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The apparent simplicity of the
paediatric pharmacokinetic study
is deceptive. The material reported
in a paediatric pharmacokinetic
publication does not include the
trials and tribulations endured
by investigators during the study;

problems and pitfalls that are
encountered again by others in
further paediatric studies. Study

design can not always be extrapolated
from information based on adult
experiences. Ethical considerations
have been advanced to prevent harm
to children. Recruitment, sampling for
drug assay, adverse effect monitoring
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Introduction

Paediatric pharmacokinetic (PK) studies appear
deceptively simple in design, execution and
analysis. A drug is administered to children,
samples from body fluid are taken to assay drug
concentration at consecutive time points and
those data analysed by reducing the sequence into
a small number of characteristics. The reduction
of a time-concentration profile into summary
measures can be done without specific models
(e.g. non-compartment models) or by estimating
the parameters of mathematical models that
describe that profile (e.g. compartment models).

and data interpretation also present
snags for consideration in a population
that extends from  premature
neonates through to young adults.
Consequently, paediatric studies differ
from those conducted in adults and
knowledge gained during the conduct
of the one may not be applicable
to the conduct of the other. The
initiation and successful completion
of a paediatric study by a novice is
better undertaken with knowledge
of these pitfalls and the guidance of
others’ experiences.
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The apparent simplicity of the paediatric PK study
hides the pitfalls at each step of the conduct of
such a study. Children were involved in all of the
major therapeutic catastrophes that have shaped
modern drug development!“. Ethical consid-
erations have been advanced to prevent harm to
children®. Children are better studied in facilities
that can cater to their needs and have the capacity
to coordinate sampling with clinical activity. The
drug assay may have to be made using body fluid
samples much smaller than those used in adults.
Analysis of data has advanced beyond interpre-
tation of graphical representation and may require
complex mathematical modelling. The impact
of isomerism, active metabolites, chronobiology,
drug interactions and disease processes requires
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consideration. Good clinical research practice,
regulatory requirements, drug assay costs, staffing
and hospital overheads may impose considerable
financial burden on any research project. The
Food and Drug Administration (FDA) in the US
has clear guidelines for PK studies in children and
these guidelines cover many of the subjects in this
current paper®.

This review uses two recent PK studies inves-
tigating ketamine for procedural sedation’ and
analgesia in the Emergency Department (ED) and
clonidine for postoperative analgesia and sedation
in the Paediatric Intensive Care Unit (PICU)
that were performed in our hospital in order
to illustrate some of these problems and pitfalls
(Table 1).

Ethical considerations

The two key considerations in medical ethics are
respect for patient autonomy and beneficence
on the part of the physician®. Respect for patient
autonomy is part and parcel of the consent
process. The patient should be aware of the pros
and cons of treatment options and decide without
coercion. Consent for children is usually sought
from parents or care-givers. The assumption
is that the consenting adult will act in the best
interests of the child. Adults enter clinical trials
for reasons that may not always apply in children,
e.g. financial reward, increased attention from
physicians, low perceived risk, future benefit to
others with similar conditions, curiosity about
scientific process, disgruntlement with existing
therapies or simple altruism. Participation in a
trial may improve outcome®!!,

Children lack life’s experiences that allow them
to assimilate trial information and translate this
information into realistic expectations. Children
younger than 9 years of age often have poor
understanding of the reason for a study or
procedures involved. The ability of many children
to volunteer may be compromised by their belief

Table 1 Comparison of the two hospital based PK studies

that failure to complete the study will displease
others. Children often believe that it is not alright
to withdraw from studies despite being explicitly
informed that this is possible!?2. The concept of
assent has been developed to give children input
into their agreement to participate in a trial
when fully informed consent is inappropriate.
Age-appropriate explanation is the key to this
process!>.

Beneficence implies that the physician holds the
best interests of the patient utmost. This must
be interpreted in terms of the family as well as
the individual for children. The risk should
be minimal and the benefit/risk ratio high.
Minimal risk is defined as no greater than the
risk encountered by the subjects in the aspects
of their everyday lives!*. However, minimal risk
to an adult is not the same as minimal risk to a
child. Blood sampling in a premature neonatal PK
study, for example, may increase the propensity
for anaemia. Venepuncture is a mild impediment
in adults, but 85% of children 2.5-6 years (yr)
undergoing venepuncture report high levels of
distress!®. This distress is magnified when phlebot-
omists lacking paediatric expertise are involved.

