracy (e.g.,
possible typing error) and the evidence (e.g., if it is an 7 silico, in
vitro, ex vivo, or in vivo derived value). For example, PubChem*
and DrugBank47 are reliable web tools for physicochemical prop-
erties, whereas absorption, distribution, metabolism, and excretion
(ADME) properties are often provided in published articles, such
as intrinsic CL values for specific metabolizing enzymes, which
ideally support each other’s findings. Additionally, if published
PK data were used for model building or refining, for example,
when calibrating V,as mentioned earlier, these studies should not
be used for model verification (see below Model verification). It is
valuable to compare the clinical study from which data were used
for model parameterization, with those observed in other clini-
cal studies. If the clinical data used, deviates from data reported
in other studies, the parameter value that was derived from this
specific study might not be generalizable and the cause should be
documented (e.g., used parameter value is influenced by disease
state). Preferably, parameter estimation methods should have been
provided in a supplementary file to paper/compound model. In
case input parameters are missing, these could be acquired either
by contacting the author, via papers the authors refer to, or by con-
ducting a literature search for other supporting data.

In summary, one should understand how a compound model was
built and which a priori assumptions were made, before applying it
for pediatric simulations. Although reviewing the parametrizations
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requires some due diligence, it still is much less laborious compared
with building compound models from scratch, particularly when
considering the many well-defined and described models that are
out there.

MODEL VERIFICATION

Before a PBPK model can be applied for prospective predictions
of PKs and to guide dosing, the model needs to be verified to as-
sess whether it is fit—for—purposc,48 To describe the qualification of
PBPK models, various terminology has been used, that is, verifica-
tion vs. validation.*’ Here, verification describes the process of de-
termining model performance, that is, the accuracy of the model
to predict observed data. Similar to qualification of a physiology
model, continuous updating of compound models that describe
the drug-specific aspects to PBPK modeling, is an important
feature for a mechanistic model like PBPK. For example, if new
information becomes available, such as transporter abundance or
enzyme ontogeny, ideally, physiology models are updated to re-
flect the latest state of knowledge. Thus, the model verification
steps described below not only serve the purpose of determining
the performance of the compound model selected in step 2, but
also provides a learning opportunity to improve both compound

and physiology models for effective applications (step 4).

Literature search for PK data

Clinical PK data are required to verify the model. Literature data-
bases (such as PubMed and Embase) should be searched for adule
and pediatric PK data. Two proposed search queries for PubMed
are included in the Supplementary Materials. Preferably, multi-
ple (= 3) PK studies should be included for model verification per
age group and per route of administration (and single and mul-
tiple dose studies), if available. To note, studies which should be
excluded for model verification are DDI studies where the drug of
interest is administered concurrently with a perpetrator drug with
which it interacts. In addition, the health status (e.g., underlying
disease) of the studied population is preferably in accordance with
the status of the population of interest to exclude an impact of dis-
case on PK. If only PK data are available for other indications/
diseased populations, one should note the underlying assumptions
on the discase related PK difference (see paragraph Pediatric and
preterm model verification, scenario 2).

Study design characteristics should be extracted, including the
number of subjects, health status/underlying disease, age range
(postnatal age with gestational age in case of neonates), propor-
tion of women, co-medication, administered dose and route of
administration (including intravenous infusion duration, dosing
interval if administered more than once, and the prandial state in
case of oral administration), and the study duration. Ensuring that
the demographic characteristics of your virtual population match
as closely as possible with the reported population will result in
meaningful interpretation of simulated mean PK parameters as
well as corresponding Variabiiity.so Although, in case large interin-
dividual variability in PKs is observed iz vivo, and PK studies are
abundantly available, one can include more PK studies to appraise
the extent of the variability in PK data. An example is propofol,
where a large variability is seen in the estimation of CL and 7/ in
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adults.>! Of note, the extent of variability observed in children
should not deviate from the extent observed in adults.

Model verification workflow

We described a pragmatic workflow for pediatric PBPK model
verification before, applying it to several cirugs.13 In this approach,
a PBPK model is first verified with an adult population to demon-
strate adequate predictive performance when predicting PKs in
adults before integrating age-related physiological changes to
predict PK in pediatrics and subsequently, if relevant, in preterm
neonates. Below we describe relevant steps in more detail and we
outline how the approach can be applied in three scenarios of de-
creasing clinical data availability for model verification.

