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General introduction



While in adult patients clinical trials have long been considered mandatory in order to
ensure safe and efficacious drug treatment, they have long been thought unethical in paediatric
patients 1. Additionally, paediatric drug evaluation has often been neglected due to the
diversity of challenges in performing pharmacological studies in paediatrics. These challenges
include practical, ethical and economical concerns as well as challenges stemming from the
major physiological changes taking place over the life spam of children 2. This has led to the
observed high paediatric unlicensed and off-label prescription rate, the latter being largely due
to a lack of information on the recommended dosage 3. Unlicensed drug prescription is the
prescription of a drug that does not have a license, as for instance modified formulations,
extemporaneous preparations or imported medicines. Off-label prescription is a prescription
made outside the terms indicated in the product license, as for instance off-label use with

regard to dose, age group, route of administration, or different indication 3.

To date there is agreement that off-label and unlicensed use of drugs is itself a
suboptimal and at times potentially unethical situation that must be addressed 2. In face of the
urgent need to ensure safe and efficacious drug dosing in children for new drugs, but also
currently available drugs, efforts have focussed on the advancement of dedicated paediatric

clinical trials for each of these drugs across the paediatric age range.

Paediatric clinical trials enable the estimation of changes in clearance across the
paediatric population, a key parameter for safe and efficacious paediatric dose tailoring.
Characterizing clearance in paediatrics is challenging because this parameter varies across the
paediatric population due to ontogenic processes and because few samples per patients and
few patients per age group are available. Model-based approaches such as population
modelling are necessary to overcome these challenges and enable the characterization of
clearance ontogeny "®. In addition, tremendous efforts have been made to accurately predict
clearance ontogeny in children in order to derive individualized paediatric dosing regimen
based on adult data and to integrate and maximize information throughout paediatric drug
development, for which physiologically-based pharmacokinetic modelling (PBPK)
approaches have been instrumental ®*2. Such modelling and scaling methods are essential to
overcome the problems related to the data analysis of underpowered studies and/or the lack of
clinical data. Gaining a mechanistic insight into clearance ontogeny enables a rational choice
of appropriate clearance scaling methods for their use throughout paediatric drug development

and in clinical practice and could steer efforts of future research in this field.
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1.1 Clearance: a key parameter for efficacious drug dosing

Pharmacokinetics is the study of the fate of substances in an organism, which involves
four processes, namely absorption, distribution, metabolism and excretion (ADME) 13,
Pharmacokinetic (PK) studies are an important part of drug development, ultimately aiming at
ensuring safe and efficacious drug treatment. Pharmacokinetic processes are described by
pharmacokinetic parameters, such as clearance. Clearance describes the elimination of a
substance, which may be due to both metabolism and excretion. This pharmacokinetic
parameter is expressed as the volume of plasma or blood from which a compound is
completely removed per unit of time and is a key parameter for efficacious and safe dose
tailoring. Indeed, clearance, together with the administered dose and bioavailability for non-
intravenous administration, drives the drug exposure which in turn, drives the drug effect and

toxicity 1416,

According to the paediatric study decision tree of the Food and Drug administration
which has also been proposed in Europe (Figure 1) 1”18 PK studies should be systematically
conducted in order to establish paediatric dosing so as to achieve a target concentration. This
target concentration is the required drug concentration to achieve the desired effect and is
derived based on exposure-response relationship. When disease progression and exposure-
response relationship are expected to be the same as in adults, no pharmacodynamics (PD)
studies are undertaken and the target concentration is taken to be the same as in adults
(option C in the paediatric decision tree). When differences in disease progression and/or
exposure-response relationship are expected compared to adults, these differences are assessed
through the conduct of PK/PD or efficacy trials in order to define the target concentration in
paediatric patients *°. While classically randomized placebo controlled trials are performed for
PK/PD and efficacy studies, the use of a placebo arm is sometimes unethical in paediatric
patients and therefore in these cases, comparative effectiveness or non-inferiority designs are

the preferred approach %,
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Figure 1 FDA paediatric study decision tree 8