Both ketamine and clonidine are routinely used
in the populations studied. The ED policy dictated
that ketamine should not be used in children
under three months of age, although children
under one year rarely have procedures suitable
for ketamine sedation and have increased airway
risks. PK studies are more acceptable to ethical
committees if the drug to be investigated is
already prescribed by the patient’s physician. The
foundations for ethical approval vary in different
parts of the world. In the USA, one is allowed to
do non-therapeutic research in children if the risk
is minimal. In Europe this is not allowed and a
drug can only be studied as part of a therapeutic
randomised controlled trial or when the drug is
already prescribed by the physician. If a drug is
not labelled for children even when prescribed for
clinical reasons, discussion arises about whether

Ketamine study

Clonidine study

Location Emergency Department
Population Minor trauma
healthy (n=54)
Age range (yr) 1-15
Consent On admission
Dose 1 mg/kg IV

Blood sampling 3-4 blood samples over 1 h

Venous cannula inserted using topical analgesia

2 ml sample + 3 ml dead space discard

Assay

Monitoring Video recording

Preparation/transport of serum by local hospital
laboratory, assay by independent laboratory

Paediatric Intensive Care Unit

After cardiac surgery (n=41)
Possible hepatic/renal dysfunction

0-15
1-5 days preoperative
1-2 microg/kg IV

3—4 blood samples over 12 h

Arterial cannula inserted under anaesthesia
2 ml sample

Dead space blood returned to patient

Preparation/transport of serum by
investigators, assay by independent laboratory

Use of nursing charts
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the trial is a drug trial or not, which makes it a lot
harder to get the study approved.

Time for informed consent may be short,
situations stressful and the need for treatment
emergent in the ED. Informed consent requires
a multiple page consent document often with
additional age-specific information for the child.
This consent process is a major impediment
to running PK studies in EDs. In the ketamine
study the primary investigator was on call for all
procedures requiring ketamine, was present for
all consent discussions and was able to facilitate
clinical treatment. Without this commitment,
the project may not have succeeded. However,
in some jurisdictions, the patient’s physician can
not be the investigator and the person who asks
informed consent. A research assistant or nurse
is a minimum requirement and adds considerable
logistical and financial cost to studies.

The ketamine study began without video surveil-
lance; however it became obvious that video
would be required to record accurate timing
of events. Fortunately the ketamine study had
initially been designed to include video and the
ethical issues had been considered. Ethical consent
was obtained quickly because of this. Video, apart
from a number of technical challenges, highlights
issues of privacy and consent. The ketamine study
had four levels of consent; no video to be taken,
video of the monitors for timing purposes only,
video of the child for full psychological assessment
by the primary investigator and a named clinical
psychologist and video for public viewing. A
separate consent for public display of the video
was required to match institutional require-
ments. One parent asked for the video to be
used only by the principal investigator and then
destroyed. Ethics consent for video was facilitated
by new technology that included digital video
and encryption for easy storage and privacy. The
ethics committee also suggested adding a request
of the parents to allow the video to be used in
future studies providing that full ethics approval
is gained for those future studies. This ensures
that valuable information gained may be re-used.

The ketamine study had a high enrolment rate
(60/61) and this is because the study did not differ
from standard clinical care apart from the drug
sampling and observations. Parents were happy
to consent because they felt the study may help
future children. The promise of feedback (sending
a summary of the results after trial completion)
was also a positive factor in enrolment.

N-methyl-D-aspartate (NMDA) antagonists such
as ketamine, are postulated to cause significant
neuronal apoptosis during the periods of synap-

togenesis in mammals. Neonatal rats exposed to
ketamine have suffered widespread neuronal
apoptosis and long-term memory deficits!®!7,
The applicability of extrapolating rodent data
to the care of human neonates continues to be
debated!'®!°. These concerns had some impact on
the decision to study children 1-15 yr only. It is
the physician’s duty to provide information that
a reasonable patient considers to be important.
What is important to the individual will vary
enormously.

Clonidine is not labelled for use in the paediatric
population due to a lack of adequate well
controlled studies. Accordingly, the PK and
pharmacodynamic (PD) profile of this drug in
children may not be well predicted by adult data
and some adverse effects may not be predictable
in paediatric patients because of these differences.
The ethics of allowing physicians to study new
compounds (e.g. the new alpha-2 agonist, dexme-
detomidine) without allowing investigators access
to pharmaceutical company preclinical data has
recently been questioned?°. Concerns about future
harm to children from medication given at an
early age dictate a long period of trial data storage
and our National Ethics Committee advocated
26 years.

Practical considerations
Background reading

A literature review of the study drug is of value
before embarking on the study. Safety issues,
dose considerations and a clear understanding
of intended data interpretation are paramount.
Predicting dose in children, when only adult data
are available can be difficult. Predicting dose in
neonates, with their altered body composition,
physiology,  immature enzyme  clearance
pathways, effect responses and disease spectrum
may be tackled by using very small empirical
doses as pilot data. Estimation of dose based on
ontogeny of clearance pathways may also be
useful. Data on ontogeny of individual clearance
pathways, derived from measurements of enzyme
expression and activity in post-mortem livers?!-2
and from in vivo data from drugs that are cleared
by similar pathways are useful. Models that
incorporate this knowledge as well as additional
covariates (protein binding, hepatic blood flow,
liver size, renal maturation) are being developed
to assist with first-time dosing in children?*-%7,
Allometric scaling is applicable to children out of
infancy?2.

One difficulty we encountered setting up the
clonidine study was the lack of published PK
paediatric clonidine studies. There was only one
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published PK report concerning IV clonidine®®
and minimal information concerning clearance
maturation. Best sampling times were based on
adult studies and many of the adult studies used
a one-compartment model. This approach using
adult data alone was flawed. Adult data needs to
be combined with developmental PK knowledge.

