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1.1 General introduction

Pharmacokinetic (PK) modeling describes drug absorption, distribution, metabolism and excretion by
mathematical equations [1]. The parameters of these equations can be used to compare and evaluate
different models and their performance as well as to predict drug exposure through PK profiles [2]. Drug
exposure needs to be accurately captured as it is relates to the pharmacologic effects of a drug [1].

Differencesin size and physiological development between adults and children influence drug disposition
as well as pharmacological effects. When differences in drug exposure between children and adults can
be attributed entirely to differences in PK, necessary pediatric dose adjustments are generally driven by
drug clearance as drug exposure is inversely proportional with clearance at steady-state [3]. PK modeling
approaches have been used to estimate and describe the impact of developmental changes on PK
parameters, often together with other patient and treatment related factors.

In population PK models, developmental changes that affect clearance are captured using descriptive
covariate models. Covariate models capture the correlations between individual deviations from typical
model parameters and patient or treatment related variables (i.e. covariates) to describe and predict
some of the random variability between individual patients [4]. Covariate analyses are used to identify
covariates that are clinically relevant and can be used as a basis for dose adjustments. In pediatric
research, patient demographics (e.g. bodyweight, postnatal age, etc.) are the most commonly used
covariates to describe changes with development whereas other covariates can be related to patient
and treatment related factors (e.g. organ failure, intubation period, drug-drug interactions). In part
due to ethical constraints, the number of clinical studies in children is typically limited. The majority of
pediatric data comes from prospective or retrospective studies in small pediatric age-groups conducted
in clinical practice where covariates such as disease, organ failure, inflammation markers or co-therapy
are routinely included in covariate models and used for dose adjustments.

When pediatric PK data is scarce with a limited number of patients per age group and limited sparse
sampling for a specificdrug that does not support the development of a covariate model, clearance can be
scaled from adults to children using empirical approaches. To do so, linear and exponential relationships
based on bodyweight are regularly used. These methods are applied to 13-30% of drugs used in pediatric
primary care and to 49-87% of drugs used to treat children in hospitals [5]. However, particularly in
younger age groups, differences in bodyweight can capture the developmental differences in clearance
between adults and children only partially which could lead to biased predictions. Physiologically-based
PK models offer a better alternative, as they use system-specific parameters with physiological meaning
which are separated from drug-specific parameters. With the inclusion of maturation functions, these
system-specific parameters can be scaled from adults to children by describing the changes in developing
physiology throughout the pediatric age-range. Based on this information together with drug-specific
information (e.g. molecular weight, pH, logP, etc.), pediatric PBPK models can predict clearance values
and PK profiles for any drug and any child.

This thesis focuses on drugs cleared by renal excretion for which pediatric doses are scaled based on
changes in renal clearance (CL,). Glomerular filtration (GF), active tubular secretion (ATS), reabsorption,
and renal metabolism are processes that contribute to CL,. Of the top 200 drugs prescribed in the US
in 2010, 30% were renally eliminated of which 92% relied, at least partially, on ATS [6]. However, the
expression and activity of renal transporters, and their contribution to ATS and CL, remain understudied
in adults as well as in children. Therefore, ATS and its contribution to CL, in children needs to be better
understood before being able to accurately predict CL_ of renally excreted drugs subject to active
secretion. Once the age-dependent changes in CL_ are accurately captured throughout the pediatric
age-range, it can be used to guide dose selection in children for renally excreted drugs, including those
subject to active secretion.
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1.2 The role of population PK approaches in predicting pediatric CL_ and
guiding pediatric dosing

For pediatric patients for which off-label dosing is common practice [5], covariate models can be used
to develop dose regimen that reach an effective and safe exposure from the start of therapy. Vulnerable
subpopulations such as preterm neonates, especially those undergoing concomitant treatments (e.g. co-
medication, hypothermic treatment, etc.) may require additional dose adjustments on top of the ones
correcting for maturational changes. In this thesis, antibiotic agents used for (suspected) neonatal sepsis
that are cleared renally by GF will be used to exemplify how to predict CL, in such special populations
using covariate models (Chapters 1 and 2). For these patients, co-therapy is expected to have an influence
on CL,, and therefore the impact of treatment related factors is quantified in addition to the maturation
of CL,. The identified covariate model can then be used to personalize drug dosing for each patient.