Conducting a virtual verification simulation. Required input
information for the population and compound models is described
in the section Physiology data and Drug-dependent model
parameters. Next, a virtual study should be designed to conduct
a simulation. Generally, simulations comprising 100 virtual
subjects per simulation are considered useful to obtain a notion
of model performance. Yet, in some cases, it might be necessary to
simulate larger virtual populations, for instance, if the pediatric
age range is very wide. To run a virtual trial resembling the clinical
PK study, the study characteristics need to match as closely as
possible. This includes the age range (including the gestational age
when a preterm population is simulated) and the gender ratio of
the population as well as the dose (as mg, mg/kg, or mg/mz), route
of administration, number of doses, dose interval (if applicable),
prandial state, and study duration. With respect to the route of
administration, the intravenous (iv.) and oral (p.o.) routes can
generally be selected in all PBPK modeling platforms.

Adult model verification. Model performance should first
be evaluated upon iv. administration before continuing to
oral administration as i.v. simulations allow us to visualize
distribution and CL processes in the model independent
from drug absorption and first-pass metabolism.”> Next, if
PK data are available and if the scenario is clinically relevant,
simulations upon both single and multiple administrations
should be performed to evaluate the ability of the model to
predict PKs upon multidose administration (e.g., steady-state)
as well. Aside from the fact that many drugs are dosed up to
steady-state, and one needs a way to verify model performance
for predicting it, including multidose simulations, is especially
important for drugs with auto-induction or auto-inhibition of
metabolism, such as cai‘bamazepinc.53 Such situations put more
demands on the mechanistic parameterization of the compound
model, which needs to be verified for multiple dosing scenarios.
Additionally, PK studies should, together, cover a broad dosing
range to ensure that the model can predict PK for both low
as well as high dosing strategies (i.e., assess dose nonlinearity,
e.g., to enzyme saturation). If a high number of PK studies
are available, preferably all available data should be used, but
studies with the highest number of study subjects and studies
reporting both plasma concentration-time data and multiple PK
parameters should be prioritized. If a complete sense of model
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verification can be acquired with these PK studies, inclusion of
more studies may not be necessary.

Pediatric and preterm model verification. Pediatric clinical PK
data, especially for term and preterm neonates, are less abundant
compared with adult data. Hence, model performance cannot
always be evaluated for the specific pediatric age range and
indication of interest. However, if high confidence in model
performance is established for children of a different age range or
for another indication, if the model is mechanistically adequately
parameterized and PK can be assumed with confidence to be
similar among indications (e.g., negligible effect of the disease of
the new indication on drug absorption and disposition) then the
model may still be regarded as “fit-for-purpose.” At this point, the
available p-PBPK model can be considered the best there is to make
an educated estimation of expected exposure, in the face of absence
of any clinical data. Particularly when the p-PBPK model was
shown to simulate adequate exposures in that specific age group
for another drug with comparable disposition characteristics (e.g.,
metabolic CL route, 7, and protein binding). Figure 2, shows 3
scenarios of clinical data availability (i.e., PK data available, PK
data available for a different age group or indication/disease state,
and limited to no PK data available) with their corresponding
assumptions and uncertainties that need to be considered.

Scenario 1: In case PK data are available for the age group and
indication of interest, model verification should be conducted
against the available clinical data. Note that the current pediatric
population models used in dedicated PBPK modeling platforms
generally represent healthy children, whereas PK data used for
verification obtained in clinical studies are derived from diseased
children. Hence, within this scenario we need to make assumptions
to what extent disease state may affect PKs. The model verifica-
tion workflow remains the same for any situation, that is, model
verification will be performed against the available clinical data.
But of course, the interpretation should be different. When no
disease effect on PKs is assumed, one can simulate untested dos-
ing scenarios and interpret the MID with high confidence. Yet,
when one is aware that disease has an effect on PKs, and predic-
tions are not in line with the observed, effects of the condition on
PKs and the implications for dosing should be discussed critically
(this applies to the following two scenarios as well). An example
in which the disease state can substantially alter PKs of a drug is
that the distribution of a drug may be increased in burn patients.54
Moreover, potential treatments may also affect PKs, for example,
therapeutically induced hypothcrmia,55 or extracorporeal mem-
brane oxygenation.

