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Drug Glucuronidation in Children — Summary,

Conclusions and Perspectives



It is common practice for paediatricians to prescribe drug doses per kilogram bodyweight,
while scientific evidence supporting these dose prescriptions are often lacking for the
majority of drugs used in children. As a result the number of paediatric patients receiving
at least one off-label or unlicensed drug ranges between 80% to 93% in neonatal intensive
care units, between 36% to 100% in paediatric wards, and between 3.3% to 56% in non-
hospital settings ['l. There are many factors that may contribute to age-related changes in
drug pharmacokinetics or drug pharmacodynamics 2%, It is imperative that these changes
are taken into account when designing drug dosing algorithms for children, because
although for most drugs clinical experience will in time lead to consensus-based dosing
guidelines that reduce fatalities, suboptimal dosing algorithms may lead to unnecessary
therapy failure or to adverse drug reactions resulting from overdosing. Recently, the need
for optimizing paediatric drug therapy has been recognized by regulatory agencies as
well. By introducing new legislation to encourage or compel paediatric pharmacological
studies (e.g. Pediatric Rule (FDA - 1998), the Best Pharmaceuticals for Children Act
(FDA -2002), and the Paediatric Regulation (EMEA - 2007)), these agencies are now key
players in the process of making paediatric drug dosing safer.

The research in the current thesis focuses on a novel model-based approach
to develop drug dosing algorithms for the paediatric population by accounting for
developmental changes in pharmacokinetics. Pharmacokinetic changes are believed
to be a major cause of age-dependent differences in paediatric dose requirements 4,
although in daily clinical practice not many clinicians are aware of this, as they are more
concerned with pharmacodynamic endpoints. Specific focus in this thesis was on uridine
5’-diphosphate glucuronosyltransferase (UGT) 2B7-mediated drug glucuronidation.

Studies on developmental changes in pharmacokinetics often start in the adult
population. Subsequently age-related changes in clearance are studied in different
paediatric subpopulations with successively decreasing age-ranges, often with a
limited number of patients per subpopulation. Alternatively, the research in this thesis
started in children under the age of three years, with the inclusion of preterm and term
neonates. This approach was chosen because the treatment of patients from this young
population presents a major challenge. Specifically, these young children may require
drug treatment, for instance after major surgery to correct major congenital anomalies,
while numerous and profound physiological changes take place of which the influence
on drug pharmacology is still largely unknown. Morphine and zidovudine are regularly
prescribed for children and are both predominantly eliminated through UGT2B7-
mediated glucuronidation 57, these two compounds were therefore used as probes in
the development of a population modeling approach and a semi-physiological modeling
approach, used for deriving paediatric dosing algorithms.
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This thesis started by discussing methods to study ontogeny of liver enzyme
systems and reviewing results reported for the UGT enzymes in Section I. Subsequently,
in Section II the developmental changes in morphine glucuronidation in preterm
and term neonates up to three-year-old children were quantified using a population
modeling approach. After corroborating the descriptive and predictive properties of
this population model in internal and external validation procedures, the morphine
dosing algorithm derived from this model was prospectively evaluated in terms of
analgesic efficacy in a clinical trial. In Section III, a novel approach to develop paediatric
population models used for optimized dosing regimens was explored using zidovudine.
This novel approach is based on the concept that the pattern of developmental changes in
clearance can be considered a system-specific property, which can be extrapolated from
one drug to another, provided that these drugs share a common elimination pathway.
Application of this concept may lead to a reduction of time and resources needed for
paediatric model development. So far, this semi-physiological approach has only been
applied to compounds with similar physicochemical properties. As a first step towards
a more universal modeling concept, the utility of semi-physiological pharmacokinetic
models towards the prediction of developmental changes in clearance was investigated
using a physiologically-based pharmacokinetic model. Finally, Section IV focused
on the evaluation and validation of paediatric population models. This is important
since with sparse paediatric datasets there is an increased risk of drawing erroneous
conclusions which may have far-reaching consequences. Commonly used diagnostic
tools were found to not always suffice for the evaluation of paediatric models, due to
specific patient and study characteristics in this population. Therefore, a framework was
developed for the systematic evaluation of paediatric population models that takes these
characteristics into account. Additionally, the level of scientific evidence supporting the
predictive value of different published paediatric pharmacokinetic models for morphine
was evaluated.