In the absence of the data required to build and validate a new covariate model, existing models can
be used for extrapolations. For example, covariate models can be extrapolated to younger or older
children than the age-range they were developed and validated on to obtain initial CL, estimates for
the drug of interest. When only adult CL,_ values are known for the drug of interest, empirical methods
based on changes in bodyweight (i.e. allometric and linear scaling) can be used for extrapolation to
children. However, these methods have been proven to be inaccurate in some cases, including when
used to extrapolate CLR for drugs cleared by GF to certain pediatric age-groups [7,8]. This behavior
indicates that weight-related changes are not sufficient for CL, scaling, and that more information about
developmental changes is required for accurate scaling (e.g. maturation functions) [9].

1.3 The role of physiologically-based PK approaches in predicting pediatric CL,
and guiding pediatric dosing

PBPK modelling approaches use system-specific parameters that reflect the human physiological
system and are informed by diverse and abundant literature data, usually following an extensive meta-
analysis. System-specific parameters are calculated using anthropometric measures that capture
differences between individuals using equations that are dependent on patient demographics, and are
drug independent. Drug-specific parameters are integrated in PBPK models based on physicochemical
properties. Some drug-specific parameters are sensitive to variations in physiology, e.g. the fraction
unbound is dependent on concentrations of plasma proteins, blood to plasma ratio is dependent on
hematocrit levels, and clearance by active secretion is dependent on transporters abundance and the
number of proximal tubule cells per g kidney. Pediatric PBPK models are obtained by accounting for
developmental changesin physiology by applying maturation functions to the system-specific parameters.
In addition, drug-specific parameters that are sensitive to changes in physiology are expected to change
with age.

Recently, physiologically-based PK (PBPK) modelling approaches were acclaimed for accurately predicting
CL, throughout the pediatric age-range for a few example drugs [10]. However, the exact contribution
of different processes involved in pediatric CL_is not yet entirely understood. By using a pediatric PBPK
model for predicting CL,, the contribution of the underlying system- and drug-specific parameters to CL,
can be separated and investigated. The PBPK model for CL, [11] (equation 1) can be studied in isolation
from the full PBPK model. In this thesis, CL, resulting only from the contribution of GF and ATS [11] will
be considered, assuming no contribution of tubular reabsorption, passive diffusion or renal metabolism.

(Qr—GFR)X fyXCLsec
CLsec (1]

CLR = CLGF + CLATS - GFR X fu +
Qr+fux"pgp

As shown in equation 1, CL, through GF and ATS is dependent on GF rate (GFR), fraction unbound (f ),
renal blood flow (Q,), secretion clearance (CL_ ), and blood-to-plasma ratio (BP).
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Table 1.1. The level of characterization (well, partially, poorly) for system-specific parameters and drug-specific parameters sensitive to changes
in system-specific parameters included in the PBPK-based model for CL, through GFR and ATS (equation 1). Demographic characteristics used
as input for the maturation functions of these parameters are included as well.

Characterization | Parameters of the PBPK model for Demographic characteristics for maturation functions
of maturation CL, through GFR and ATS of system-specific parameters

Glomerular filtration rate GFRuaturation = fF(WT, PMA)

fu = f(P), with
[P]maturatian = f(AGE)
Qr = f(CO, fr),with

Renal blood flow: COnaturation = f (BSA, AGE)
meaturation = f(AGE, GENDER)

Fraction unbound

BP = f(HEMAT, fu,Kp ), with

Blood-to-plasma partitioning: HEMAT qvuration = f (AGE, GENDER)

Secretion clearance: CLs.c = f(KW,PTCPGK, CL;,r, onty), with

Kidney Welght KWnaturation = f(pkidney' WT)

Proximal tubule cells per gram kidney .

(PTCPGK) Unknown maturation
Transporter-mediated intrinsic CL,, ., = f(transporters activity + expores-
clearance ’ sion, ontT)

Ontogeny of transporters onty = f(AGE)

green - well characterized; orange - partially characterized; red - poorly characterized;
WT — body weight; PMA — postmenstrual age; P — plasma protein; CO — cardiac output; HEMAT — hematocrit; fr- fraction of cardiac output;
Kp — blood to plasma partition coefficient; Priney ~ kidney density; PTCPGK — proximal tubule cells per gram kidney.

1.4 Towards pediatric dosing for drugs cleared exclusively by glomerular
filtration

Urine formation begins with GF, the main passive route involved in renal excretion of small molecules,
including drugs. CL, through GF is dependent on GFR and on protein binding, as only the free fraction of
a drug is available to be cleared through this process [12] (see CL_, in equation 1).