Clonidine clearance 1is dependant on the
glomerular filtration rate (GFR) and CYP2D6.
Maturation data of these pathways in neonates,
infants and children are available to make an
educated guess for age-related clearance changes,
based on developmental milestones. Renal
clearance is the main pathway and we might not
expect CYP2D6 genetic polymorphism to play a
major role, unless renal failure occurs (a possibility
after paediatric cardiac surgery). Preliminary data
from our study showed that a two-compartment
disposition model was more appropriate. This
required a change in the sampling times and the
addition of an extra blood sample.

Coordination of study

Good clinical research studies can falter because
of a lack of overall supervision. There may be a
lack of understanding from novices about what
is involved setting up a paper trail in accordance
with good clinical research practice (GCP).
Continued direct involvement from the principal
investigator is necessary in a busy hospital
practice. Research does not run on auto pilot. The
imposition of additional workload associated with
research is easily dropped by clinical staff with
heavy routine duties. A simple measure such as
payment for an occasional morning tea for these
busy staff goes a long way to maintaining good
will and subsequent trial compliance.

Recruitment

The difficulties of recruiting children to clinical
trials need to be appreciated by all interested
parties®®. Parental consent and child assent are
minimal prerequisites for recruitment of a child
into a clinical trial. There are numerous challenges
achieving this. Parents are generally reluctant to
involve their child in a clinical study where the
drug the child is receiving is not part of normal
clinical care. Parents do not want their child to
undergo any additional venepuncture, often
an essential component of a PK study. In the
clonidine study this was overcome by the use of
pre-existing cannulae inserted during anaesthesia
that allowed blood sampling with no additional
venepuncture.

Although parents may be supplied with written
information about the study prior to hospital

admission, it can be hard to find an appropriate
time to talk to the parents of a possible recruit. This
occurs for a number or reasons; the parents may
be talking to the surgeon, anaesthetist or nurse,
the child could be having another procedure
(ECG, cardiac ECHO, radiology), or simply that
the parents are not always with the child. Often
only one parent accompanies the child for their
preoperative stay in the ward and that parent
needs to discuss the study with their partner
before making a decision. There may be limited
time before the operation when consent can be
obtained and parents can become overwhelmed
with hospital processes and not make a decision.
The main reason reported to us by parents for not
wanting their child included in the study was that
‘their child had been through enough already’.
Adverse publicity concerning a monoclonal
antibody (TGN1412) study at Northwick Park
Hospital in London, March 2006, was cited as a
reason for refusal of trial recruitment by a number
of parents while media concerning that study
remained topical.

The ketamine study recruited nearly half of all
eligible participants and the main reason for
not recruiting was that the primary investigator
was unavailable. The high level of recruitment
was aided by in-depth education of all staff
about the beneficence of the study, the methods
involved and how it impacts on future clinical
management. All staff were free to feedback to
the investigators.

Blood sampling and assays

Initial clonidine assays required at least 1 ml of
plasma per sample. To achieve this volume of
plasma, at least double the amount of blood was
required from an indwelling arterial catheter. This
is not a problem for children and older infants;
however, in neonates this amount of blood,
combined with the blood samples required for
routine cares, may increase the risk of anaemia.
Assays can often be performed with less than 1 ml
of plasma but this may preclude additional
assaying of the same sample if required, which
may affect assay quality control. Three blood
samples over an eight hour period were originally
assayed for the clonidine PK analysis. However
following preliminary analysis, a fourth blood
sample was deemed necessary to improve
accuracy of parameter estimation for a two
compartment model. This was achievable because
refinements in assay technique allowed smaller
sample volumes.

The volume of blood required for ketamine assay
was small (2 ml) although an additional 3 ml
discard was required to ensure accurate sampling
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from the cannula. This discard was not returned
to the patient. Consent was given for taking blood
from the existing cannula in the ketamine study.
The cannula was placed using topical anaesthesia.
If the drug under investigation cannot be sampled
from the administration cannula (e.g. binding
of drug to plastic cannula®'*?) then a dedicated
sampling cannula may be required. It is likely a
second cannula would reduce patient enrolment.

Clinicians will be reliant upon expert laboratory
services. For many drugs this may require
transport of samples to distant or even foreign
facilities. Laboratories that can work on small
samples are required for paediatric studies and
are fortunately common these days. Methodology
needs to be reported in detail as well as variability
details (between samples, over time, over concen-
tration range). This information may require some
initial samples for calibration and the ketamine
study used six participants for this purpose.
Excellent communication between the inves-
tigator, the local laboratory and the analysing
laboratory is essential. Only one ketamine sample
from 189 was mishandled by the local laboratory.
This sample was frozen by mistake and this issue
was addressed by adding new instructions that
accompanied each sample for assay. Unanticipated
problems will periodically occur and rapid
addressing of these is the key to reducing wastage
of samples. Blood samples in the clonidine study
were spun down to plasma, stored and sent for
assay to the analysing laboratory by the inves-
tigators. This self-preparation and transport of
samples was considerably cheaper (by a factor
of 7) than commissioning the local laboratory to
do this.

