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Introduction

Irrespective of whether a drug is in development or
already available on the market, the current paradigm for
paediatric dose selection does not guarantee safe and
effective dosing recommendation for children. The nor-
malization of the adult dose according to age, body weight
or any other demographic covariate without prior evi-
dence of how these factors contribute to differences in
drug exposure may lead to poor and unsafe estimates of
the paediatric dose. Nevertheless, the implications of such
common practice remain unquestioned. No matter how
easy and simple a dosing regimen may be for clinical inves-
tigators or prescribers, the continuous use of empirical
approaches for dose selection cannot be justified by
the current understanding of how developmental growth
affects pharmacokinetics and exposure-response relation-
ships [1].The recent advances in quantitative methodology
for the analysis of clinical pharmacology data offer
researchers and prescribers the appropriate tools for
establishing what dose is right for children.

Current paediatric prescription
practice

In contrast to the use of off-label prescription entrenched
in clinical practice, the introduction of the paediatric
regulation by the European Union, together with the
renewal of the Pediatric Rule by the Food and Drug
Administration on the requirements for paediatric label-
ling, imposes special attention to dose selection in paedi-
atric clinical trials. The main objective of these guidelines
is to ensure that effective and safe doses are evaluated in
children [2, 3]. However, the design and implementation
of paediatric trials remain challenging and are often dif-
ficult to accomplish. Ethical, practical and even economic
considerations have caused the evaluation of efficacy
and safety of drugs in children to be based on empirical
extrapolations from clinical trials in adults. Despite the

many flaws of this approach and mounting evidence
[4-7] from quantitative pharmacological methods, very
few examples exist where exposure-response relation-
ships obtained in children are used to define dosing regi-
mens in the paediatric population. Thus far, empirical
scaling from adults to children continues to be the main-
stream method for dose selection in children, with adjust-
ment for body weight as the most commonly used
approach.

The rationale for dose adjustment in paediatric indica-
tions may be determined by differences in pharmacokinet-
ics, pharmacodynamics, disease or a combination of these
factors. Pharmacokinetics of drugs in children may differ
from adults for several reasons: variability due to age,
gender, body composition, functionality of liver and
kidneys and maturation of enzymatic systems throughout
the life span from neonates to adults are all potential
sources of pharmacokinetic differences [5]. Assuming
similar exposure-response relationships between adult
and children, efficacy in children is warranted if the same
exposure can be achieved in either population. To meet
this requirement, physiological differences between adults
and children must be taken into account when selecting
the paediatric dose [6].

In spite of the aforementioned considerations, dose
scaling in paediatric trials remains an open issue, from both
a clinical perspective and a drug development standpoint.
Given that children may not be subject to dose-finding
studies similar to those carried out in the adult population,
some initial estimation of the paediatric dose must be
obtained via extrapolation approaches [7]. As a conse-
quence, the dose selected for a considerable number of
drugs disseminates into clinical practice, irrespective of
consensus about the appropriate dosing recommenda-
tion. This phenomenon is illustrated by scientific publica-
tions showing different dosing requirements (e.g. pain
management, paediatric oncology) and by differences in
prescription practice in many hospitals (e.g. heart failure,
pulmonary hypertension), which have their own protocols
based on the empirical experience of its staff [8, 9]. Some
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exceptions exist, such as the British National Formulary for
Children (http://bnfc.org) and the Dutch Children’s Formu-
lary (http://www.kinderformularium.nl), but these guide-
lines rely on dosing recommendations primarily from
clinical experience and off-label use rather than on
prospective studies or randomized clinical trials.

A similar scenario is observed in drug development,
where empiricism also prevails. Usually, the adult dose is
divided by a fixed (scaling) factor, under the assumption
that the appropriate efficacy/safety profile can be assured.
These empirical procedures are often referred to as ‘bridg-
ing’ It is evident that such an approach has some serious
disadvantages, amongst which are the risk of toxicity due
to lack of understanding of the ontogeny of metabolic
pathways, as for example in neonates and toddlers, or poor
efficacy due to suboptimal dosing.

It is clear that a shift in paradigm is required that
focuses on the differences in (physiological) function
between populations, rather than differences in size
between adults and children.

The correlation between dose
and demographic covariates is
not linear

Probably, the most common method for dose adjustment
in children in paediatric clinical practice is to normalize the
adult dose by body weight (i.e. mg kg™), assuming a linear
relationship between weight and dose.This means that the
dose doubles with a twofold increase in the weight of
a child.