GFR has been extensively investigated in adults as well as in children. Various methods have been
published for quantifying GFR in vivo. GFR can be derived based on endogenous markers (e.g. serum
creatinine [13], cystatin C [14,15]), exogenous markers (i.e. inulin, mannitol, etc.) [16—20] or clearance
of drugs mainly eliminated by GF (e.g. antibiotics [21]). As such, data on different markers for GFR have
been collected throughout the pediatric age-range and used to develop mathematical functions to
characterize the maturation of this process. Dependent on the marker used for quantifying GFR, but
also on the quality and quantity of data used for development, different maturation functions for GFR
have been published. However, it has not been established yet what the best published GFR maturation
function is.

In adults, CL, through GF is proportional to changes in the unbound fraction of the drug in plasma (see
CL,, in equation 1). Developmental changes in plasma protein concentrations are known to influence
protein binding in children, especially in newborns and infants [22]. In older children human serum
albumin and a-acid glycoprotein levels approach adult levels. However, the influence of maturation in
the concentration of plasma proteins on drug binding and, implicitly, on pediatric CL, has not been
systematically investigated yet.
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1.5 Towards pediatric dosing for drugs cleared by glomerular filtration and
active tubular secretion together

In addition to GF, ATS contributes to CL, by extracting a drug from blood into urine through membrane
bound transporters [12]. Transporters involved in tubular secretion (e.g. OAT1/3, OCT2, OCTNs, MATE1,
etc.) are located on the apical and basal sides of proximal tubule cells with secretion capacity changing
alongside the proximal tubules. Hydrophilic and ionizable drugs are most likely to be substrates for
active transporters. Such drugs can have a broad spectrum for transporter affinity, meaning that they
can be transported by one or more renal transporters [23]. Hence, ATS of a drug is dependent on
physicochemical properties such as lipophilicity, ionization, but also on plasma protein binding and on
affinities to one or more renal transporters [23].

There is limited published information about the contribution of active secretion transporters and their
ontogeny to ATS and, subsequently, to total CL, in adults or in children. By performing global sensitivity
analyses on PBPK models for CL,, the contribution of the different transporters and their ontogeny to
predicting CL, for various drugs can be systematically investigated. Such an approach could determine
essential system- and drug-specific parameters to accurately predicting CL, when active secretion
processes are involved.

Equation 1 shows a PBPK-based model for CL, where GF and ATS are included in series, with ATS as a
process following GF. All the (system-specific) parameters included in this PBPK-based model together
with the demographic characteristics required to derive the maturation functions for each of these
parameters are included in Table 1.1. Drug-specific parameters that are influenced by maturation in
system-specific parameters (e.g. the concentration of plasma proteins available for drug binding thereby
influencing fraction unbound changes with age) are also included in Table 1.1.

The color-coding in Table 1.1 indicates how well the maturation of the system-specific parameters
included in the PBPK-based model for CL, is characterized at the moment, with green being well
characterized, orange — partially characterized and red — poorly characterized. Maturation of GFR,
plasma proteins, renal blood flow, hematocrit levels, and kidney weight are well characterized. However,
pediatric CL, predictions for drugs that are actively secreted are currently still based on adult values for
the number of proximal cells per gram kidney, as there is limited information on (potential) maturation
of this parameter. Furthermore, the transporter-mediated intrinsic clearance (CLint,T) reflects both the
activity and expression of the transporters. In vivo ontogeny functions for ATS have previously been
based on the quantification of in vivo net secretion as the aggregated functionality of one or more
secretion and/or reabsorption pathways [19,24]. However, different transporters can have different
ontogeny profiles throughout the pediatric age-range that cannot be identified using this method.
Furthermore, net secretion implies the quantification of the resultant between active secretion and
reabsorption, both of which may involve one or more active transporters. Therefore, separating between
different transporters and between the different processes allows for a better understanding of the
underlying physiological processes and of their contribution to CL,. Fortunately, the protein expression
of a few renal transporters (i.e. OAT1/3, OCT2, Pgp) was measured in post-mortem kidney samples to
characterize their ontogeny throughout the pediatric age-range [25]. However, there is no information
yet on how well the ontogeny of protein expression reflects the ontogeny of transporter activity in vivo
and whether it remains constant with age.