10.1 Paediatric Morphine Glucuronidation Model for
Individualized Dosing

Clinically relevant inter-individual variability in glucuronidation clearance forms the
basis of paediatric dose adjustments of UGT2B7 substrates. Therefore in vivo clearance of
UGT2BY substrates was selected as an endpoint in the studies of the current thesis. Such
research is however complicated by a unique set of challenges with regards to ethical,
legal, and practical constraints.
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Since children cannot consent, it is unethical to perform studies in healthy
children. Therefore paediatric studies are typically performed in patients that require
medical treatment, which may increase the heterogeneity of the patient population due
to differences in the nature and the severity of illness, while the polypharmacy in most
of these patients may introduce drug-drug interactions. Practical constraints lay in the
small blood volume of the paediatric patients especially in the very young, limiting
the volume and number of blood samples that can be obtained from a single patient.
Additionally, without an indwelling arterial line, arterial blood sampling for the sole
purpose of pharmacokinetic studies is not allowed. This implies that blood sampling can
often not adhere to a stringent design. Likewise drug dosing can often not adhere to a
stringent design, as drug dosing may be clinically titrated to individual medical needs,
which is guided by both efficacy and possible side effects.

In neonates, practical constraints with regards to limitations in obtainable
blood volume can be overcome by advanced and sensitive analysis methods like LC-
MS or electrophoresis that can detect drug concentrations in low-volume samples 1.
Ethical issues with regards to invasive arterial blood sampling for pharmacokinetic
measurements can be overcome by using scavenged samples (i.e. samples discarded
from clinical specimens) "%, by developing methods to determine drug concentrations
from dried blood spots M, or by investigating the use of other biological matrices like
for instance saliva . In Section II, the issues with regards to the analysis of data from a
heterogeneous population, with sparse observations per patient and irregular dosing and
sampling times were overcome by using a population modeling approach. This approach
not only allows for the analysis of sparse, dense and/or unbalanced data, it also allows
for the identification and quantification of the sources of variability in a population, and
more importantly for the identification of significant predictors of this variability, known
as covariates 3. As was shown for morphine in this thesis, covariate relationships
describing the relationship between a predictor of variability (e.g. bodyweight) and a
pharmacokinetic parameter like clearance can directly serve as the basis of drug dosing
algorithms.

In Chapter 3 a population pharmacokinetic analysis was performed based on
concentration-time data on morphine, morphine-3-glucuronide (M3G), and morphine-
6-glucuronide (M6G) obtained from 248 patients with sparse sampling per patients
(on average 4 samples per patient). These samples were obtained from postoperative
or mechanically ventilated preterm or term neonates to children up to the age of three
years. The analysis revealed that in this young population the developmental changes
in the pharmacokinetics of morphine are best described by bodyweight-based covariate
relationships. Increases in formation and elimination clearances of the morphine
metabolites could be best quantified by a bodyweight-based exponential equation with
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an exponent of 1.44. Within this exponential equation the formation of the metabolites
was found to be reduced by approximately 50% in neonates with a postnatal age of
less than ten days, which was independent from gestational age. The elimination of
morphine through other pathways was found to be not statistically significantly different
from zero throughout the entire population. The distribution volume of morphine and
its metabolites increased linearly with bodyweight. From these covariate relationships
it was derived that for children under the age of three years morphine IV maintenance
doses are best dosed on the basis of ug/kg'*/h with a 50% dose reduction in neonates
younger than ten days, while IV loading doses and bolus doses are best dosed linearly
with bodyweight. Model-based simulations indeed confirmed that similar morphine
and metabolite concentrations would be obtained throughout this entire population with
this dosing algorithm.

Although the novel model-derived dosing algorithm for morphine covers a
relatively large age-range in early life, in which many physiological changes occur, like
many other paediatric drug dosing guidelines it is limited to a specific age-range, in this
case to preterm and term neonates up to three-year-old children. Due to the exponential
increase at the higher extreme of the bodyweight-range, this algorithm cannot be used
for extrapolations to older children. It would therefore be interesting to expand the
morphine dataset to older paediatric patients up to adults, enabling quantification of
the developmental changes in glucuronidation clearance over the entire paediatric age-
range. Recently, a bodyweight-dependent exponential covariate model was developed to
scale propofol clearance from preterm neonates to adult patients with a single continuous
covariate relationship . This bodyweight-dependent exponential covariate model
consists of a bodyweight-based allometric equation in which the exponent decreases
in a sigmoidal fashion with bodyweight. Interestingly, the developmental changes in
propofol clearance in early life were found to be best described with an exponent close to
1.44, namely 1.35.The flexible nature of the bodyweight-dependent exponential covariate
model, makes the model potentially useful for different elimination pathways like the
UGT2B7-mediated glucuronidation of morphine.

A single continuous function to describe developmental changes in drug
glucuronidation would also yield a single dosing algorithm for the entire paediatric
population. This would resolve issues concerning drug dosing in patients with
characteristics close to the extremes of the range for which a specific dosing algorithm
is defined and dosing errors arising from using an incorrect algorithm for a particular
patient. For instance, when there are two different algorithms for patients younger than
three years and for patients of three years and older, two different algorithms may be
used for dosing in children around their third birthday, each leading to a different dose.
Additionally, a treating physician may erroneously calculate the dose for a two-year-
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old patient using the algorithm for children of three years and older or vice versa. In
daily practice, dosing errors from miscalculations of highly non-linear algorithms for a
specific patient at the bedside, may be resolved by a close involvement of the hospital
pharmacist in clinical practice ™ and the use of dosing tables (Chapter 5) or by the
development of applications for smartphones or tablets ! and the introduction of
electronic prescription systems.