Assay methods may be expensive and contribute
considerable financial burden on young investi-
gators’ budgets. The local laboratory or university
may be unable to do the assay because additional
equipment such as a mass spectrophotometer is
required. Samples may be assayed in batches for
quality assurance and financial reasons. This can
cause frustrating delays if there are deadlines
linked to study completion and submission.
Interim analysis can aid population PK studies
(e.g. best blood sampling time prediction) as
opposed to controlled trials where such activity is
considered poor practice.

Sampling blood

Clonidine blood samples were taken from arterial
cannulae that had been inserted for monitoring
during anaesthesia and PICU stay. This provided a
convenient way of taking blood samples without
causing the child any additional pain on sampling
and proved to be an important factor when

parents were considering if their child should take
part in the study.

Sampling of blood should be remarkably straight-
forward in children’s ED and PICU. Such
procedures are common and the staff skilled.
Successful sampling for PK was achieved in all
children in the ketamine study with only one child
requiring multiple attempts. Cannulae may block,
tissue, or fail to relinquish blood due to position
relative to the vessel wall. Topical anaesthesia was
used for cannulae insertion on children involved
with the ketamine study. Arterial rather than
venous samples may influence PK estimates for
some drugs metabolised in the lungs.

Repeated blood sampling is ethically and
practically possible in children undergoing a
procedure or nursed in intensive care. This is
unlikely to be the case with the majority of PK
studies in children. In that case, sparse sampling
is likely to be the only approach.

Sampling coordinated with clinical activity

The timing of blood samples in the clonidine
study was as a window (e.g. the first sample at
5-15 min following drug administration) and not
an exact time. This allowed nursing staff to take
the study samples at the same time as routine
blood samples for monitoring of electrolyte
or blood gas status. When the study drug was
administered on the hour, the subsequent timing
for blood samples occurred approximately 15-
20 min after the hour; this allowed time for the
nurse recording of routine hourly observations.
Occasionally blood samples for assay were put
into the unheparinised containers by staff that
were unfamiliar with the study and this resulted
in the loss of these blood samples.

Sample times for the ketamine study were
estimated a priori from adult data and attempted
to be done at times that would provide maximum
utility. Early samples were limited by clinical
activity (moving the child, undressing, removing
plaster cast); late samples were limited by the child
being discharged. Accuracy of recording time was
improved by addition of video although in future
studies a reference digital clock will be placed
in the view of the camera rather than trying to
adjust for time differences between the monitor,
the camera and the clock in the room.

Alternatives to blood letting

In general, children detest needles and
venepuncture remains unpopular, despite the
common use of topical anaesthesia. The very sight
of blood being withdrawn from an indwelling
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cannula can be reason for withdrawal from a study
for the occasional child. Saliva has been success-
fully used to study paracetamol PK in children??
and there is hope that this technique could be
extended to other drugs such as ketamine>*. Urine
remains a popular alternative to blood for drugs
that are eliminated through the renal system.
‘Dried blood spots’ from finger or heel pricks
have been used extensively for neonatal disease
screening and hold potential for sparse sampling
in population PK studies®’. Alternative collection
methods (e.g. saliva, urine, breath) require
specific adjustment to be used in neonates. These
sampling methods need to be validated before
they can be used.

Adverse effect monitoring

Side effect monitoring must include observation
for standard known adverse effects as well as
vigilance for serious idiosyncratic responses. This
included cardio-respiratory, sedation and oxygen
saturation monitoring as well as two doctors and
a nurse in a fully equipped resuscitation capable
environment during ketamine administration.
PICU and ED are expert in managing these
situations but other departments may not be able
to dedicate the same resources to adverse effects
monitoring. Most paediatric studies, however, are
not conducted in such an environment.

The establishment of a data monitoring
committee should be given consideration for
paediatric studies*®. Monitoring adverse effects
in young children, where there may be no signs
or inadequate laboratory reference values can be
difficult. Independent monitoring contributes to
safety and assists with data interpretation through
timely and meaningful interim results®®.

Data analysis

Consideration must be given to data analysis before
initiating the study because this will influence
sample numbers and timing, as well as the
number of subjects that are likely to be required,
to ensure PK parameter estimates are robust.

The parameter estimates from the mathematical
models used to analyse the data can then be used
to predict the time-concentration profiles of other
doses. Attempts to predict what will happen in a
further subject often become unstuck because a
factor accounting for variability between subjects
is missing. If the wvariability between patients
is modelled, then it is possible to predict the
magnitude of the difference between predictions
and the observations in the next subject. It may
be possible to explain the variability on the
basis of physiological differences; in which case
predictions are improved because unexplained
residual variation is reduced.

There are three common approaches to modelling
data collected from a group of subjects (Tables 2
and 3). The FDA, on its website has guidelines
concerning population PK*7.