Drug-specific parameters that characterize the drug kinetics for renal transporters (i.e. transporter-
mediated intrinsic clearance) are commonly obtained from in vitro experiments. The in vitro value needs
to be extrapolated to its corresponding in vivo value to obtain the correct parameter required for the
calculation of secretion clearance (CL_ ), a key parameter in obtaining clearance through ATS. Even if the

sec

methodology for in vitro — in vivo extrapolation is continuously being refined, in vitro measurements are
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not available for all drugs that undergo active secretion, and can be biased or reported with incomplete
information that could eventually lead to a biased in vitro-in vivo extrapolation [26].

1.6 A combined population and physiologically-based PK modeling approach
to derive key parameters and in vivo ontogeny functions for renal transporters

The contribution of model parameters in equation 1 to CL, predictions can be established by performing
sensitivity analyses. As shown in Table 1.1, the ontogeny of two system-specific parameters is partially or
poorly characterized (orange or red color), i.e. ontogeny of renal transporters and PTCPGK (the number
of proximal tubule cells per gram kidney), respectively. If the results of a sensitivity analysis show that
(one of) these parameters have impact on CL, predictions at certain pediatric ages and/or for particular
drugs, then quantifying the maturation of these parameters becomes essential to obtain accurate
pediatric CL, predictions of those drugs.

Poorly and partially characterized ontogeny profiles for certain parameters can be derived in vivo by
using a combined approach between population PK and PBPK modelling thereby maximizing the use
of available data in children. The information included in a PBPK model that relies on well-established
system-specific parameters and their corresponding maturation functions, can be leveraged when
combined with the information captured by individual PK parameters to derive those parameters that
rely on limited prior information or that are difficult to measure throughout the whole pediatric age-
range.

1.7 Conclusion

Population PK methods, such as covariate analyses, are currently used to characterize the maturation of
CL, (such as glomerular filtration) and propose dose adjustments in vulnerable pediatric sub-populations
for which sufficient PK data is available. When PK data is scarce or unavailable pediatric CL, can be
obtained using PBPK methods. Such methods allow the study of physiological processes in isolation to
find parameters that play a key role in predicting pediatric CL,. By combining the two methodologies-
population PK and PBPK- poorly characterized ontogeny functions can be derived from data collected
in vivo. By making use of the available data and the current methodologies individual dosing of renally
cleared drugs is facilitated and can be further improved.
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1.8 Scope of this thesis

The primary scope of this thesis is to apply population pharmacokinetic (popPK) and physiologically-
based pharmacokinetic (PBPK) approaches to investigate the influence of glomerular filtration (GF) and
active tubular secretion (ATS) on renal clearance (CL,) in children including assessing the importance of
developing accurate maturational functions for various pharmacokinetic processes used in predictions of
CL, in children. For this investigation, the contributions of passive (i.e. GF) and active (i.e. ATS) processes
to CL, are considered. Both processes contribute to pediatric CL, and are expected to be influenced
by developmental changes. Hence, the extent to which these developmental changes impact CL_ is
explored in pediatric populations using clinical data of existing drugs, and using a PBPK-based framework
for hypothetical drugs with an array of different properties excreted by either GF or both GF and ATS. The
projects were performed to meet the following research objectives:

1. Extend existing popPK models by characterizing the development in CL, for drugs excreted by GF in
(pre)term neonates and quantify the influence of disease and co-therapy on CL,. These covariate
models are to be used to propose dosing recommendations (section II).

2. Establish a general scaling method for CL, from adults to children for drugs eliminated by GF and
systematically investigate how maturation of plasma protein concentration influences the unbound
fraction of drugs, and subsequently, scaling of pediatric CL, and drug doses (section IlI).

3. Use a pediatric PBPK-based model for CL, to systematically investigate the influence of transporter
ontogeny on the contribution of ATS to CL_ and illustrate how a combined population PBPK approach
could be used to derive ontogeny functions for renal transporters involved in ATS (section IV).