In Chapter 3, the descriptive and predictive properties of the developed paediatric
morphine pharmacokinetic model were evaluated in an internal validation procedure,
using the data that were used to develop the model. To further corroborate the predictive
value of this model, extensive evaluation and validation procedures were performed
in Chapter 4, using independent external data from preterm and term neonates up
to infants of one year, from four different centers. In these procedures, the model was
found to accurately predict morphine and metabolite concentrations based on dose,
bodyweight, and age alone, in a population that, like the internal dataset, consisted of
ventilated neonates and postoperative patients after major non-cardiac surgery.

The paediatric pharmacokinetic morphine model developed in Chapter 3
and dosing guidelines derived from this model should not be applied to other patient
population until the accuracy of model predictions have been established in this
population. Literature reports for instance suggest paediatric morphine pharmacokinetics
to be affected by cardiac surgery 718]. These effects should therefore be further analyzed
and quantified in a population analysis. Similarly, critical illness was found to severely
reduce the CYP3A4-mediated clearance of midazolam %), since it has not been established
whether and how critical illness affects UGT-mediated drug clearance, caution is
warranted when applying the paediatric morphine pharmacokinetics model and the
model-derived dosing algorithm for this patient population. In Chapter 4, the model
was shown to make accurate concentration predictions in neonates on extracorporeal
membrane oxygenation (ECMO) treatment with continuous venovenous haemofiltration
(CVVH). This is remarkable as the very invasive ECMO treatment had been shown to
influence pharmacokinetic parameters of various drugs . It is unlikely that ECMO
does not influence pharmacokinetic parameters for morphine, in fact pharmacokinetic
changes have been reported to occur for morphine in patients on ECMO treatment 2%},
but our results suggest that the various changes may have counteracting influences on
the morphine and metabolite concentrations. This would imply that the model-derived
dosing algorithm for morphine may also be advantageous for patients on ECMO
treatment, which is being prospectively studied 1.

With the predictive performance of the paediatric morphine pharmacokinetic
model confirmed for postoperative patients, analgesic efficacy of the model-derived
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morphine dosing algorithm was prospectively evaluated in postoperative patients
in Chapter 5. According to this algorithm neonates younger than ten days received
a morphine IV infusion of 2.5 ug/kg'/h, while older patients received 5 ug/kg'/h.
Compared to a traditional dosing regimen of 10 ug/kg/h, the model-derived algorithm
resulted in a 50% to 75% dose reduction in neonates younger than ten days, while children
older than ten days and bodyweights of more than four kilograms received up to 150%
of the traditional morphine dose. Based on the percentage of patients needing rescue
medication, the reduced dose in young neonates proved to be efficacious, whereas in
older children a relatively high need for rescue medication remained despite the increased
dose for these patients. In both groups, for the patients that did require rescue medication
the morphine rescue dose per kilogram bodyweight did however not significantly differ
statistically. As the model-derived dosing algorithm corrects for age-related differences
in morphine pharmacokinetics, yielding steady state plasma concentrations of about 10
ng/mlin all patients, the observed age-related differences in the efficacy of the morphine
regimen are likely the result of age-related differences in the distribution of morphine
to its effect site or differences in the morphine pharmacodynamics. It can therefore be
concluded, that adjusting the morphine dose to differences in the pharmacokinetics
leads to significant improvements in paediatric morphine therapy as it reduces the risk
of over-exposing young neonates and exposing older children to inefficacious doses.
Future studies on the pharmacodynamics of morphine and its pharmacologically active
metabolites in this patient population may further improve the dosing algorithm, by
defining age-appropriate target concentrations.

Morphine and its metabolites exert their pharmacological effect by binding to
u-opioid receptors in the brain. To reach this effect site the compounds need to pass
the blood-brain barrier and diffuse through the brain tissue. Age-related changes in the
functionality of the blood-brain barrier may cause age-related differences in effect site
distribution, which may clinically manifest in differences in morphine efficacy. Ithas been
demonstrated that multiple processes are involved in the transport of morphine across the
blood-brain barrier. In addition to passive diffusion, this includes carrier mediated and
active transport mechanisms. In a number of studies it has been shown that the passive
diffusion of morphine across the blood-brain barrier is slow and that the capacity for
active uptake is limited, while active efflux of morphine from the brain via P-glycoprotein
is considerable .. As a result, the morphine concentrations in plasma and at the site
of action are at best in dynamic equilibrium, which complicates the interpretation of
plasma concentrations in terms of active therapeutic concentrations. In the developing
brain the various barrier and transport functions mature at different rates ¥, therefore it
is not possible to describe a single maturation pattern for blood-brain barrier penetration
of drugs in paediatric patients, but it is conceivable that developmental changes in
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blood-brain barrier distribution cause the age-related differences in the morphine
exposure-effect relationship observed in Chapter 5. It is in this respect important to note
that blood-brain barrier functionality may also be compromised in patients with certain
medical conditions like meningitis *! or epilepsy / seizures . On the other hand, the
age-related differences in the response to morphine could be the result of differences in
the sensitivity of the developing biological system to morphine and its metabolites or
differences in the sensitivity of the developing physiological system to pain stimuli. This
could be caused by changes in the organization of the central nervous system and the
expression and differentiation of opioid receptors in the brain, or by changes in down-
stream signal transduction resulting from opioid receptor activation and the integration
of this signaling pathway with the pathways that process pain .