Another method for dose adjustment is based on age:
the paediatric population is divided into subcategories
(preterm newborns, term newborns, infants, toddlers, chil-
dren and adolescents) and the dose is selected according
to a child’s age.This method does not take into account the
changes due to developmental growth that occur within
each age group.Even though the hepatic metabolic capac-
ity of a 5-year-old child is completely different from that of
a neonate, this approach fails in describing the maturation
of the metabolism between 1 and 6 months of age.On the
other hand, no differences in drug metabolism may exist
between adolescents and adults. Furthermore, categoriz-
ing dosing regimens by age ranges creates an artificial
discontinuity in the dose-exposure relationship across
each age group, hardly substantiated by scientific evi-
dence [10].

Scaling the dose from adults can also be performed by
normalization based on body surface area (BSA), under the
assumption that metabolic processes in humans are con-
stant when expressed as a function of BSA. However, a few
disadvantages limit the application of this method: the dif-
ficulty in calculating BSA (due to the complexity and inac-
curacy of the formulae that can be used) and the tendency
to overdose neonates and infants [11]. There is also little
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justification for BSA from a pharmacokinetic perspective:
the change in pharmacokinetic parameters across the pae-
diatric population does not change proportionally with
BSA, because BSA is not a descriptor of metabolic function
(e.g.scaling with BSA cannot predict the lack of enzymes at
birth, leading to overdosing neonates [12]).

From the above, it becomes comprehensible that the
assumption of a linear relationship between body size and
drug exposure or response is not always justifiable and
that size itself may not be a surrogate for developmental
growth. Implicitly and most importantly, one must realize
that the use of demographic variables also implies unidi-
rectional increase of the dose with body size, which con-
strains the paediatric dose to be always smaller than in
adults, irrespective of the relevance of physiological and
disease factors.

Scaling for function, not for size

Currently, evidence suggests that a more reliable way to
establish how dose relates to body weight is through the
use of nonlinear relationships, such as, for example, allom-
etric scaling (see Equation 1) [13].
WT)X
70
where P is the parameter of interest, WT the bodyweight of
the individual child and x the allometric exponent.

Different examples show that this approach yields the
most accurate results in terms of exposure in children
[5, 14, 15]. Nevertheless, the qualitative description of this
relationship with a nonlinear function is only the tip of the
iceberg: how such a relationship should be described
mathematically is still subject to intense debate. Some
authors defend the use of ‘pure’ allometry, fixing the expo-
nent in the equation (e.g. 0.75 for clearance). They are de
facto still scaling for size, since the relationship between
parameter and weight is decided a priori [16-18]. Other
authors prefer to estimate the exponent based on the
available clinical data. In this case, body weight can be
considered a surrogate for the physiological function
(which is not always directly measurable) [19-21].

Besides allometric scaling, a more mechanistic
approach is lacking for paediatric dosing recommendation
that can counter the empiricism in current clinical practice.
Such an approach must identify which physiological
factors alter pharmacokinetics and how these (might)
differ across the paediatric population(s), without relying
on a priori assumptions about the correlation between
pharmacokinetic parameters and demographic covariates.
For these reasons, we strongly suggest using a physiologi-
cally based scaling approach, which we describe as scaling
for function.

The concept of scaling for function relies on inferences
from pharmacokinetic parameter distributions in children.
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This is equivalent to the rationale for assessing drug expo-
sure in other special populations such as obese and hepati-
cally impaired patients. In this way, dosing requirements
are derived primarily from a model-based analysis of phar-
macokinetic or pharmacokinetic-pharmacodynamic data
[22, 23]. In fact, it is known that under steady-state condi-
tions, total clearance (CL) determines systemic exposure.
CL itself may be dependent on liver blood flow (LBF)
and/or glomerular filtration rate (GFR). However, these pro-
cesses may vary not only with developmental growth but
also with different (patho)physiological conditions [24].

In addition to GFR and LBF, ontogeny (the development
and maturation of metabolic pathways) is proven to have
considerable effects on drug elimination. However, enzy-
matic maturation (i.e. metabolic capacity) is completely
unrelated to body weight, and as such does not follow
developmental growth. Each enzyme system has its own
phenotype, showing different times of onset and matura-
tion rates: some enzymes are present at birth (CYP3A7,
UGT), whereas others are not (CYP2E1, CYP2D6, CYP3A4,
CYP2C9), some mature to their maximum adult activity in
just a few days (UGT2B7), whereas some require months to
years to reach complete maturation (UGT1A6).Finally,some
enzymes may be critical to the metabolism of certain drugs
during early age, but their role may become less relevant
with developmental growth in favour of other metabolic
pathways (CYP3A7, CYP2C9) [25, 26]. Consequently, ontog-
eny cannot be described simply by body weight differ-
ences. Even if a nonlinear relationship is used to correlate
exposure to weight, weight alone does not capture age-
dependent nonlinearities in metabolic capacity.