1.2 Clearance across the paediatric population: a moving target

Clearance of a drug, as other PK parameters, is driven by complex interactions between
system-specific parameters, which are represented by anatomical and physiological measures,
and drug-specific parameters. This is for instance reflected in different PK profiles of drugs
with different drug properties. An illustration of the relationship between system- and drug-
specific parameters on paediatric clearance of drugs undergoing hepatic metabolism is given
in Figure 2. Relevant parameters to mechanistically describe clearance of such drugs are
hepatic blood flow (Qh), the unbound drug fraction in plasma (fu), the blood to plasma ratio
(B:P), and the intrinsic metabolic clearance in the liver based on unbound drug concentration
(CLint). Qh and for instance isoenzyme abundance are purely system-specific parameters,
whereas fu, B:P, and CLint are derived from both physiological and drug-specific parameters
(Figure 2).
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Figure 2 Schematic representation of the relationship between drug-specific and system-
specific parameters driving hepatic plasma clearance (CLp). Parameters within circles are
directly used in the physiologically based pharmacokinetic hepatic clearance model (e.g.,
dispersion model). Parameters in the purple circles represent composite parameters that are
derived from the system-specific parameters and the drug-specific parameters indicated by the
numbers in the superscripts. In children, each of the system-specific parameters change with
age, each represented by a lightning bolt. B:P, blood to plasma ratio; CLint, intrinsic
metabolic clearance in the liver based on unbound drug concentrations; fu, unbound drug
fraction in plasma; MPPGL, microsomal protein per gram of liver. Figure taken from
Calvier et al. 2.

From birth to adulthood, children undergo physiological changes due to ontogenic (or
maturational) processes in system-specific parameters, which are highlighted by lightning
bolts in Figure 2. The ontogeny of each of these system-specific parameters has their own
profile. Figure 3 for instance shows ontogeny profiles of some of these system-specific
parameters as relative values to the corresponding adult level. Ontogeny in system-specific
parameters drives clearance ontogeny in a drug-dependent manner due to the interaction
between system-specific and drug-specific parameters. Indeed, clearance ontogeny depends
on the drug elimination pathway and drug properties, as illustrated in Figure 3. Panel A of this
figure shows the ontogeny in system-specific parameters impacting clearance of all drugs
undergoing hepatic metabolism, while panel B shows the ontogeny of system-specific
parameters solely impacting drugs with specific properties and eliminated by specific

isoenzymes. For instance, on one hand, ontogeny in liver volume impacts clearance ontogeny
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of all drugs undergoing hepatic metabolism. On the other hand, albumin ontogeny only
impacts clearance ontogeny of drugs binding to albumin, and ontogeny in CYP1A2 only
impacts clearance ontogeny of drugs eliminated (completely or partially) by this isoenzyme.
This impact of ontogenic processes on the pharmacokinetics of drugs has been extensively
reviewed in the literature 2227, as it is responsible for the high pharmacokinetic variability

between drugs and different paediatric ages that is observed in paediatric patients.
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Figure 3 Age-related variations in parameters defining clearance are shown as relative values
to the corresponding adult level of each parameter, taken from Salem et al. 2. (A) Changes in
liver volume ?°, hepatic blood flow (Qh) °, and amount of microsomal protein per gram of liver
(MPPGL) *! that impact clearance of all drugs. (B) Relative values of serum albumin 223233,
CYP3A4 abundance ** alongside age variation in serum alpha-acid glycoprotein (AAG) 3233,
and abundance of CYP1A2 3, that impact clearance in a drug-dependent manner. The impact
of the parameters shown in B will depend on the relative importance of the protein binding to
each protein and the role of the specific enzyme to overall elimination.