Pharmacodynamic studies on analgesics in children are associated with
several methodological complexities. An important factor is that these studies require
an age-appropriate endpoint to quantify pain. Measurements of pain and analgesia are
complicated by the subjective nature of pain perception, therefore the gold standard for
quantifying pain is self-report by means of a visual analogue scale (VAS) or numeric
rating scale (NRS). In children between the age of four and twelve years a “faces pain
scale” may be used 2%, but in preverbal-verbal children under the age of three to four
years self-report is not possible. The COMFORT-behaviour scale has been developed
to assess postoperative pain in preverbal children up to the age of three years and
this score has been extensively validated for this purpose ¥ ,which showed that the
pain intensity quantified the by behavioral items in COMFORT score are in agreement
with pain intensity quantified from physiological measurements . In addition to
the COMFORT-behaviour scale, a wide range of other pain scoring instruments have
been developed for preverbal patients. Most of these pain assessment scales rely on
behavioral items, with facial expression, crying, and body movement included in most
instruments [*3¢%I1. So far no methods have been developed for the population modeling
of a single endpoint (e.g. pain) using different quantification methods for that endpoint
(e.g. different pain rating scales). This impedes the retrospective analysis of data from
multiple centers that use different pain scores. To analyze developmental changes in
the pharmacodynamics of analgesic drugs across the paediatric population, a validated
biomarker that objectively quantifies pain in patients of all ages, is necessary. Potential
biomarkers include cardiovascular, hormonal, or other physiological parameters, but
hitherto no biomarker has been identified that can quantify pain, discriminate between
pain and stress, anxiety or discomfort, and has an acceptable inter-individual variability
2421 As an alternative, the use of pain scoring instruments for the different paediatric
subpopulations that all have the same scale (e.g. a range from 0 to 10) could be explored.

Finally, medicine strives to optimize the balance between minimal drug exposure
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and maximum efficacy, to yield an optimal risk/benefit ratio. Neonates, especially
premature neonates, can experience pain which may have both short-term and long-
term effects that could potentially be reversed by morphine . Morphine exposure
is however also associated with acute respiratory, gastro-intestinal, cardiovascular,
and neurological side effects as well as the occurrence of tolerance, dependence and
withdrawal. Additionally, animal and in vitro studies raised concerns about the long-term
effects of exposure of the developing brain to morphine #~, which includes enhanced
neuronal apoptosis U, Long-term follow-up studies however suggest the influence of
any potential changes in the central nervous system of human neonates on behavior and
performance to be small to negligible ">, Nevertheless, studies are being performed to
evaluate the efficacy of paracetamol or, in infants and children older than three months,
non-steroidal anti-inflammatory drugs (NSAIDs) as alternative or adjuvant analgesic
agents to opioids P>, In addition to this, non-pharmacological interventions may also
reduce (procedural) pain, distress, and opioid consumption in various clinical settings
and should always be applied before pharmacological interventions. This may include
none-nutritive sucking or administration of non-nutritive glucose, sucrose or other sweet
tasting solutions, kangaroo care, holding, or parental presence, auditory or olfactory
stimulation, swaddling or facilitated tucking, and reducing environmental stimuli 562,
although except for non-nutritive sucrose administration the evidence supporting these
non-pharmacological interventions is limited.

Conclusions and Recommendations:

J The maturation of morphine glucuronidation in the first three years of life is
best described by a bodyweight-based exponential equation with an exponent
of 1.44 and a 50% reduction in preterm neonates younger than ten days, which is
independent from gestational age.

J A paediatric dosing algorithm that corrects for differences in morphine
pharmacokinetics reduces the risk of over-exposing young neonates while also
reducing suboptimal morphine exposure in older patients.

o Extension of the current morphine pharmacokinetic study to include older
children up to adults may yield a single continuous dosing algorithm that covers
the entire paediatric age-range.

J Studies on morphine pharmacodynamics may further improve the dosing
algorithm. A large number of validated pain assessment instruments in specific
paediatric age-ranges are available for these studies, however uniform endpoints
that allow for the quantification of pain across the entire paediatric age-range are
still lacking.
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U Alternative pharmacological and non-pharmacological methods to effectively treat
pain while reducing opioid consumption should be considered and investigated
to optimize the risk/benefit ratio of paediatric pain management.