To meet the stated research objectives, first, dose adjustments will be proposed for preterm neonates
treated with antibiotics mainly eliminated by GF, using covariate functions from popPK models that
describe the changes in CL, with development. Secondly, based on a PBPK model the best method for
scaling CL, through GF from adults to children will be identified and this method will be used further
for dose scaling. By using PBPK modelling approaches to predict pediatric CL, throughout the pediatric
age-range for hypothetical drugs excreted exclusively by GF that differ in fraction unbound, the influence
of maturation on plasma protein expression and the accuracy of the scaling methods will be investigated.
Lastly, a PBPK model for CL, including GF and ATS, will be used to predict pediatric CL, for an array of
hypothetical drugs, to investigate the influence of renal transporter ontogeny on CL.. More information
on renal transporter ontogeny is required, as the only data available is based on a limited sample of post-
mortem kidneys [1]. By using a combined PBPK and popPK approach, the information that is included
in the PBPK model can be levearaged to estimate parameters that are poorly or partially characterized.
The PBPK model for CL_ through GF and ATS has the potential to be used for scaling CL, from adults to
children and for extrapolations between different substrates for the same transporter.

The current section (Section 1) places our analysis in the context of the current reseach, highlighting the
research questions that will be addressed in our studies.

Section Il focuses on extending existing popPK models for optimizing dosing regimens of antibiotics
cleared mainly by GF. These antibiotics are administrated to (pre)term neonates with (suspected)
septicemia who are co-treated for complications such as perinatal asphyxia or patent ductus
arteriosus, with therapeutic hypothermia or non-steroidal anti-inflamatory drugs (NSAIDs; ibuprofen
or indomethacin), respectively. Previously published models that characterize the PK of the same
antibiotics in (pre)term neonates treated only with the antibiotic are extended to include (pre)term
neonates with these complications for which they receive co-treatments. Either the complications or the
co-treatment or both are expected to affect CL_. The quantified changes in CL, of the antibiotic between
(pre)term neonates with and without co-therapy (i.e. hypothermia or NSAIDs) serve as basis for drug
dosing adjustments for this special population. Dosing adjustments are proposed based on the results
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obtained from performing simulations with the popPK models that describe the antibiotic data the
best. The efficacy of the treatment is assessed from the trough concentration levels that are correlated
to the drug exposure. In Chapter 2, the influence of perinatal asphyxia treated with hypothermia is
quantified on amikacin CL, and used for developing dose recommendations in (pre)term neonates. In
Chapter 3, the influence of co-administrating either of two different NSAIDs to induce closure of patent
ductus arteriosus is quantified on vancymcin CL, and used for dosing recommendations in this neonatal
population.

While section Il focused on using popPK approaches to characterize the development of CL_ and to
optimise dosing, the following sections (sections Il and IV) present general methods to scale CL,
and dosing from adults to children in the absence of PK data. In this situation, researchers often use
empirical scaling methods based on bodyweight. Recently PBPK approaches became available to serve
this purpose as well. PBPK methods are gaining momentum as they have been successfully used to
predict pediatric PK parameters [2].

Section Il is directed to establish a scaling method for CL, of drugs eliminated by GF that is accurate
throughout the pediatric age-range. CL, through GF is dependent on GFR and the unbound fraction of the
drug. By generating hypothetical drugs cleared exclusively by GF that differ in unbound fraction and type
of binding plasma protein (i.e. human serum albumin, a-acid glycoprotein), a systematic investigation
was performed to establish how the maturation of plasma proteins impacts scaling CL, throughout the
pediatric age-range. To do so, in chapter 4, first, published maturation functions for GFR were compared
to observed inulin or mannitol CL, data reported in literature throughout the whole pediatric age-range
to establish the best available function for GFR maturation. Then, this function was used to describe GFR
maturation in a PBPK-based model and to scale CL, from adults to children for all hypothetical drugs.
The PBPK-based model for CL, considered changes in both GFR and protein binding throughout the
pediatric age-range. By systematically comparing PBPK predicted CL, to GFR-based scaled CL, the impact
of maturation of plasma proteins on CL, predictions was studied in isolation from other contributing
factors. In addition to GFR-based scaling, the performance of scaling CL, with empirical scaling methods
(i.e. linear scaling and 0.75 allometric scaling based on bodyweight) was investigated throughout the
entire pediatric age-range.