Scenario 2: In case PK data are only available for a different
age range and/or indication and disease state, model verification
should be conducted with those available clinical data. Firstly,
when PK data are available for another pediatric age group, PBPK
model performance is verified for that age group. Using this model
to subsequently predict PKs in other age groups requires a mech-
anistically well-parameterized compound model (i.c., well-defined
drug climination pathways) as this will increase the confidence
in the PK predictions for the age group for which no PK data are
available. Second, when PK data are available from a population

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2023

with another indication and/or disease state, a thorough under-
standing of the potential effect of the disease state on PKs is re-
quired before untested dosing scenarios can be simulated.

Scenario 3: In case limited or no PK data are available, it is
more difficult if not impossible to verify the model for the drug
and population of interest. Again, assumptions in the first and
second scenario apply here as well. Yet, here in the absence of
data from the drug of interest, model performance can be veri-
fied using PKs from a comparable drug, that is a drug with sim-
ilar ADME properties. For example, when the goal is to simulate
PKs of a CYP3A4 substrate, that exhibits 90% binding to plasma
albumin, has no renal CL and for which no clinical verification
data are available, then a different drug with similar characteristics
for which the clinical PK data are available needs to be simulated
and verified against available clinical data of this drug. Including
a minimum of two comparable drugs is suggcsted.14 In the case of
adequate performance, confidence in model performance for the
drug of interest also increases as it is demonstrated that for drugs
with a similar disposition pathway the model works. Because it
may be difficult to select comparable drugs with a 100% match
in disposition characteristics, it is crucial to document these small
differences between drug characteristics in order to evaluate how
this may affect confidence in model performance for the drug of
interest. One example is, in cases where multiple CYPs contribute
to CL, two comparable drugs may qualitatively make use of the
same CYPs for CL, but they may exhibit a different quantitative
contribution of these elimination pathways to overall CL. This is
a likely scenario, as for most drugs, several elimination pathways
contribute to total CL to different extents (c.g., renal CL, biliary
CL, and/or metabolism via multiple enzymes).57 Thus, a discus-
sion on how relevant these differences are in terms of building
confidence for PBPK predictions for the drug of interest needs to
be part of the verification procedure. If the overall trust in model
performance is insufficient, for example, when comparable drugs
are not simulated accurately, the proposed pragmatic modeling ap-
proach cannot be applied before additional relevant clinical data
are available.

Assessment of model performance
There is no general consensus yet on criteria to accept model per-
formance. Many argue that the criteria should be set on a case-
by-case basis, as it is dependent on the intended use, therapeutic
area, and potential safety and efficacy issues.”® Moreover, import-
ant to note is that in pediatrics the response to drugs may show
(unidentified) age-related variation, potentially resulting in a dif-
ferent therapeutic window compared with adules.” Dependent
on the therapeutic window in adults (wide or small) and the con-
sequences of over- or underdosing, criteria for model-acceptance
could be adjusted. This, however, is not yet generally applied.
Still, there are two major approaches that are currently often
used to assess model performance, that is, by means of a visual
predictive check (VPC) of the agreement of the observed vs. the
predicted plasma concentration-time curve and by calculating
predicted-to-observed PK parameter ratios. Multiple options have
been described on how to quantitatively determine if a VPC and a
PK parameter ratio are acceptable.
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Pediatric clinical data availability =»

Scenario 1
PK data for the pediatric age range

Scenario 2

PK data for other pediatric age ranges

Scenario 3

Limited or no PK data for pediatrics

and disease state available or other disease state available available
\]/ PK data in adults \]/ PK data in adults PK data in PK data in
adults adults for
\l/ \l/ comparable
drug
\I/ PK data in pediatrics PK data in PK data in PK data in
\l/ other \l/ other pediatrics for
PK data in preterm neonates pediatric disease state comparable
\]/ age ranges drug

N

- The virtual population is
comparable to the population
studied in vivo (i.e., disease effect
similar)

- If disease effect is expected to
cause altered PK, effects of the
condition and the implications for
dosing should be discussed

N

N

Corresponding modeling assumptions

- Contribution of elimination
pathways is predicted accurately

- Maturation/ontogeny of involved
ADME processes are well-
characterized in the model, i.e.,
enzyme/transporter ontogeny

- Different disease state/ethnicity
has no effect on PK

N

N

- Model evaluation with ADME

comparable drugs, assumption that:

= Enough confidence is established
with the comparable drugs

= Remaining differences in ADME
characteristics have no
considerable impact on PK (e.g.,
additional minor elimination
pathway)

N

Perform dosing scenarios with PBPK models to establish model-informed dosing recommendations

N2

Low impact MID

NG

Moderate impact MID

N

High impact MID

Figure 2 The PBPK model verification workflow, per clinical data availability scenario with their corresponding assumptions and uncertainties
that need to be considered when applying the model to establish MID. In the lower part of the figure, the level of impact of modeling on clinical
decision-making is indicated for the different scenarios. ADME, absorption, distribution, metabolism and excretion; MID, model-informed dose;
PKs, pharmacokinetic(s).