Additionally, transporters can also have a significant impact on clearance ontogeny but
this impact is currently poorly characterized and hence often not considered -7, Because
clearance is a moving target across different drugs and different paediatric ages, quantifying
its ontogenetic changes for each drug is of utmost importance for paediatric dose tailoring so

as to achieve the required exposure in all paediatric patients.
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1.3 Quantification of clearance ontogeny across the paediatric age range on the basis
of paediatric clinical data

Clearance ontogeny should be accounted for in paediatric dose individualization in
order to prevent variability in drug exposure across the paediatric age range. This requires the
precise and accurate quantification of clearance ontogeny, which can be achieved through
population pharmacokinetic modelling of paediatric clinical data. This model-based approach
is recommended in paediatrics by the EMA %% and FDA %% pecause it can handle
opportunistic, and limited blood samples sometimes available in children and, through
covariate model building, allows for the quantification and explanation of the large inter-
individual variability in pharmacokinetic parameters which is characteristic of the paediatric

population ",

Population pharmacokinetic models enable the estimation of individual
pharmacokinetic parameters, as described in equation 1 for clearance. CLi is the clearance
value in an individual i, CLpop is the clearance value in the population, f(covi) is the covariate
model which is a function describing the changes in individual clearance values with the
individual covariate value (covi), &i is the unexplained random variability in clearance for an
individual i.

CL; = CLpop X f(covy) + g (1)

A covariate model f(covi) that describes inter-individual variability in a
pharmacokinetic parameter captures the covariation of this parameter and a variable that can
be measured in individual patients, so-called covariate %%, thereby reducing the random

unexplained variability in a pharmacokinetic parameter.

During covariate model building, the correlation of different variables with individual
pharmacokinetic parameters are tested in order to identify statistically significant and
clinically relevant covariates *. Most common covariates for clearance in paediatrics are
bodyweight alone or together with age (post-natal age, post-conceptional or post-menstrual
age, and gestational age) *4. In case these covariates are identified as predictors of clearance
ontogeny across the paediatric age range, they can serve as the basis of paediatric dose
adjustment (individualized therapy) . In this respect, since the shape of clearance ontogeny
can greatly vary with the covariate distribution in the observed data (e.g., age range studied)
and with the studied drug and population, the evaluation of different covariate relationships is

also of importance 434647,

General introduction | 9



While in this thesis we focus on developmental changes in clearance, other covariates
may be of importance in the pharmacotherapy of paediatric patients, similarly as in other
populations, such as abnormal body composition, pharmacogenetics, critical illness and
inflammatory status, and the impact of these covariates should also be investigated during

covariate model building in order to optimize individualized therapy “.

1.4 Scaling clearance from adults to paediatric patients in absence of paediatric
clinical data

While paediatric dose tailoring should ideally be performed based on covariate models
built on paediatric clinical data, such information is lacking for first—in-child clinical trials and
for drugs administered in paediatric patients but for which no pharmacological study has been
undertaken in this population. To cope with this lack of data, information on clearance
ontogeny across the paediatric age range is obtained using scaling functions which rely on
covariates such as weight and/or age. Often, paediatric clearance is scaled from available adult
values, since adult data is normally available before paediatric clinical trials are performed. To
date, a diversity of scaling functions has been proposed to scale clearance across the paediatric
population (Table 1). These models differ in their covariate, covariate relationship and

hypothesis on which they are based.

From all scaling methods available, PBPK is the most accurate method to scale
clearance from adults to young children 33, with its accuracy mainly limited in preterm
neonates, as the changes in system-specific parameters have not been well characterized in
this population. PBPK models quantify how drug properties, characterized by drug-specific
parameters, interact with system-specific parameters that reflect anatomical and physiological
measures, and account for the impact of diverse ontogenetic changes in system-specific
parameters on paediatric pharmacokinetics. However, PBPK scaling is complex and requires
accurate measurements of drug-specific parameters. These parameters can be obtained either
from in vitro experiments, by extrapolating experimental in vivo values from animals to
humans, by estimation/prediction using specific algorithms °, or by estimation based on adult
clinical data. These measurements are often not available, particularly for existing drugs, and
can be biased, which is for instance the case for historical in vitro measurements of drug
fraction unbound (fu) in plasma #° and in vitro measurements of unbound microsomal intrinsic

clearance (CLint) “>*, To ensure accurate PBPK scaling from adults to children, these models
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require first validation on adult data, in order to overcome problems arising from biased or

missing measurements, during which parameters are refined (estimated) such as unbound

intrinsic clearance which is otherwise under predicted based on in vitro data 11, However,

all parameters cannot be estimated due to structural identifiability problems °2, and accurate in

vitro measurements of some of the parameters might have to be carried out.