10.2 Semi-Physiological Covariate Model for Paediatric
Glucuronidation

The approach used in section II to develop validated model-derived dosing
algorithms that correct for developmental changes in the pharmacokinetics for each
drug in every paediatric age-group, would require much time and resources. It was
therefore explored to what extent the covariate relationship for UGT2B7-mediated
glucuronidation of morphine could be regarded as descriptor of developmental changes
in the underlying physiological system rather than as a specific descriptor of changes
in the pharmacokinetics of morphine per se, and how this information could be used in
population model development of other drugs.

In Chapter 6 the paediatric covariate model for morphine glucuronidation was
directly incorporated into a population pharmacokinetic model for zidovudine, as both
drugs are predominantly eliminated through the same pathway of UGT2B7-mediated
glucuronidation. This yielded a model with descriptive and predictive properties that
were similar to a reference model that was based on a comprehensive covariate analysis
of the same dataset and that provided the statistically best description of the data
according to predefined criteria. The proposed modeling approach in which paediatric
covariate models are extrapolated between drugs that share a common elimination
pathway combines population modeling with the mechanistic insight of physiologically-
based modeling. This approach was therefore called a semi-physiological modeling
approach and the covariate model for UGT2B7-mediated glucuronidation clearance
that was extrapolated from morphine to zidovudine was called a semi-physiological
developmental glucuronidation model.

The findings in Chapter 6 support our hypothesis that paediatric covariate
models describe system-specific rather than drug-specific properties. This would
imply that the context of system-specific properties [ can be extended to not only
include static descriptors of the physiological system, but to also include age-related
developmental changes in the physiological system in the paediatric population. This
would mean that the developmental profile of clearance of a new drug in children can
be predicted based on findings on a probe compound that is eliminated through the
same pathway. The generalizability of the semi-physiological modeling approach does

236 | Chapter 10



however require further investigation. This approach has now been successfully applied
to the glucuronidation of morphine and zidovudine in the current thesis as well as to the
glomerular filtration of vancomycin and netilmicin [, thereby supporting this approach
for two drug eliminating pathways using compounds with similar physicochemical
properties and extraction ratios. It should be further investigated how well this approach
performs when extrapolating covariate models between drugs that have very different
physicochemical properties and/or extraction ratios. Additionally, the applicability of
this approach should be tested on drugs with non-linear pharmacokinetics or drugs that
are eliminated through multiple pathways.

The study described in Chapter 7 explored the physiological and physicochemical basis of
the semi-physiological developmental glucuronidation model from Chapter 6. This was
done to investigate whether the applicability of the semi-physiological developmental
glucuronidation model was limited by specific patient or drug characteristics. For this, the
influence of system-specific and drug-specific parameters on in vivo drug glucuronidation
was quantified using physiologically-based modeling. The study illustrated that
developmental changes in liver volume and UGT2B7 ontogeny, rather than the changes
in milligram microsomal protein per gram of liver, hepatic blood flow or plasma protein
binding, are the main drivers of the clinically observed developmental increases in drug
glucuronidation in the first three years of life. This implies that the pharmacokinetics of
drugs that are eliminated through UGT2B7-mediated glucuronidation may be affected
in patients with hepatic dysfunction as a result of for instance virus associated hepatic
disease.

Bodyweight, which was identified as the main covariate for the developmental
changes in morphine clearance in the population model developed in Chapter 3, should
be regarded as a surrogate descriptor of the sum of all underlying changes in physiology
instead of being regarded as the driver of the observed changes in glucuronidation
clearance in mechanistic terms. In children under the age of three years, bodyweight is
closely correlated with age. The evaluation procedure in Chapter 4 in premature neonates
and neonates small for gestational age, proved bodyweight to be a better predictor of
inter-individual variability of morphine glucuronidation than age in these patients. It
remains to be investigated whether bodyweight is also the best descriptor of this inter-
individual variability in toddlers at the extremes of their age-appropriate weight-range
(i.e. underweight / malnourished or overweight / obese toddlers).

The study in Chapter 7 also illustrated that, provided that changes in drug-
specific parameters do not influence the uptake of the drug into hepatocytes or the
interaction of drug molecules with the UGT2B7 isoenzyme, physicochemical drug
parameters only influence the absolute value of the drug glucuronidation clearance and

Summary, Conclusions, and Perspectives | 237



not the pattern of developmental changes in glucuronidation clearance. This suggests

that the semi-physiological modeling approach can be applied to all small molecular

substrates of the UGT2B7 isoenzyme.