Naive pooled data approach

Time concentration data are pooled together as if
all doses and all observations pertain to a single
subject. Samples are taken at the same time
in each individual. No information is available
on individual subject profiles or parameters.
This approach may be satisfactory if data are
extensive for each subject and there is only minor
inter-individual variability, but may result in
misrepresentation if data are few. Problems also
arise interpreting results when data are missing
from some subjects. No information can be
gathered about the magnitude of inter-individual
variability and its causes.

Standard two-stage approach

Individual profiles are analysed and the individual
structural parameters, e.g. volume of distribution
(V), clearance (CL) are then treated as variables
and combined to achieve summary measures.
Sampling times have greater flexibility but must
be complete for each individual. If the estimates
are not based on a similar number of measure-
ments for each individual, or if the response
in one individual is much more variable than
another, some form of weighting is required.

Table 2 Comparison of the classical (e.g. naive pooled and standard two-stage methods) and population PK approach (e.g. mixed effects

modelling) in paediatric drug research

Classical approach

Population approach

Number of subjects Few subjects (e.g. 6-12)
Number of samples

Data recording

Estimation of best
sampling times disposition half-lives
Data pooling Data pooling tricky

Computer program

Rich data for time-concentration profiles

Data recording usually easily controlled

Sampling times based on absorption and

Basic PK programs readily available and easy to use

Large population (e.g. 50)
Few blood samples required from each subject

Timing of drug dosing and blood sampling may also be
less precisely noted when historical data are used

Optimal sampling strategies required to maximise
information when sample or subject limitations exist
Pooling of data from different studies may be possible

Specialised software. Complex and computationally
intensive methodology
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Table 3 Comparison of the classical (e.g. naive pooled and standard two-stage methods) and population PK approach (e.g. mixed effects

modelling) in paediatric drug research

Naive pooled

Standard two-stage

Population approach

Sampling times Exact same times for each individual

Missing data Each individual must have all data

Covariate analysis Covariate analysis impossible

Variability No information about the magnitude
of inter-individual variability and its
causes

Sampling times in a window

for

Truncated data or missing data
often excluded from analysis

Covariates may be difficult to

Sampling may be coordinated with
clinical activities. Rigid times
unnecessary

Interpretation of truncated individual
sets of data or missing data may still
be used for analysis

Covariate investigation routine

each subject

assess

Cannot distinguish inter-

Can distinguish inter-individual, intra-

individual from residual variability individual and residual variability

The inter-individual variability can be estimated
from the standard deviation of the individual
estimates, but it is an overestimate of the true
variability because each estimate also has
variability due to imprecision of the estimate. It
may be possible to identify covariates to explain
some of the variability but this does depend on
having relatively good individual estimates of the
parameters.

Mixed effects models

Mixed effects models provide a means to study
variability in drug responses among individuals
representative of those in whom the drug will be
used clinically. The naive and standard two stage
approaches rely on "rich" data from a small group
of subjects. In contrast, mixed effects models can
be used to analyse "sparse" (2-3 samples) data
from a large number of subjects. These models are
“mixed” because they describe the data using a
mixture of fixed and random effects. Fixed effects
predict the average influence of a covariate such
as weight as an explanation of part of the inter-
individual variability in a parameter like clearance.
Random effects describe the remaining variability
between subjects that is not predictable from the
fixed effect average. Explanatory covariates (e.g.
age, size, renal function, sex, temperature) can be
introduced that explain the predictable part of the
inter-individual variability.

Interpretation of truncated individual sets of
data or missing data is also possible with this
type of analysis, rendering it useful for paediatric
studies. Population modelling also allows pooling
of data across studies to provide a single robust
PK analysis*®4° rather than comparing separate
smaller studies that are complicated by different
methods and analyses. Mixed effects modelling
is a complex and computationally intensive
methodology. There are a number of statistical
programs available to undertake such analyses,
but the most commonly used and versatile is

that implemented in the Nonlinear Mixed Effects
Model (NONMEM)*!'4*. Nonlinear regression
is performed by an iterative process to find the
curve of best fit by maximising the likelihood**+4°,
an extension of line fitting through minimising
the residuals (difference between observation and
prediction).

Advantages to children of mixed effects population
modelling

The first population PK studies were performed
in adults using data from routine therapeutic
drug monitoring (TDM)*¢. Interpretation of these
routine clinical data was used to develop dosage
guidelines that could be used for other patients.
The benefits of using data without additional
inconvenience in paediatric studies are obvious
and paediatric TDM data is now used extensively
for population studies*’-*°. A disadvantage of
using historical TDM data may be that trough
samples do not always adequately reflect area
under a concentration time curve (AUC) and
therefore are not optimal for PK analysis. Timing
of drug dosing and blood sampling may also be
less precisely noted when historical data are used,
leading to more unexplained variability.

Sampling times are not crucial for population
methods and can be fitted around clinical
procedures or outpatient appointments. However,
optimal sampling schedules can be determined
through prior information and the Fisher
Information Matrix!-*>. Sampling time bands
rather than exact times are equally effective®* and
allow flexibility in children. These approaches
involve defining the PK model, inputting the
parameter values and weighting scheme and
specifying time ranges. Unfortunately sampling
cannulae may block or tissue. Children or
their parents may refuse repeat sampling and
repeat venepuncture is frowned upon. Missing
data, however, can still be used in a paediatric
population analysis.

