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Most of the drugs on the market are originally developed for adults and dosage
selection is based on an optimal balance between clinical efficacy and safety. The
aphorism ‘children are not small adults’ not only holds true for the selection of suitable
drugs and dosages for use in children but also their susceptibility to adverse drug
reactions [1]. Since children may not be subject to dose escalation studies similar
to those carried out in the adult population, some initial estimation of dose in

paediatrics should be obtained via extrapolation approaches. However, following

such an exercise, well-conducted PK-PD or PK studies will still be needed to deter-

mine the most appropriate doses for neonates, infants, children and adolescents.
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Pharmacokinetic-pharmacodynamic modelling to
estimate dose in children
Most of the drugs on the market are originally developed
for adults and dosage selection is based on an optimal
balance between clinical efficacy and safety. The apho-
rism ‘children are not small adults’ holds true not only
for the selection of suitable drugs and dosages for use
in children but also for their susceptibility to adverse
drug reactions [1]. Since children may not be subject to
dose escalation studies similar to those carried out in
the adult population, some initial estimation of dose
in paediatrics should be obtained via extrapolation
approaches. However, following such an exercise,
well-conducted pharmacokinetic-pharmacodynamic (PK-
PD) or PK studies will still be needed to determine the
most appropriate doses for neonates, infants, children
and adolescents.

There are two general approaches to conducting PK-
PD studies. The classical approach, where a large num-
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ber of measurements are taken at fixed times from a
small number of subjects, and the sparse data sampling
or population pharmacokinetic (POPPK) approach,
where small numbers of measurements are taken at ran-
dom times from a large heterogeneous group of subject
[2, 3].

POPPK allows the estimation of population and indi-
vidual parameters as well as intra- and intersubject vari-
ability and also the effects of predefined covariates. The
decision on which method to use depends on the ques-
tion to be answered, the availability of patients likely to
be recruited for the study, and the practical and ethical
problems in obtaining blood samples. The POPPK
approach has a number of attractions for studying PK-
PD in children: it is less invasive and can thus be con-
sidered as more ethical in this age group, and blood
sampling times are flexible and can be taken to cause
the least inconvenience to the patient and their clinical
care. For the purpose of this report, two examples are
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given to illustrate the application of these approaches to
PK-PD determination in the paediatric population. First,
a sparse data sampling study of oral midazolam and its
1-hydroxy metabolite for preoperative sedative in chil-
dren [4], and second, a classical PK-PD study of betaine
in the treatment of homocystinuria [5].

Oral midazolam is widely used for preoperative seda-
tion in children. The aim of this study was to investigate
the pharmacokinetics and pharmacodyamics (sedation
score) of both midazolam (MDZ) and its active metab-
olite 1-hydroxy-midazolam (10HMDZ). Only two
blood samples were collected at random times from 45
children (age 9 months to 12 years), prior to anaesthetic
induction and at end of the surgical procedure. The
study was designed around the clinical procedure, as
children already had a cannula in situ for collecting
blood samples and were asleep or sedated. A simple and
practical sedation score (1 = awake, 2 = drowsy/asleep)
was recorded at the same time as the first blood sample.
The population-PK software P-Pharm was used to anal-
yse the MDZ and 1-OHMDZ data and included the
effects of a number of covariates including age, weight,
sex and metabolic ratio (1-OHMDZ/MDZ). The PK-PD
modelling of the sedation score in relation to plasma
MDZ and 1-OHMDZ was carried out using logistic
regression analysis.

Despite large variations between individual patients,
predicted plasma MDZ and 1-OHMDZ concentrations
from the final POPPK model were very close to the
actual data. The best PK-PD model included both MDZ
and 1-OHMDZ as active moieties and predicted correct
sedation scores in 86% of cases. 1-OHMDZ has approx-
imately 50% of the activity of MDZ and can compensate
at least in part for the decreased effect of the parent
compound due to its increased metabolism in young
children. The POPPK results regarding the sedative
effects of 1-OHMDZ were consistent with classical PK
adult studies [6]. The most important observation was
that a median dose level of 0.5 mg kg™ MDZ resulted
in an odds ratio of 4 in favour of score 2 vs. 1, and
suggested that a 50% increase in dose would be neces-
sary to achieve sedation in almost all subjects. However,
the authors emphasize that the safety of this dose
increase would have to be further evaluated.

The second study used a classical design and analysis
to investigate the PK and PD of betaine in the treatment
of homocystinuria due to cystathionine 3-synthase defi-
ciency This is a rare metabolic disease with an incidence
of 1 in 300 000 where it would be difficult to recruit
sufficient patients to perform a large-scale study. The
PK of betaine and its effects on suppressing plasma
homocysteine concentration was investigated over a 24-
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Figure 1

Representative plot showing the combined effects of dose frequency and
total daily dose on the overall 24-h reduction in plasma homocysteine
concentration

h period in six patients aged 6—17 years. An indirect
response model was used to describe the PD effect.
Simulations were carried out with the aim of optimizing
the betaine dosage regimen. PK-PD simulations indi-
cated minimal benefit from exceeding a twice-daily dos-
ing schedule and a 150 mg kg™ day™' dose of betaine
(Figure 1).