Using currently available in vitro data on UGT2B7 enzyme kinetics, the
physiologically-based model used in Chapter 7 yielded under-predictions for in vivo
morphine and zidovudine clearances. This discrepancy may result from inaccuracies in
the values of the in vitro enzyme kinetic parameters obtained from literature. Another
factor may be the applied assumption that morphine and zidovudine are solely
eliminated through UGT2B7-mediated clearance. The developmental profile of in vivo
drug glucuronidation on the other hand was well predicted by the physiologically-
based model in Chapter 7 in infants and toddlers older than approximately two weeks.
However, the predictions of developmental changes in glucuronidation clearance in
term neonates in the first two weeks of life were less accurate. This could be explained
by the fact that the UGT2B7 ontogeny profile in the physiologically-based model used
in Chapter 7 increased linearly throughout childhood, while literature reports on in vitro
studies showed a rapid increase in UGT2B7 expression and function in the first few
weeks in life, which is also reflected in the clinical observations. Accurate prediction
of clearance in the first few days of life has proven to be difficult with physiologically-
based models in general and predictions for preterm neonates are often not even possible
with these models. For this purpose, prenatal and postnatal maturation processes in the
various physiological parameters need better quantification. To improve the availability
of liver and kidney samples for this purpose, it would be beneficial to always snap-freeze
liver and kidney samples of diseased paediatric patients and obtain informed consent for
such studies.

Physiologically-based models largely depend on reliable in vitro enzyme kinetic
parameters. As reviewed in Chapter 2, in vitro methods to study ontogeny patterns of
UGT isoenzymes use various endpoints that represent different parts of the physiological
system. A number of factors contribute to differences in findings between studies on
hepatic UGT ontogeny:

1) Inter-individual variability in UGT enzyme expression and activity is high
and influenced by numerous (patho)physiological %! and experimental ¢!
conditions, while the limited availability of paediatric hepatic donor tissue
prevents the accurate characterization of developmental changes and associated
variability.

2) The diversity of endpoints that can be studied may affect the conclusions on
hepatic enzyme ontogeny. For instance, mRNA and protein expression for many
UGT isoenzymes did not correlate well with the in vitro activity of the isoenzymes
70, possibly because post-translational modifications and interactions with other
microsomal membrane bound components influence UGT activity 77,
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3) Measured enzyme activity is never absolute nor generalizable, because the rates
of biotransformation are non-linearly dependent on substrate concentrations
and specific for a given enzyme-substrate combination. Additionally, substrate
specificities of the UGT isoenzymes are broad and they may overlap, meaning
that one isoform may glucuronidate a wide range of compounds and that one
compound may be metabolized by multiple isoforms, limiting the availability of
suitable isoenzyme specific substrates to investigate developmental changes in
the activity of a single UGT isoenzyme.

With respect to the UGT2B7 isoenzyme, as reviewed in Chapter 2, mRNA
expression is undetectable in fetuses at a gestational age of 20 weeks, while UGT2B7
mRNA expression was found to have reached adult values at a postnatal age of six months
70, For UGT2B7 enzyme expression on the other hand, adult values were reached at a
postnatal age between seven months and two years according to one study ™}, or between
the ages of 12 and 17 years according to another study . Absolute in vitro activity of
the UGT2B7 isoenzyme as measured on the basis of the rate of biotransformation of
epirubicin, showed a small age-dependent increase throughout the total paediatric age-
range, with activity levels being lower than adult values in all age-ranges .

Due to the variability in study outcomes, incorporation of in vitro data on enzyme
kinetics into physiologically-based models is not straightforward. Studies to obtain
enzyme kinetic parameters can be based on microsomes or hepatocytes, with hepatocytes
being the preferred experimental system. This is because the current protocols for studies
in microsomes are optimized to study the activity of cytochrome P450 (CYP) enzymes
rather than UGT activities . Additionally, in hepatocytes the structural integrity,
including drug-binding cell compartments, cell membranes and transporters, is still
intact and co-factors are present at physiological concentrations thereby improving
determination of physiologically relevant in vivo enzyme kinetic values.

The proposed semi-physiological modeling approach in Chapter 6 combines concepts
of physiologically-based pharmacokinetic modeling with population pharmacokinetic
modeling. Future endeavors to predict developmental changes in drug metabolism
could greatly benefit from a closer integration of these two approaches. Population
pharmacokinetic modeling offers the advantage of obtaining the best possible
description of the developmental changes in clearance based on outcome measures.
As such, it allows for the quantification of net effects of all underlying physiological
changes that contribute to the observed changes in clearance. This is usually expressed
with a limited number of covariate relationships that can be directly used as the basis for
dosing algorithms. Physiologically-based pharmacokinetic modeling on the other hand
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provides a detailed and generalizable description and quantification of the functioning of

the physiological system and the interaction of drug molecules with this system. This can

be of great benefit to make predictions for new drugs or drugs in new populations. Some

of the parameters in physiologically-based models can be obtained with great accuracy

from in vitro studies or physiological measurements, while others are more difficult to

obtain experimentally. The combination of population modeling and physiologically-

based modeling may allow for the quantification and characterization of developmental

changes of a limited number of parameters in a physiologically-based model, based on

outcome measures.