10
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PK considerations
Assay sampling times

A literature review may establish the type of
compartment model required (e.g. one- or two-
compartment disposition model) and half-lives.
This information assists estimation of approximate
sampling times. In general, the number of
samples required is equal to the number of
structural parameters in the model (e.g. CL, V,
absorption rate constant (Ka)); three samples will
be required for a one-compartment first order
absorption and elimination model while five are
required for a two-compartment model (Ka, CL,
V1, blood flow (Q), V2). Additional samples may
be required if there are further covariate analyses.
There may be limits on the quantity of blood for
assay that can be taken from children. The quality
of the analysis can be improved by dividing the
study population into groups that have different
sampling strategies’*.

It was possible to sample for ketamine assay in
children presenting to the ED for a median time
of only 28 min. Children were awake, willing to
return home and displayed little enthusiasm for
further sampling after this time. This duration
was adequate to interpret ketamine PK, but
inadequate for an analysis of its metabolite,
norketamine. It would have been unjustified,
logistically and ethically, to keep children waiting
in the ED for further blood sampling. Time-
concentration profiles for norketamine in both
children and adults have been published in the
literature. These published data were added to the
observed truncated data from the current study in
order to make metabolite parameter estimates.

Sample size

The appropriate number of patients for a
population study is difficult to determine and
will depend on the number of covariates under
examination®. Data from a single-trough sampling
design will require large numbers because data
will be noisy. Multiple-trough studies also require
large numbers to estimate inter-individual and
residual variability with precision. Approximately
50 subjects are often used in a population study
that has 3-6 samples per patient, but covariate
investigation in a study investigating children
ranging from neonates to adults may require
larger numbers. Fewer subjects are typically used
in a discrete population such as neonates but little
can be learned about covariate relationships.

Pharmacogenetics

An understanding of pharmacogenomics has
increasing relevance for PK drug studies in
children and consideration should be given
to investigating this covariate. Single nuclear
polymorphisms (SNP) have considerable impact
on adverse drug effects and CYP2D6, in particular,
has major impact®®. This enzyme’s importance
increases when it is responsible for greater
than 50% of the clearance pathway, the drug
has a steep dose-response curve and a narrow
therapeutic window, or if an active metabolite is
formed by enzyme. Clonidine is metabolised, in
part, by CYP2D6 but SNP impact has not yet been
assessed for this medicine.

Ketamine does have an active metabolite.
Ketamine is metabolised by the CYP3A4, CYP2B6
and CYP2C9 enzyme systems’”>® but the contri-
bution pharmacogenomics add to ketamine inter-
individual variability is unknown. The clearance
formation enzyme responsible for ketamine
N-demethylation to norketamine is CYP3A4°%
Maturation of this enzyme occurs within the
first year of life?’, but remains poorly quantified.
Pharmacogenetic influences and concomitant
drug therapy (e.g. induction of CYP3A4 with
alcohol, inhibition with fluconazole, omeprazole,
cimetidine) influence clearance. We might expect
maturation of the metabolite clearance pathway
to mirror renal maturation, which occurs also
over the first year of life>%-¢°,

Binding

Both plasma albumin and alpha-1 acid glyco-
protein concentrations increase over the first year
of life and may effect PK parameter estimation®!.
However, although changes in plasma protein
binding can have an important influence on
individual PK parameters, acute changes in
plasma protein binding will usually not influence
the clinical exposure of a patient to a drug.
Clearance has greater impact. As a consequence,
no adjustments in dosing regimens are usually
necessary for a drug with a high extraction
ratio and narrow therapeutic index that is given
parenterally (intravenous dosing of lidocaine is
probably the predominant case for which protein
binding changes are important) or, even rarer,
a drug with a narrow therapeutic index that is
given orally and has a very rapid PK-PD equili-
bration time®2.

Isomerism
Racaemic ketamine elimination is complicated

by R(-)-ketamine inhibiting the elimination
of S(+)-ketamine®>. PK predictions based on
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racaemic assays may overestimate the duration
of pharmacological effect. This phenomenon has
been described for ketorolac, which is supplied
and administered as a racaemic mixture that
contains a 1:1 ratio of the R(+) and S(-) stereoi-
somers. Pharmacological activity resides almost
exclusively with the S(-) stereoisomer. Clearance
of the S(-) enantiomer was four times that of the
R(+) enantiomer in children 3-18 years®* and
the apparent volume of distribution of the S(-)
enantiomer was greater than that of the R(+)
form.

Active metabolites

Norketamine has analgesic effectiveness one third
that of its parent®®, but the role of this metabolite
is rarely considered when studying ketamine
effect. The onset and duration of metabolite effect
remain poorly quantified. This lack of knowledge
compromises the interpretation of PD data after
ketamine administration. Ketamine is usually
administered intravenously or intramuscularly.
However, it can also be administered orally,
where it undergoes significant first pass effect. For
such drugs with significant first pass metabolism,
the contribution of active metabolites may differ
significantly depending on whether the drug is
administered orally or intravenously.