The betaine study is an example of a clinical trial
simulation; such an approach is being increasingly used
in the drug development process in an effort to reduce
the number of studies necessary [7]. In the absence of
such simulation approaches, recruiting adequate num-
bers for studying different dosage regimens in rare pae-
diatric diseases would point to the need for national/
international collaborations to gain critical mass for PK-
PD studies This will require a significant investment in
both time and resources.

Regulatory views on PKPD studies

In order to rationalize this whole process, a decision tree
has been designed by the Centre for Drug Evaluation
and Research (CDER) at the Food and Drug Adminis-
tration to direct the regulatory decision on the type of
study necessary to bridge the knowledge gap between
adults’ efficacy and safety data and children [8]
(Figure 2).

The decision tree recommends different types of pae-
diatric studies based on existing knowledge of both the
disease and PK-PD of the drug in adults. Where the PK-
PD relationship of a drug is similar between adults and
children or the PK-PD relationship can be determined
then, only PK studies and safety studies are recom-
mended for the bridging and dose determination. This
approach is designed to minimize the cost and time
required for developing a drug in the paediatric popula-
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Table 1

Summary of some of the recently reported PK-PD studies undertaken in children

Number

Age related change in

Drug Age range of subjects concentration response (CR) Study
Bumetanide Infants, children, 9 No detected difference in CR Marshall et al. [9]
young adults with age
Cyclosporin 3 months to 39 years 56 Increased CR effect in Marshall et al. [10]
<1 to 4 age group
Lansoprazole 18 days to 14 years 40 Increased antisecretory effect in Tran et al. [11]
infants <6 months
Midazolam Pre term 29 weeks 31 Decreased CR (sedation response) de Wildt et al. [12]
Mivacurium 3—6 years, 10—14 years 10, 10 No major differences in PK-PD Stergaard et al. [13]
Nizatidine 5 days to 50 years 93 Possible greater CR effect in children? Abdel-Rahman et al. [14]
Ranitidine 4-11 years 29 No major differences in PK-PD Orenstein et al. [15]
Rocuronium Infants, children, adult 14, 23, 21 Greater CR effect in infants compared Saldien et al. [16]
with children
Sotolol for SVT 0.03-41 years 81 Increased CR (QTc interval Laer et al. [17]
prolongation) in neonates
Warfarin 1-11 years, 12—18 years, 38, 15, 81 Increased CR effect (INR/dose) in Takahashi et al. [18]
37-76 years 1-11 age group
tion. The decision process hinges around the definition
of ‘similar disease progression’ and ‘similar concentra-
Similar disease progression? tion-response’ between adults and children. For drugs
Similar response to intervention? such as antibiotics this is likely to be similar, for certain
COMPARED TO ADULTS ?
drugs, e.g. warfarin and cyclosporin, there is published
No Yes evidence that the PK-PD is different at certain ages, for

¢ Conduct PK study
* Conduct safety
and efficacy study

! o

Reasonable to
assume similar
Concentration-response
(CR) in paediatrics and
adults ?

Is there a PD

can be used to
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measurement that

\es
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Conduct PK studies
to achieve similar
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to achieve target conc
based on CR. Conduct
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Figure 2

Paediatric drug development decision tree for types of PK-PD studies

required in children (Center for Drug Evaluation and Research)

the majority of drugs the decision is a matter of consen-
sus. A summary of some of the available recent evidence
comparing concentration-response between adults and
children is shown in Table 1.

The available information gives a number of pointers
where caution is needed in extrapolating the concentra-
tion—response relationship:

* Neonates and infants are particularly difficult groups
in which to justify the use of bridging studies because
of the rapid developmental changes.

* Drugs acting on the developing immune haematopoi-
etic and central nervous systems.

Although much has been achieved to date in terms of
our understanding of factors determining PK in chil-
dren, many gaps still exist in our knowledge of PK-PD
across this age group.

New advances in mechanistic and physiologically
based pharmacokinetic modelling in paediatrics

In the developing child there are rapid changes occurring
in terms of organ maturation [19], changes in body com-
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position [20] and the ontogeny of drug elimination path-
ways [21]. All of these changes have a profound effect
on the PK of drugs across the paediatric age range.
Because of the nonlinear (even nonmonotonic) nature of
these changes, simple allometric scaling methods based
on body weight or body surface area often fail in the
prediction of drug dosage, especially in neonates and
infants [22]. Assuming that the PD is similar in paedi-
atrics (see previous section), creating a comparable PK
profile requires a more logical approach based on the
development of paediatric physiologically based phar-
macokinetic (PBPK) models. PBPK models map the
complex mechanistic drug movements in the body to a
physiologically realistic structure. A PBPK model
requires detailed physiological data (Figure 3). However,
once the model is built, many input parameters which
are drug specific can be obtained from in vitro studies.
Some models use a combination of classical PK and
PBPK models where some components (e.g. CLu) are
defined around physiologically based parameters.
PBPK models have been applied to the paediatric
population in toxicokinetics to assess both the dose of
inhaled organic chemicals in children [23] and the pro-
portional dose of ingested xenobiotics by the mother
that the fetus and neonate will receive [24]. Such mod-
els, if combined with information on ontogeny of metab-
olism and excretion mechanisms, can allow predictions
to be made on circulating plasma concentrations of
xenobiotics as well as dosimetry at the individual organ
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Changes in caffeine CL, (1a) and midazolam CL, (1b) with body weight
(predicted CL,: median = solid line and 95% Cl = dashed line; observed
CL, = ellipses)