As PBPK models are also useful to increase our understanding of the underlying physiology, in section IV
we explore a PBPK-based model for CL, that includes ATS in addition to GF. In chapter 5, the influence
of the ontogeny of secretion transporters on the contribution of GF and ATS to CL, was systematically
investigated for an array of drugs with various properties, as information about renal transporters
ontogeny is limited. While GF is a passive excretion pathway, ATS relies on several transporters for drug
excretion. So far, ontogeny functions for renal secretion have been obtained either from in vivo clearance,
in which case they reflect net secretion clearance by all active renal excretion and reabsorption processes,
or from protein expression profiles for individual transporters, in which case it is unknown how protein
expression relates to in vivo activity. Ontogeny of transporters remains less explored and could influence
the predictions of pediatric CL, with PBPK models of drugs that are actively secreted, making them less
reliable. To understand more about the influence of ontogeny, a pediatric PBPK model for GF and ATS is
used to predict CL, for hypothetical drugs with an array of realistic properties. The influence of ontogeny
of secretion transporters on CL, is explored by assuming different extents of transporter ontogeny at
various pediatric ages. To quantify the impact of transporter ontogeny we compared the CL, predictions
with or without ontogeny of secretion transporters. Drugs with properties that lead to inaccurate
pediatric CL, predictions in the absence of transporters ontogeny are highly influenced by transporters
and their ontogeny. These drugs are expected to be suitable probes to investigate transporters ontogeny
further.

In chapter 6, ontogeny of in vivo renal secretion transporter activity was derived using a combined
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popPK and PBPK approach. This method allows the leverage of the physiology-related data integrated
in the PBPK model and inform unknown parameters, in this case the ontogeny of OAT3, based on
clinically observed drug clearance values. To do so, PK data on clavulanic acid —a drug mainly eliminated
by GF — and amoxicillin — a drug mainly eliminated by GF and ATS by OAT3 — that were administrated
simultaneously to pediatric patients with ages between 1 month and 15 years was used. The individual
post-hoc CL, values obtained with the population PK models for each of the two drugs were fitted with
a PBPK-based model for CL,. All established maturation functions in the PBPK-based model were fixed to
literature values so that the maturation of active CL through the transporters could be estimated. This
allowed the estimation of OAT3-mediated intrinsic clearance and its ontogeny profile. Once the ontogeny
of OAT3 is identified, it could be used in a PBPK model to predict CL, for other substrates of the same
transporter. Hence, CL, for piperacillin and cefazolin was scaled to different pediatric ages. Accuracy of
these predictions was assessed against typical CL, predictions obtained from reported population PK
models for each drug. Once the ontogeny of individual transporters is well characterized, for instance
with the methodology developed here, the used of PBPK models can be extended to predict CL, of drugs
that are actively secreted in children.

Lastly, section V summarizes the main findings and concludes the investigations of this thesis.
Perspectives and future applications of popPK methods to determine how the relationship between
trough concentrations and drug exposure changes with age and dosing frequency are also addressed.
In addition, the accuracy with which empirical relationships based on bodyweight can predict PBPK CL,
of actively secreted drugs will be systematically explored to propose general guidelines for pediatric
CL, scaling. Such tools can be further extended by including additional elimination pathways (i.e.
reabsorption and metabolism) to understand more about the influence of the development of renal
functionality on CL, throughout the pediatric age-range.

1.9 References

1. Levy, G. Kinetics of pharmacologic effects. in Clinical Pharmacology and Therapeutics (1966).
doi:10.1002/cpt196673362

2. Bonate, P. L. Pharmacokinetic-Pharmacodynamic Modeling and Simulation. Pharmacokinetic-
Pharmacodynamic Modeling and Simulation (2011). doi:10.1007/978-1-4419-9485-1

3. Benet, L. Z. & Zia-Amirhosseini, P. Basic principles of pharmacokinetics. in Toxicologic Pathology
(1995). doi:10.1177/019262339502300203

4. Mould, D.R. & Upton, R. N. Basic concepts in population modeling, simulation, and model-based drug
development- Part 2: Introduction to pharmacokinetic modeling methods. CPT Pharmacometrics
Syst. Pharmacol. (2013). doi:10.1038/psp.2013.14

5. Kimland, E. & Odlind, V. Off-label drug use in pediatric patients. Clinical Pharmacology and
Therapeutics (2012). doi:10.1038/clpt.2012.26

6. Miners, J. 0., Yang, X., Knights, K. M. & Zhang, L. The Role of the Kidney in Drug Elimination: Transport,
Metabolism, and the Impact of Kidney Disease on Drug Clearance. Clin. Pharmacol. Ther. (2017).
doi:10.1002/cpt.757

7. Krekels, E. H.J., Calvier, E. A. M., van der Graaf, P. H. & Knibbe, C. A. J. Children Are Not Small Adults,
but Can We Treat Them As Such? CPT Pharmacometrics Syst. Pharmacol. (2019). doi:10.1002/
psp4.12366

8. Calvier, E. et al. Allometric scaling of clearance in paediatrics: when does the magic of 0.75 fade? Clin
Pharmacokinet. 56, 273—-285 (2017).