Visual predictive check. The VPC is a qualitative measure to  data. Both observed individual values as well as study means

evaluate model performance, by comparing the shape of the  with corresponding interindividual variability are often used,

predicted plasma concentration-time curve with the observed  given the dependency on how the clinical data for comparison
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were reported. As common in other fields of PKs, both linear
and semilogarithmic plots should be presented to visualize
the different phases of drug disposition clearly. A linear plot
is helpful to visualize maximum plasma concentration (C__ )
and area under the curve (AUC), whereas a semilogarithmic
plot is helpful to visualize the terminal half-life more clearly. In
addition to qualitative assessment, it is highly recommended to
some extent quantitatively to assess VPCs as well. One method
is to calculate the percentage of observed individual plasma
concentration measurements which fall within the predicted
range of possible concentrations, yet this measure is most
convenient when observed individual plasma concentration-
time values are provided. Other measures which can be used to
quantify the VPC are the prediction error (PE),GO the average
fold error (AFE), the root mean squared error (RMSE), the
absolute average fold error (AAFE), or the more recently
proposed normalized prediction distribution error.® It is
optional to include both a measure for model bias (e.g., PE or
AFE) and one for precision (c.g., RMSE or AAFE) to determine
model accuracy. Again, no strict guidelines are available yet
that describe which method to use and when to consider model
performance as acceptable.

Predicted-to-observed PK parameter ratios. A PK parameter, such
as Vy or CL, is accurately predicted if the predicted parameter
falls within a predefined acceptance range of the observed value.
There remains a lack of consistency in literature with regard to
what range to use as generally acceptable.so The most commonly
applied criterion is the twofold acceptance range (predicted/
observed ratio between 0.5 and 2). A wider acceptance range can
be considered for drugs characterized by a high interindividual
variability in PKs. Although, it is an ongoing debate if this
criterion is strict enough for drugs with low clinical variability,
as known from highly powered clinical studies and for drugs
with a small therapeutic window.% Therefore, more stringent
ranges are considered, such as the 1.5-fold and the 1.25-fold (the
bioequivalence) ranges. Templeton and colleagues63 considered
the 1.5-fold to be adequate, although they argue that, due to large
clinical variability, a larger margin is more appropriate when
prcdicting PKs in neonates.

In addition, other predefined criteria have been developed which
can be considered. For example, the 99.998% confidence interval
criterion which takes the sample size and coefficient of variation
into account.®? Or, for example, the Guest criterion for the assess-
ment of simulated DDIs.%®

MODEL APPLICATION

When there is sufficient confidence in the model to accurately
predict pediatric PKs, the model can be applied to prospectively
address the question of interest (sce Modeling objective). Untested
dosing scenarios can be simulated to evaluate what the most op-
timal and practical dose should be. Three key aspects have to be
taken into consideration: the required exposure margin to ensure
an effective and safe dose (i.c., the therapeutic window), differ-
ences in studied populations that may affect model assumption,
and the practicality of the proposed dosing strategy.
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When establishingan MID, it is essential to know which plasma
concentrations are effective and safe. For some drugs, it is aimed to
reach a certain exposure target (e.g., trough plasma concentration
(Ctmugh) below x or AUC/MIC above y) or to maintain within a
therapeutic window to guide dosing. A second option is conduct-
ing exposure matching, based on data from another population.

We elaborate on these two scenarios below.

Therapeutic window and exposure target is available

As previously mentioned, a known exposure target allows us to
link plasma (or tissue) exposure with a desired clinical effect. For
some drugs, a certain Cmmg11 orC_ level might be related to effi-
cacy or safety (i.e., therapeutic window), whereas other drugs may
have a specific exposure-response relationship, such as an AUC/
MIC. Data from toxicity studies and/or case reports can be help-
ful to determine the highest exposure level that may still be con-
sidered safe. Virtual clinical trials with untested dosing scenarios
can be performed to evaluate which dosing strategy provides the
most optimal exposure. Currently, available dosing recommenda-
tions should be tested first to confirm if existing recommendations
result in accurate exposure. P-PBPK applied in this way provides
an additional digital piece of evidence to confirm current dosing
recommendation. If simulations demonstrate that exposure can
be improved by adjusting the dose, dosing interval, or perhaps the
route of administration, this should then be discussed with clini-
cians to potentially update the current recommendation. Granted
that no dosing recommendation is available yet for the specific age
range or indication, dosing strategies for other ages or indications
can be simulated first to subsequently adjust the dosing strategy
based on exposure matching (sce point Pediatric and preterm
model verification).