Chronobiology

PK parameters may be influenced by physio-
logical functions that show circadian variation®®.
Circadian changes in PK may result from time-
of-day wvariations in absorption, distribution,
metabolism or elimination. For example, hepatic
metabolism of drugs is usually a function of hepatic
blood flow and enzyme activity within the liver,
both of which show circadian variation, and may
result in the rate of hepatic metabolism of a drug
changing as a function of time of day®’. Similarly
circadian changes in glomerular filtration, renal
blood flow, urinary pH and tubular reabsorption
have been documented. Changes in urinary pH,
for example, results in the increased excretion
of acidic drugs in the evening compared to the
morning.

Circadian rhythms also influence PD end-points.
Pain in children, for example, is often worse at
bedtime. Cortisol concentration changes may
need to be taken into account when developing
PK-PD models.

Paediatric modelling

Growth and development are two major aspects
of children not seen in adults. These aspects can
be investigated using size and age as covariates.

Problems exist because covariates can exhibit co-
linearity. Clearance, for example, may increase
with weight, height, age, body surface area, and
creatinine clearance. All of these covariates may
show a high degree of correlation and they are
not mutually exclusive®®. Any one covariate may
or may not predict another.

Size adjustment

The range of body weights in children is far greater
than that seen in adults and can vary 200 fold
(e.g. 0.5-100 kg). Size is the primary covariate
used in the investigation of co-linearity. Debate
exists concerning the methodology used to adjust
PK parameters to body size. Empirical approaches
that focus on body weight or body surface area
(BSA) have traditionally been used. However,
the linear per kilogram and surface area models
are inappropriate for scaling small children to
adults®®. The linear per kilogram under-predicts
clearance while the surface area model over-
predicts clearance in children. This error increases
with decreasing weight®®7°. Linear size models for
young children have led to the idea that there is
an enhanced capacity of children to metabolise
drugs due to proportionally larger livers and
kidneys than their adult counterparts’'. This
idea arises because clearance, expressed per kg
of body weight, is larger in children than adults
(Figure 1).

It now widely recognised that there is a
nonlinear relationship between weight and drug
elimination capacity’?. It is possible to show that
in almost all species including humans, the log
of basal metabolic rate (BMR) plotted against
the log of body weight produces a straight line
with a slope of 0.75. West et al.”>7* have used
fractional geometry to mathematically explain
this phenomenon. These allometric “Y4 power”
models can be applied to PK parameter estimates
in children e.g. CL (0.75), half-life (0.25), V (1).

Effects of age

Once size is standardised, the effects of other
covariates such as age’?, temperature’®, and
renal function”” can be investigated. Age is used
to describe maturation of clearance or changes
in body composition that influences distribution
volumes. Albumin, globulin, lipoprotein and
glycoprotein concentrations change over the first
year affecting drug binding and the amount of
free drug available for effect”s.

The quantitative models used to describe this
maturation process vary depending on the span
of the ages under investigation (Figure 2). A
linear model is commonly used for a population
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Figure 1 Age-related clearance changes for a hypothetical drug. Both models show an increase in clearance over the first
year of life, attributable to clearance maturation. Clearance, expressed using the linear per kilogram model, decreases with
age after 1 year to reach adult rates in adolescence. This course is not evident with the allometric % power model.

sample limited to a small defined age band. An
exponential model may describe the gradual
increase of clearance in premature neonates?’,
while a first order process has been used to
describe clearance maturation and volume
changes from birth to adolescence”.

Maturation of clearance begins before birth,
suggesting that postconception age would be a
better predictor of drug elimination than postnatal
age. A variable slope sigmoidal curve has recently
been used to extrapolate adult vancomycin
clearance values from neonatal data.

Renal function

Studies in drugs whose clearance is dependent
on renal function require some measure of this

function for interpretation. Estimates for amikacin
clearance?’” mirror GFR estimates in premature
neonates®®®, GFR matures during infancy and
approaches an adult rate (6 1/h/70kg) by 6 months
postnatal age®®°?. Difficulties arise determining
renal function in children although a number
of formulae have been published that allow
estimation of GFR from clinical characteristics®2-84.

Creatinine concentration decreases with age
in the newborn. Consequently, vancomycin
clearance estimates have been made using simply
an inverse relationship to creatinine concen-
tration in premature neonates?®. Creatinine
concentration in the first few days of life reflects
maternal concentrations more than neonatal
renal function and subsequent concentrations are
influenced by tubular reabsorption®’.
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Figure 2 Clearance estimates are similar for all models (first order, variable slope sigmoidal, exponential, linear) over the
narrow age band (24-36 weeks PCA). The first order model suffers because it assumes zero clearance at the x intercept.
A variable slope sigmoidal model allows for gradual maturation of clearance in early life and a mature clearance to be

achieved at a later age.
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Renal considerations did not have an impact on
the clearance of ketamine (the CYP3A4, CYP2B6
and CYP2C9) or even norketamine in healthy
children with normal renal function. However, an
assessment of renal function is required for postop-
erative cardiac children given clonidine. Clonidine
is primarily cleared by renal mechanisms, with
up to 60% of a dose excreted unchanged in the
urine in adults®®%7. Serum creatinine was used
as a measure of renal function, but it is a crude
measure in children immediately after cardiac
surgery when they have undergone modified
ultra-filtration while on cardiopulmonary bypass.
An assessment of creatinine clearance would be
better.