and tissue level. More recently, PBPK models have been
used to predict the PK of caffeine and theophylline in
neonates and adults [25]. Although the interindividual
variability of model parameters was not incorporated in
these models, they could predict the large differences in
half-life and clearance between neonates and adults.

Drug metabolism models predicting the hepatic elim-
ination of drugs from in vitro data have been used fre-
quently within the last 10 years [26, 27] but without
taking into account any population variability in enzyme
abundance and activity. The latter has been a key feature
in the design of the Simcyp algorithms.

These algorithms incorporate genetic, physiological,
demographic and clinical attributes of patient popula-
tions pertinent to in vitro—in vivo extrapolation of xeno-
biotics into libraries that can be used for automated
prediction of drug CLu and drug—drug interactions.
The Simcyp model has been successfully applied to the
prediction of a number of drug—drug interactions [28-
30] and also CLu in adults [31] and children from
2 years of age [32]. The unique feature of the model is
that true population variability is incorporated into the
model to enable estimates not only of the mean value
for a CLu or fold interaction but also of population
extremes.

The physiological nature of model parameters means
that age-related differences in biological components
can be incorporated to simulate paediatric PK from birth
onwards. The paediatric PBPK model has been shown
to be superior to allometric scaling in the prediction of
CLu values for a number of drugs, especially in neo-
nates and infants [21]. Recently the model has been
applied to the prediction of CLu for 10 drugs used in
children [33]. Simulations were performed in 2000 vir-
tual paediatric patients aged 0-18 years and the pre-
dicted CLu for specific age bands compared with actual
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values from in vivo studies available from the literature.
As examples, the results for the age-related changes in
oral caffeine and i.v. midazolam CLu are shown in
Figure 4a,b. Corresponding observed vs. predicted caf-
fine and midazolam CLu are shown in Figure 5a,b,
where the proximity of the centre of the ellipses to the
line of unity and circularity of the ellipses are indicative
of good predictions of the median values and variability,
respectively. Overall, there was close agreement
between the observed and predicted CLu values across
the age bands so that 70%, 89%, 89% and 94% of
predictions for neonates, infants, children and adoles-
cents/adults, respectively, were within twofold of the
observed values. Corresponding results for predicted
variability were 70%, 67%, 63% and 65% of predicted
variability within twofold.

The next phase in validating models such as Simcyp
is to form collaborative work with the pharmaceutical
industry in the prediction of CLu for new drugs in chil-
dren using prospective ‘blind’ studies. While in silico
predictions will not replace clinical studies for new
drugs, their successful application would provide the
best scientific approach for decision making in regard to
first time dose in children and as an aid to the design of
such studies. Clinical studies under these circumstances
become a ‘confirmatory step’ in paediatric drug devel-
opment, as opposed to the current practice of using these
studies as an ‘exploratory step’ [34].

The development of paediatric PBPK models such as
Simcyp Paediatric reveal areas where more research is
required on both the scientific and clinical level. For
example, the ‘milligrams of microsomal protein per
gram of liver’ value has been determined in adults [35]
but not in children. The ontogeny of a number of the
hepatic CYP enzymes has been determined in only one
or two studies where the number of livers is small;

Figure 5 ()
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further studies are required both to validate existing data
and to fill in some of the age band gaps. For many drugs,
clinical pharmacokinetic studies against which to
compare data are either very small scale or lacking
completely.

Expansion of current models to include a facility for
retrograde modelling, whereby with a prior knowledge
of the relative contribution of individual CYPs the
CLu in paediatrics can be predicted from adult CLu
values, would be of practical use. Also, the develop-
ment of a paediatric disposition model (see Figure 3)
will allow prediction of the volume of distribution of
drugs in children, with implications for determining
first dose rather than just steady-state dose for this age
group. The disposition model requires not only infor-
mation on relative changes in organ and tissue size
with age but also their composition. Much of this
information has been collated in the ICRP reference
main database [36], although in certain instances it is
very sparse.

Both the PK-PD and virtual PBPK modelling
approaches have real application in the determination of
optimal doses in children. In both areas a great deal of
research remains to be done. The future challenge is to
establish a co-ordinated network of research excellence
involving academia, the pharmaceutical industry and
government agencies to address both the scientific and
clinical gaps in our existing knowledge.

Competing interests: None declared.
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