Table 1 Approaches to scale clearance across the paediatric population

Method Covariate model Covariate
AS0.75 3 BW 0.75 BW
<BW_adult)
Clark’s rule or linear BW 1 BW
scaling *+%° (BW adult)
ADE %® BW k BW and PNA
(BW_adult)
With k equalling 1.1, 1.0, 0.9 and 0.75,
for O (term neonates)—3 months,
>3 months-2 years, >2-5 years and
>5 years respectively
AS0.75+MFpepk * BW \%75 MFoe (AGE BW and AGE
(BW_adult) X MFpgpi( )
Between drug Any type of covariate relationship foradrug  Any covariate
extrapolation of eliminated by a specific pathway

covariate models 8%°

PBPK % Complex covariate model scaling each
physiological parameter, and linking
physiological parameters to drug parameters
for clearance predictions

PNA and diverse
drug properties

AS0.75, allometric scaling using a fix exponent of 0.75; ADE, age-dependent allometric
exponent; MFpeprk, iSoenzyme maturation function as implemented in PBPK models;
PBPK, physiologically-based pharmacokinetics; BW, bodyweight; PNA, post-natal age.

While PBPK is the best scaling method to accurately scale clearance across the

paediatric age range, this approach is time consuming, requires specific expertise and

sometimes necessitates the conduct of in vitro or in vivo experiments. Simpler scaling
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functions represent a valuable alternative to expedite clearance scaling from adults to children,
since they require less information and can be used without extended training. The simplest of
these scaling functions solely rely on bodyweight, such as allometric scaling using a fixed
exponent of 0.75 (AS0.75) and linear scaling (Table 1). Allometric scaling methods for
clearance correlate clearance with size (e.g., bodyweight). Different allometric scaling
methods only differ in their allometric exponent which drives the shape of the correlation
between clearance and the size descriptor such as bodyweight or body surface area. Because
these functions have a poor predictive value in young children, other functions have been

proposed.

Inaccuracy of allometric scaling methods often being attributed to the maturational
process occurring simultaneously with growth at young ages 466!, Mahmood et al. 52 have
proposed the use of an age-dependent allometric exponent (ADE) in order to account for
maturational processes. This method, like AS0.75 or linear scaling, disregards the route of
elimination of drugs and can be used to scale clearance of any drug, but relies on the use of
different allometric exponents for different age groups. More specifically, with this method,
an allometric exponent of 1.1, 1.0, 0.9 and 0.75 is applied for ages 0 (term neonates)—-3 months,
>3 months—2 years, >2-5 years and >5 years respectively as most recently proposed 6. More
flexible functions than ADE have been proposed to account for the difference in clearance
ontogeny of drugs eliminated through different pathways, such as AS0.75+MFpspk and
extrapolation of covariate models between drugs sharing the same elimination pathway
(Table 1). AS0.75+MFespk has been proposed to scale clearance of drugs undergoing hepatic
metabolism. This method scales bodyweight-dependent changes in clearance based on AS0.75
and age-dependent changes in clearance based on isoenzyme ontogeny functions as
implemented in PBPK models. Extrapolation of covariate models between drugs sharing the
same elimination pathway have been proposed for drugs mainly eliminated by one isoenzyme,
but also for drugs undergoing glomerular filtration ®. For instance, a covariate model
describing clearance ontogeny of a drug eliminated through glomerular filtration has been used
to predict clearance ontogeny of other drugs eliminated via the same pathway ®*. These
functions are semi-physiological covariate models reflecting important mechanisms
underlying drug clearance ontogeny °%°°. Because population PK covariate models are the
basis of dose recommendations, this approach would suggest that paediatric dosing

recommendations from a drug of which the changes in clearance have been quantified can be
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extrapolated to other drugs for which no paediatric PK studies have been undertaken, provided

these drugs share the same elimination pathway ©°.