9. Strougo, A. etal. Firstdose in children: Physiological insights into pharmacokinetic scaling approaches
and their implications in paediatric drug development. J. Pharmacokinet. Pharmacodyn. (2012).
doi:10.1007/s10928-012-9241-9




18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

| Chapter 1

Zhou, W. et al. Predictive performance of physiologically based pharmacokinetic and population
pharmacokinetic modeling of renally cleared drugs in children. CPT Pharmacometrics Syst.
Pharmacol. (2016). doi:10.1002/psp4.12101

Rowland Yeo, K., Aarabi, M., Jamei, M. & Rostami-Hodjegan, a. Modeling and predicting drug
pharmacokinetics in patients with renal impairment. Expert Rev Clin Pharmacol 4, 261-274 (2011).

Taft, D. R. Drug Excretion. Pharmacology (Elsevier Inc., 2009). doi:10.1016/B978-0-12-369521-
5.00009-9

Cockcroft, D. W. & Gault, M. H. Prediction of creatinine clearance from serum creatinine. Nephron
(1976). doi:10.1159/000180580

Hoek, F. J., Kemperman, F. A. W. & Krediet, R. T. A comparison between cystatin C, plasma creatinine
and the Cockcroft and Gault formula for the estimation of glomerular filtration rate. Nephrol. Dial.
Transplant. (2003). doi:10.1093/ndt/gfg349

Larsson, A., Malm, J.,, Grubb, A. & Hansson, L. O. Calculation of glomerular filtration rate
expressed in mL/min from plasma cystatin C values in mg/L. Scand. J. Clin. Lab. Invest. (2004).
doi:10.1080/00365510410003723

Mahmood, I. Dosing in children: A critical review of the pharmacokinetic allometric scaling and
modelling approaches in paediatric drug development and clinical settings. Clin. Pharmacokinet. 53,
327-346 (2014).

Rhodin, M. M. et al. Human renal function maturation: A quantitative description using weight and
postmenstrual age. Pediatr. Nephrol. 24, 67—76 (2009).

Johnson, T. N., Rostami-Hodjegan, A. & Tucker, G. T. Prediction of the clearance of eleven drugs and
associated variability in neonates, infants and children. Clin. Pharmacokinet. 45, 931-956 (2006).

Hayton, W. L. Maturation and growth of renal function: dosing renally cleared drugs in children.
AAPS PharmSci 2, E3 (2000).

Salem, F., Johnson, T. N., Abduljalil, K., Tucker, G. T. & Rostami-Hodjegan, A. A re-evaluation and
validation of ontogeny functions for cytochrome P450 1A2 and 3A4 based on in vivo data. Clin.
Pharmacokinet. (2014). doi:10.1007/s40262-014-0140-7

De Cock, R. F. W. et al. Simultaneous pharmacokinetic modeling of gentamicin, tobramycin and
vancomycin clearance from neonates to adults: Towards a semi-physiological function for maturation
in glomerular filtration. Pharm. Res. 31, 2643-2654 (2014).

McNamara, P.J. & Alcorn, J. Protein binding predictionsin infants. AAPS PharmSci (2002). doi:10.1208/
ps040104

Fagerholm, U. Prediction of human pharmacokinetics - renal metabolic and excretion clearance. J.
Pharm. Pharmacol. (2007). d0i:10.1211/jpp.59.11.0002

DeWoskin, R. S. & Thompson, C. M. Renal clearance parameters for PBPK model analysis of early
lifestage differences in the disposition of environmental toxicants. Regul. Toxicol. Pharmacol. 51,
66—86 (2008).

Cheung, K. W. K. et al. A Comprehensive Analysis of Ontogeny of Renal Drug Transporters: mRNA
Analyses, Quantitative Proteomics, and Localization. Clin. Pharmacol. Ther. (2019). doi:10.1002/
cpt.1516

Yoon, M., Efremenko, A., Blaauboer, B. J. & Clewell, H. J. Evaluation of simple in vitro to in vivo
extrapolation approaches for environmental compounds. Toxicol. Vitr. (2014). doi:10.1016/].
tiv.2013.10.023



General introduction and scope | 19