Although a scientific rationale for dose recommenda-
tion in children is desirable and necessary, awareness is
lacking with regard to the implications it may have on
prescription practice. As stated previously, most of paedi-
atric labels report doses normalized by body weight. Many
renowned researchers and regulatory agencies still defend
such normalization, as it eliminates the apparent need for
dosing algorithms [27-29]. It makes prescription easy and
simple, allegedly reducing the risk of prescription errors
[30].

These views ignore, however, the nonlinearity in the
relationship between exposure and body weight. This was
the case, for example,in the accumulation of chlorampheni-
col, which causes the grey baby syndrome. Chlorampheni-
col is mainly metabolized by UDP-glucuronyl-transferase
enzyme, but this system isimmature in newborns and renal
excretion of the unconjugated drug is limited. When
chloramphenicol is linearly scaled according to body
weight, the resulting exposure in newborns is fivefold
higher than that reached in adults, causing the well-known
adverse reactions. Dose adjustment according to a nonlin-
ear correlation between dose and body weight (Figure 1)
was enough to avoid the adverse events (i.e.neonates and
infants up to 1 month are given half of the dose recom-
mended to the other groups) [31-34].
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Figure 1

Ratio of exposures to chloramphenicol between children and adults.Solid
line: original dose (50 mg kg™ day™"). Dashed lined: dose adjustment to
avoid grey baby syndrome (25 mg kg™ day™' for babies up to 1 month).
Empirical scaling of the paediatric dose based on body weight has led to
overexposure to chloramphenicol

On the other hand, linear scaling based on body weight
may lead to subtherapeutic exposures in children. This is
illustrated by the use of carbamazepine in the treatment
of epileptic seizures. Carbamazepine clearance is largely
dependent on CYP3A4, which is known to show in-
creased activity in children compared with adults. These
differences result in a higher weight-adjusted dose of
carbamazepine to achieve comparable therapeutic plasma
levels [35,36]. Other examples of common medications for
which dose scaling by body weight may be inappropriate
are phenytoin [26], propofol [37] and aminoglycosides [38].
One must also consider the presence of comorbidities,
which can affect pharmacokinetics and pharmacodynam-
ics. These interactions are usually uncorrelated with and
independent of demographic covariates.The use of higher
doses of tobramycin in the presence of cystic fibrosis is one
of the best examples of the influence of comorbidities on
pharmacokinetics [39]. The implications of nonlinearity are
further exemplified by busulfan, enfuvirtide, oseltamivir
and nelfinavir, for which dosing algorithms have been
introduced. Dosing requirements for these drugs are pre-
sented in their label as tables, categorized by weight
and/or other characteristics [40-43].

It is also important to highlight that some drugs may
not require scaling at all and children should receive the
dose recommended for adults (e.g. vaccines, antidotes)
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Table 1

Examples of drugs commonly used in paediatric medicine for which the paediatric dose is not linearly correlated with body weight

Drug Therapeutic indication

Chloramphenicol Bacterial infection

Carbamazepine Epilepsy
Phenytoin Epilepsy
Propofol Anaesthesia
Busulfan Cancer
Tobramycin Bacterial infection

Enfuvirtide HIV
Oseltamivir Influenza
Nelfinavir HIV
Digoxin Heart failure

Adult dose
50 mg kg~ day!

5-8 mg kg~' every 12 h

2mgkg" every 12 h

<55 years: 6-12 mg kg™ h~!
>55 years: 3-6 mg kg™ h~!
0.8 mg kg™ every 6 h

3 mg kg~' day™!

180 mg day™!

150 mg day™"

2.5gday”’

1.4-4.0 ug kg~' day™!