1.5 Accurate clearance scaling from adults to paediatric patients: lost in translation

Accurate clearance scaling is important in paediatrics since paediatric dosing regimen
of many drugs is derived based on adult clearance scaling due to a lack of paediatric
pharmacological data and children may not be subject to dose escalation studies similar to
those carried out in adults . While there is a diversity of simple scaling methods available, a
clear overview of the applicability of these methods is lacking, leaving clinical
pharmacologists without guidance on how to best extrapolate clearance from adult to
paediatric patients. Indeed, the accuracy of these different methods has been assessed only on
a few case examples, and their comparison to each other is limited due to the use of different

types of data, drugs and criterion to assess their accuracy.

ASO0.75, which solely relies on the covariate bodyweight, has been recognized as a
useful tool to extrapolate clearance from adult values to adolescents 7, but was found to lead
to overpredictions in children younger than 5 years 2, reaching up to more than 200 and 3000%
in infants and premature neonates, respectively . The latter is often attributed to the
maturational process occurring simultaneously with growth at young ages 4”691, ADE, which
accounts for maturational processes in young children through the use of different allometric
exponents in different paediatric age groups %62, was found to lead to prediction error < 63%

in children as young as 1 day term neonates based on case examples (n drugs =6) 2.

AS0.75+MPFeepk > and extrapolation of covariate models between drugs sharing the
same elimination pathway °8°%646%.70 hoth |ead to more flexible scaling functions as compared
to ADE since differences in maturation (or ontogeny) between different elimination pathways
are accounted for. These two scaling methods were found to be accurate in children older than
3 months, and across the entire paediatric age range respectively %870 However, both
methods have only been investigated for drugs eliminated by one main pathway, while most
drug undergo metabolism via several isoenzymes. Moreover, their investigation was limited
to CYP3A substrates, and drug eliminated through glomerular filtration or glucuronidation by
UGT2B7 respectively 585964.69.70,

In face of this jumble of accuracy assessments, a clear overview of the systematic

accuracy of these scaling methods is needed in order to guide their application, which would
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ultimately facilitate and accelerate paediatric dose tailoring. Accuracy of these scaling
methods depends on their ability to aggregate the influence of ontogeny in diverse system-
specific parameters impacting paediatric clearance for diverse drugs. This can be investigated
using PBPK simulations of clearance ontogeny across the paediatric age range of diverse
drugs *°, since paediatric PBPK models link ontogeny in system-specific parameters and drug
properties with clearance ontogeny (Figure 2). Developing a decision tree for a rational choice
of appropriate clearance scaling methods would ensure accurate scaling of clearance based on
the minimum amount of necessary information, making sure that neither important ontogeny

processes impacting clearance nor clinicians get lost in translation.

While PBPK models represent a valuable tool to understand important ontogenic
changes that should be accounted for to accurately predict clearance ontogeny of diverse drugs,
further development of these models for different understudied paediatric populations is
needed. For instance, it is known that premature birth can lead to different clearance ontogeny
patterns than birth at term. Information on system-specific parameters in these populations is
important and currently attempts in developing such models have been published 7. However,
development of such models currently requires an extensive amount of data which is difficult
and sometimes impossible to collect in young children, such as hepatic blood flow
measurements or intrinsic clearance values for hepatic metabolic routes, and therefore these
models need to go through many learn and confirm circles before one can become confident
in their predictive performance. Hence, accurate scaling of clearance for different paediatric
subpopulations will require development of innovative approaches that can tackle the lack of

data on their system-specific parameters.

1.6 Conclusion

There is an urgent need to accurately scale drug clearance in children. Gaining a
mechanistic insight on the most important drivers of clearance ontogeny for diverse drugs
would enable for the definition of guidance for the application of clearance scaling functions
and the development of new ones in order to accurately extrapolate clearance from adults to

children. This would ultimately facilitate and accelerate dose tailoring in paediatrics.
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