Ideally, a therapeutic window and exposure target is known for
the intended pediatric age range as extrapolating a PK/PD rela-
tionship from adults to children is often assumed from a practi-
cal standpoint, although required exposure in children may differ
from that in adults due to differences in pathophysiology, disease
manifestation, and disease progression, as well as differences in re-
sponse to intervention.éé’67 In those cases, potential concerns re-
garding the assumptions should be mentioned and evaluated. Note
that an exposure target for another indication might not be suit-
able for the indication of interest, especially if the mechanism of
action between indications is different. Extrapolating exposure tar-
gets for efficacy from other indications is hence not recommended,
unless other evidence suggests it is suitable, for example, preclinical
studies. Yet, a therapeutic window for another indication can be
useful, for example, by applying the known maximum safe concen-
tration of the drug to the scenario of interest (assuming that the
discase state does not affect risk or severity of toxicity). Modeling
results should be presented as plasma-concentration time profiles
with the PK target indicated.

Exposure matching in absence of defined therapeutic
window

If there is no PK target and no therapeutic window to aim for,
the MID can be established based on exposure matching, that is,
aim for drug exposure in the population of interest to be equal to
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exposure in a population for which exposure is considered effec-
tive and safe. In case of exposure matching based on AUC, ensure
that peak exposure is considered safe and adjust the dosing strat-
egy if needed (lower doses with shorter dosing intervals). This ap-
proach assumes a similar exposure-response relationship between
the populations.

When the established MID is different from the current dosing
recommendation, clinical experts should evaluate the proposed
dose, taking into account PBPK model credibility, while consid-
ering other available data and balancing the benefits with the po-
tential risks. A standardized framework for clinicians is needed to
guide clinical implementation of an MID informed by PBPK. A
framework to implement dosing based on population-PK analysis

has been proposed previously and can be used as a starting point,68

CONCLUSION

Physiologically-based pharmacokinetic modeling is an attractive
tool to establish MID for pediatric clinical care. Contemporary
pediatric physiology models are scientifically well-founded and are
continuously improved to better quantify developmental changes.
PBPK model predictions increase our knowledge with respect to
drug PKs and may guide dosing in an ethically acceptable man-
ner, which is less costly, less time-consuming, and arguably more
informative compared with conducting pediatric clinical trials.
Pragmatic PBPK modeling has come into reach because of the in-
creasing number of established compound and population mod-
els. This tutorial provides a structured overview of important
considerations when conducting pragmatic PBPK modeling stud-
ies and provide a path toward implementing PBPK-based MID in
pediatric clinical care. Key points of attention at every step of the
modeling process were discussed. We hope this enables modelers,
researchers, and clinicians to understand and more widely utilize
PBPK modeling for pediatric drug dosing.

We highlighted several key aspects of pragmatic PBPK model-
ing. Assumptions are often being made during initial model param-
eterization and the user might not be aware of this. In addition,
there is currently no consensus on when to consider model perfor-
mance acceptable, let alone a consensus on the (quantitative) level
of confidence needed for model extrapolation. Furthermore, the
model-informed dose is generally established based on simulations
of healthy pediatric virtual population, whereas the condition of
the real-world patients (c.g., disease or treatment) may ask for an
adjusted dose. Additionally, to use this approach to the fullest,
published PBPK models should follow an open-science practice
with models accessible (e.g., through online repositories) for re-
searchers and healthcare providers to evaluate and apply.

Conducting pragmatic PBPK modeling using this tutorial is the
first step toward implementation of an MID in dosing guidelines.
Review of the suggested dose in the context of safety and efficacy,
by expert PBPK modelers, pharmacologists, physicians, and reg-
ulatory experts, is subsequently needed. We suggest that for each
MID areport coveringall the elements of this tutorial (background
information, model requirements, model verification, and model
application), is created and be available for use in multidisciplinary
working groups. We also suggest that after implementation of a
PBPK-based MID, re-evaluation of the MID should be performed
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regularly once new clinical data or new data on the underlying
ADME processes that impact PKs, emerges.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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