Conclusions and Recommendations:

Proof-of-concept studies with a semi-physiological modeling approach for
UGT2B7-mediated paediatric drug glucuronidation support the hypothesis that
paediatric covariate models describe developmental changes in the physiological
system and can be extrapolated between drugs that share a common elimination
pathway.

By applying physiologically-based pharmacokinetic modeling concepts,
liver volume and UGT2B7 ontogeny were identified as the main drivers of
developmental changes in in vivo UGT2B7-mediated drug glucuronidation in
children younger than three years.

Bodyweight to the power 1.44 should be regarded a surrogate descriptor of
the sum of all developmental changes in the underlying physiological system
on drug glucuronidation in children. The descriptive value of this covariate in
toddlers at the extremes of their age-appropriate bodyweight range needs further
investigation.

Physicochemical drug properties only influence the absolute value of in vivo
glucuronidation clearance, not the maturation pattern. Therefore, the semi-
physiological modeling approach can be used to predict the developmental
changes in the clearance of other UGT2B7 substrates.

The proposed semi-physiological paediatric pharmacokinetic modeling
approach is promising. Future studies to investigate to what extent this approach
is universally applicable should focus on other elimination pathways, on
extrapolations between drugs with different physicochemical drug properties,
and on drugs with non-linear or blood-flow dependent kinetics.
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10.3 Paediatric Model Evaluation

It has been recognized before that population models are often not adequately evaluated
and validated, both for the adult and paediatric population "%, Model misspecification
could have far-reaching consequences when pharmacokinetic models are used as
the basis for dosing algorithms in children. When paediatric covariate models are
extrapolated to other compounds in a semi-physiological modeling approach these
consequences are even perpetuated. During the evaluation and validation of the
morphine pharmacokinetic model in Chapter 3 and Chapter 4 it was discovered that,
due to some unique properties of paediatric datasets, the evaluation and validation of
paediatric models requires special attention.

Chapter 8 identified how paediatric patient and study characteristics influence
the structure of paediatric datasets. It was also shown how to deal with complexities arising
from these data characteristics in the evaluation and validation of paediatric population
models. Specific features of paediatric datasets are: the heterogeneity in developmental
status of the patients, the high variation in drug dosing and blood sampling, and sparse
and unbalanced sampling per patient. These features require validation procedures
to be performed on age-stratified subsets of the data, the use of advanced validation
methodologies and focus on population predictions rather than individual predictions.
The framework for the validation of pediatric population pharmacokinetic models
proposed in Chapter 8 takes these requirements into account. In addition a novel
validation tool to investigate the accuracy of paediatric covariate relationship across the
entire range in covariate values was also introduced. This framework is based on six
diagnostics, which include 1) number of parameters and condition number, 2) numerical
diagnostics, 3) prediction-based diagnostics, 4) n-shrinkage, 5) advanced simulation-
based diagnostics, 6) diagnostics of individual and population parameter estimates
versus covariates. These diagnostics per se were not necessarily new, but were sometimes
slightly adjusted (e.g. stratified) or required a shift in emphasis (e.g. focus on population
predictions instead of individual predictions). The validation framework was applied to
two paediatric population models for morphine in children younger than three years,
which were based on the same dataset. This revealed that the proposed paediatric model
validation framework can identify model over-parameterization, model instability and
structural model misspecification leading to poor predictive model performance.

Model misspecification may lead to serious consequences when conclusions
based on these models are used for clinical decision making. As peer-reviewed
publications reach a large audience and may be considered to be accurate by this
audience, it is imperative that paediatric pharmacokinetic models are not accepted for
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publication without confirming their results with proper model evaluation and validation
procedures as described in Chapter 8.

Morphine pharmacokinetics has been widely studied in the paediatric population. The
reported morphine clearance values in children are reviewed in Chapter 9 with specific
focus on model-based results. Since the results of Chapter 8 raised questions with regards
to the accuracy of published pharmacokinetic models, special attention was paid to the
evidence supporting the accuracy and precision of the pharmacokinetic predictions
obtained with these models. Three population models in children younger than three
years used different clearance parameterizations and expressions for the quantification
of developmental changes in clearance. This mainly led to differences in clearance
predictions in patients in the first few weeks of life. The three population models
included the model developed in Chapter 3 of this thesis and two other models based on
fixed allometric scaling principles "%, Of these models, the model from Chapter 3 was
the only model for which accurate concentration predictions on the individual as well
as population level were corroborated throughout the full age-range of the model and
for both morphine and its metabolites. With regards to the prediction of total morphine
clearance this model had similar accuracies as the model by Anand et al. ¥, although
the Anand-model did not include the pharmacologically-active metabolites. Moreover,
serious model misspecification was reported for neonates by the third model (Chapter
8). No adequate evaluation and validation was performed on the accuracy of morphine
clearance predictions by a published physiologically-based pharmacokinetic model 1.
The results from Chapter 8 and Chapter 9 could suggest that population
models based on fixed allometric scaling principles 2 generally have poor predictive
performances. This is however not directly evident from these results, although the
incorporation of covariates without formally testing them for significance does increase
the risk of obtaining a model that is not supported by data. Provided that a model is
supported by results from evaluation and validation procedures, results from paediatric
population models that are based on fixed allometric scaling principles may be equally
suitable for clinical decision making as any other properly validated model. For the
research in the current thesis a comprehensive covariate modeling approach was
applied rather than a fixed allometric scaling approach. This was based on a wide range
of theoretical and experimental evidence against the application of allometric scaling
with a universal fixed exponent of 0.75 in paediatric pharmacokinetics . More
recent publications on the development of population models with strongly correlated
covariates (e.g. bodyweight and age in young paediatric patients) support this approach