Paediatric dose

50 mg kg~ day!

neonates: 25 mg kg~' day™’

>12 years: 5-8 mg kg™' every 12 h
Children: 3-10 mg kg~" every 8 h
Infants: 3-10 mg kg™ every 8 h
Children: 2.3-2.6 mg~' kg every 8 h
Infants: 2.3 mg kg~ every 8 h
Neonates: 2.5-4.0 mg kg~ every 12 h
2 months-16 years: 7.5-18 mg kg™' h™"

=12kg: 1.1 mg kg™ every 6 h
>12 kg: 0.8 mg kg~" every 6 h
Children: 6-7.5 mg kg™' day™'
<2 weeks: 4 mg kg™' day™’'
With cystic fibrosis: 10 mg kg™ day™'
11-15.5 kg: 54 mg day™'
15.6-20 kg: 72 mg day™’
20.1-24.5 kg: 90 mg day™"
24.6-29 kg: 108 mg day™!
29.1-33.5 kg: 126 mg day™’
33.6-38 kg: 144 mg day'
38.1-42.5 kg: 162 mg day™"
<15 kg: 60 mg day™’'

15-23 kg: 90 mg day™"

23-40 kg: 120 mg day™’!
7.5-8.5kg: 0.8 g day™
8.5-10.5kg: 1 g day™’
10.5-12 kg: 1.2 g day’
12-14 kg: 1.4 g day™

14-16 kg: 1.6 g day™"

16-18 kg: 1.8 g day™!

18-22 kg: 2.1 g day™’
Children: 3-8 ug kg~ day™'
Infants: 7.5-12 ug kg~' day™'
Neonates: 4-8 ug kg™' day™’

References for each drug are provided in the text together with further details about the clinical implication of nonlinearity between drug exposure and descriptors of body size.

and that there are cases in which the recommended dose
is similar (e.g. telithromycin, desloratadine, olopatadine) or
even higher (e.g. digoxin) than the dosing regimen in
adults [44-48]. A summary of the paediatric dosing recom-
mendation for these drugs is presented in Table 1.

Based on the evidence provided above, it is under-
standable that the rationale for dose adjustment entails
more than the assumption of linearity between body size
and drug exposure. In fact, one should not generalize
the requirements for paediatric dose recommendation
without further understanding of the physiological
phenomena associated with developmental growth.

It is evident that empiricism cannot continue as the
mainstream method for clinical research in children.
Dosing recommendation in children must be derived from
an integrated (model-based) analysis of pharmacokinetic
and pharmacodynamic data, accounting for the role of
disease factors as well as developmental growth.
Moreover, optimal dosing in children ought to include an
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assessment of the impact of potential differences in mode
of administration, pharmaceutical formulation and deliv-
ery devices.

The future

Concerted efforts into two distinct areas of paediatric phar-
macology research are required to ensure accurate selec-
tion of doses for children.The firstinvolves revisiting dosing
recommendations for those drugs that are already on the
market but are used off-label in children. In this context,
one should take advantage of the available pharmacoki-
netic, safety and efficacy data in adults and across the
various age ranges in children. Used in conjunction with
appropriate research tools, these data can confirm current
clinical practice or provide the appropriate scaling factor to
account for the differences associated with developmental
growth. Critical to this evaluation are methodologies such



as pharmacokinetic-pharmacodynamic modelling [49]
and physiologically based pharmacokinetic approaches
[50-52]. It is unfortunate that a communication gap still
exists between paediatricians and clinical pharmacolo-
gists, who can apply the aforementioned methodologies
to validate current prescription practice, in many cases
without the need for additional prospective trials. Institu-
tional and cultural differences about the individualization
of dosing regimens, and more often ignorance of model-
ling and simulation concepts, prevent these efforts from
becoming a paradigm in paediatric medicine.

The second area of attention refers to early drug devel-
opment, for which there are no previous data in children.
Not by chance, this subject has also become the focus
of regulatory guidelines and policies [1-3]. Under the
assumption of comparable exposure-response relation-
ships between adults and children, a model-based bridg-
ing approach can be used that relies on the assessment
of primary pharmacokinetic parameter distributions (i.e.
clearance, volume of distribution). Simulation scenarios
can then be derived to explore the implications of nonlin-
earity between exposure and demographic covariates [53].
Such scenarios can also incorporate differences in pharma-
codynamics and in the exposure-response relationship, if
applicable. Among other advantages, the use of modelling
and simulation tools provides an algorithm for dose selec-
tion and prospective evaluation of safety and efficacy in a
paediatric clinical trial. In conjunction with sparse blood
sampling and adaptive trial designs, this approach ensures
that accurate dosing recommendations are provided in
the label at the time of launch.

Paediatric prescribers, including primary and second-
ary care physicians, are living in the 21st century, but for
many diseases paediatric drug prescription still dwells in
the empiricism of foregone times. It is time to change it.
Despite the opportunities offered by the existing regula-
tions and better quantitative methods in clinical pharma-
cology, the silent assent of current practices and beliefs in
paediatric research seems to undermine the achievement
of an unmet medical need, i.e. allowing children to be
given the right dose.
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