Integrating priors

Estimates from prior analyses of data (e.g. adult,
paediatric or animal work) can be incorpo-
rated into paediatric studies when these values
cannot be estimated from available current
data. Paediatric studies investigating metabolite
data can determine inter-compartment rate
constants but knowledge of inter-compartment
CL estimates may be of greater practical use. The
amount of drug that is metabolised by different
clearance pathways is often unknown. Observed
data such as parent and metabolite concentra-
tions only do not allow estimation of the fraction
of drug metabolised to its metabolite. This may
be calculated from a complete radio-labelled
urine collection, but can be difficult to achieve.
It was impossible to collect urine over the 24 h
required to estimate this fraction for norketamine.
Adult priors for metabolites have been used in
paediatric studies””-#¢, but none were available for
norketamine. The V for norketamine was fixed
the same as the central V of ketamine in order
to model its clearance and gain insight into its
disposition.

Effect measures

Wherever possible one should try and determine
the PD response alongside the PK data. Relating
the PK with PD is of paramount importance in
determining optimal dosage regimens. The ability
to relate drug concentration to clinical effect
requires reliable, valid and sensitive assessment
tools. The aim of this review is not to give a detailed
description of the assessment and measurement of
either pain or sedation. We would, however, like
to bring to the attention of the reader some of the
practical difficulties we experienced in relation to
the two PK studies described.

The analgesic and sedative effects of clonidine
were determined by recording the amount of
morphine and diazepam administered in the

treatment group. These data were compared to
those from historical controls, a comparative
technique fraught with problems. The use of a
placebo group in paediatric studies generates
considerable debate®®. Standardised pain and
sedation scales exist in the PICU that allow
nursing staff to determine the need for analgesia
and sedation. One problem encountered was
that experienced nursing staff often preferred
to administer sedatives and analgesics based on
their clinical experience without reference to
rating scales. Children recovering from cardiac
surgery are often artificially ventilated overnight
because inexperienced medical staff may not be
competent at emergent re-intubation should it
be required or because the later removal of chest
drains is associated with pain that may require
additional analgesic drugs with their risk of
respiratory depression. Consequently there was a
reluctance to reduce analgesic and sedative drugs
at night. These idiosyncratic customs are often not
apparent during initial study planning.

Vital signs are all recorded electronically and
stored by the monitoring devices. This information
can be downloaded and provides a much better
data set than those manually recorded hourly
on nursing observational charts. Electronic data
allowed analysis of blood pressure changes that
occurred over a 15-20 minute period following
the administration of clonidine that are not seen
when using hourly observation charts.

Multiple effects may be generated and require
multiple assessment tools. Ketamine produces
sedation at low doses and ‘dissociative anaesthesia’
at high doses as well as pain relief and amnesia.
Undesirable effects include nausea, vomiting,
tachycardia, hypertension and occasionally
psychomimetic responses. Ability to detect clinical
effect depends on how visible the effect is and the
frequency of the effect. Ketamine is unique in
that it produces ‘dissociative anaesthesia’ which
manifests as a partially responsive state often
with eyes open. Traditional sedation scales would
therefore have difficulty measuring the effect but
there is currently no reliable ketamine sedation
scale. We used a 6-point Likert Scale®® but a
continuous measure could have been used. In
the end the results appear to behave as a binary
(dissociated or not-dissociated) and previous
investigators have used an ‘awakening point’.
Analgesia can be measured with complicated
tools but a simple Likert’® or visual analogue
scale can be sensitive enough to detect a clinically
significant difference. Norketamine has a third
the analgesic effect of ketamine and needs to be
incorporated into any PD model.
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Memory was recorded on a non-linear ordinal
scale (amnesia, recognition and recall). The
validity of this scale has not been explored.
Nausea is a difficult measure in children. Vomiting
is a more visible response and was recorded in the
ED but not after discharge, when it may still be
prevalent. Vomiting may be related to metabolites
rather than ketamine concentration. Only one
child had a psychomimetic response so drug
concentrations during this event would have little
predictive value.

Concomitant use of other medications will also
alter the effect measures e.g. morphine given
for pain or ondansetron given for nausea. In
some circumstances there may be too many
confounding factors to make an assessment of the
effect due to ketamine.

Conclusions

The material reported in a paediatric PK
publication invariably does not include the trials
and tribulations endured by the authors during
the study. These problems and pitfalls are subse-
quently repeated by others in further paediatric
studies and are rarely reported. Paediatric
studies differ from those conducted in adults and
knowledge gained during the conduct of the one
may not be applicable to the conduct of the other.
The initiation and successful completion of a
paediatric study by a novice is better undertaken
with knowledge of these pitfalls and the guidance
of others’ experiences.
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