[91,92]
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The findings on developmental changes in drug glucuronidation in children obtained in
the current thesis may appear to be very different from previous findings, but they are
not. Morphine pharmacokinetics has been widely studied in the paediatric population
using traditional methods for the analysis of in vivo data, which was reviewed amongst
others in Chapter 2 and Chapter 9. In line with our findings, in vivo pharmacokinetic
studies of morphine and its metabolites in literature also showed that preterm
neonates with a gestational age as young as 24 weeks already metabolize morphine by
glucuronidation ®¥. In most published studies morphine clearance is parameterized
per kilogram bodyweight and investigated in age-strata with a limited range. The thus
reported morphine clearance values cover a wide range %91 with different studies
reporting clearance to remain either constant P*141%2 or to change with postconceptual
age 1519 postnatal age 171911, or bodyweight 1%1%41121 However, figure 5 of Chapter 4
illustrates how the highly non-linear covariate relationship for morphine glucuronidation
clearance developed in the current thesis accurately describes the trend observed in
reported morphine clearances over the entire age-range from preterm neonates to three
year old children. Although the pharmacokinetics of zidovudine has been studied less
extensively in children than morphine, literature findings on this drug are also in line
with the findings on developmental changes in glucuronidation in the current thesis.
Zidovudine clearance was shown to increase rapidly in the first two weeks of life. The
subsequent increase in zidovudine clearance was reported to be slower, with studies
reporting adult values to be reached within two months 314, while others reported a
two year period of slower increase to be followed by an even slower increase to reach
adult values in late adolescence M.

Compared to the traditional methods, population model-based analysis
approaches to study drug pharmacokinetics offer several advantages as discussed in
Chapter 9. With population modeling each individual is regarded as constituent of the
overall population. By analyzing the population as a whole, fewer samples per individual
arerequired and the precision of findings may be improved asitis possible to simultaneous
analyze data from multiple studies with different study designs, as long as detailed
records are available on the exact time of drug dosing and blood sampling. Moreover,
inter-individual variability can be distinguished from other sources of variability like
intra-individual variability, measurement error and model misspecification. Descriptors
that can explain (part of) the inter-individual variability can be identified and quantified
in continuous relationships, without the need for stratification of the population based on
age. One of the biggest advantages of the covariate relationships in population models is
that they quantify the net changes in pharmacokinetic parameters that can directly serve
as the basis for paediatric drug dosing algorithms.
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In conclusion, the approach described in Section II of this thesis should be the basis for
the development of evidence-based paediatric dosing algorithms for off-patent drugs
that are already regularly prescribed for children. This approach entails 1) population
pharmacokinetic and/ or pharmacodynamic model development which can be based on
data from various (existing) sources, 2) internal and external model validation according
to the framework developed in Chapter 8 to assess the predictive performance of the
population model, and 3) a prospective clinical trial as proof-of-principle to confirm the
efficacy and safety profile of the model-derived dosing algorithm. Although the broader
applicability and generalizability of the semi-physiological modeling concepts proposed
in Section I1I need further investigation, our initial results are promising and show that
semi-physiological modeling could limit the time and resources needed for paediatric
population model development. This approach could also be expanded to derive first-
in-child doses in the drug development process, based on in vitro and adult information
on the elimination pathways of a new chemical entity.

Conclusion and recommendations:

. Proper model evaluation and validation based on appropriate tools should be a
standard requirement for the publication of all population models.

o Patient and study characteristics in the paediatric population differ from the adult
population and require special considerations in model evaluation and validation
procedures that are taken into account in the framework developed in Chapter 8.

. Only when a model is proven to be supported by clinical data can it be considered
to provide an accurate reflection of clinical reality, therefore only validated
(covariate) models should be used for clinical decision making, for deriving
dosing algorithms or for application in a semi-physiological modeling approach.

J A theory-based modeling approach rather than a data-driven approach may
lead to models that are not supported by clinical evidence which may limit the
predictive value of these models.

. Population pharmacokinetic modeling is ideally suitable for quantifying net
developmental changes in drug clearance. The model-based approach described
in Section II of this thesis should be the basis for the development of evidence-
based paediatric dosing algorithms.
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