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Our incomplete understanding of the developmental maturation of drug elimination mechanisms poses
a serious challenge to paediatric dosage regimen design and toxicological risk assessment. The dynamic
and variable nature of maturation also limits our ability to acquire pharmacokinetic data in all relevant
paediatric populations. However, recent attempts to use the available human ontogeny data to build
predictive models of paediatric drug elimination hold promise to assist dosage regimen design and risk
assessment. This review identifies population pharmacokinetic, allometric scaling and physiologically
based clearance scaling models as principal approaches to estimate paediatric systemic clearance in the

absence of comprehensive age-group-specific data.

Drug dosage regimen design and toxicological assessment in
paediatric populations, especially those under the age of 2 years,
remain significant challenges in clinical care [1-3] and environ-
mental risk assessment [4-5]. Overcoming such challenges will
require a comprehensive understanding of the developmental
maturation of drug pharmacokinetic processes, in particular sys-
temic clearance mechanisms. Recent efforts of regulatory agen-
cies, paediatric pharmacologists and researchers have improved
the available paediatric age-group-specific pharmacokinetic
information [3,6-10]. However, the overwhelming logistics, cost
and ethics associated with well-controlled clinical trials or tox-
icological assessments in paediatric age groups [3,11] will severely
limit their use for many drugs. A possible aid to the well-con-
trolled clinical trial has emerged with the latest advancements in
predictive modeling approaches. Such approaches hold promise
to assist in trial design and help limit the number of samples and
costs associated with paediatric drug trials. This article provides a
review of available modeling methods for the estimation or pre-
diction of drug elimination in paediatric populations as age-
dependent differences in drug dosages and toxicological risk
often relate to developmental maturation of drug elimination
processes.
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Drug clearance as the principle PK process determining
age-dependent differences in drug dosage regimens
and toxicological risk assessments

Previously, drug therapy or toxicological assessment in paediatric
populations considered only the proximate linear relationship
between postnatal growth and body weight. Hence, exposure dose
was adjusted on the basis of age-dependent differences in body
weight or body surface area [12,13]. At present, we premise such
assessments (when possible) upon the relationship between
plasma drug concentration and response owing to the knowledge
that the dose-response relationship varies with age. In addition to
the size of the bioavailable dose, the total exposure to a drug (as
measured by the metrics area-under-the-plasma-concentration-
versus-time curve, AUC, or steady state plasma concentration,
Css, following single or multiple doses, respectively) is determined
by the efficiency of the elimination mechanisms as measured by
systemic clearance (Cls) (Eq. (1)).

~ _ FxDose (F x Dose)/t
AUCy = Cls Cls

Age-dependent differences in bioavailability (F) and Cls
usually account for differences in plasma concentrations and
exposure metrics (e.g. AUCS’, Css) between paediatric age groups.
Simple adjustments of exposure dose on per kilogram basis (or
surface area) in no way considers the developmental changes as a

Css = (1)
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result of both growth and maturation of the physiological and
biochemical processes governing F and Cls.

Approaches for estimation of systemic clearance in
paediatric populations

The availability of methods to predict or estimate paediatric
clearance is crucial for appropriate paediatric dosage regimen
design [14] and environmental risk assessment [5,12]. Since many
drug exposures follow from oral administrations, apparent clear-
ance (the ratio of systemic clearance and bioavailability (Cls/F))
becomes important in the estimation of therapeutic doses or for
risk assessments. However, modeling approaches for apparent
clearance predictions among human paediatric age groups has
received little attention [15,16]. Population PK approaches may
allow estimates of apparent clearance [15], but most attempts to
predict this PK parameter use allometric models and interspecies
PK data [17]. The limited in vivo bioavailability data in paediatric
age groups and our poor understanding of the developmental
maturation of physiological factors that determine drug bioavail-
ability (i.e. gastrointestinal blood flow, pH, gastric and intestinal
motility, intestinal and hepatic first-pass mechanisms) represent
major stumbling blocks. Consequently, the following section
focuses on the major approaches for systemic clearance estimation
or prediction in paediatric populations.

Population pharmacokinetic approaches

Ethical and technical barriers often preclude the collection of
complete plasma drug concentration versus time information
from a single paediatric patient [14]. Sparse data sampling tech-
niques and population PK approaches often replace the classical
PK study in paediatric drug trials. With population PK approaches
only two to three blood samples collected at random intervals
following a dosage administration are required from a single
paediatric patient. Samples collected from numerous different
individuals are then utilized simultaneously to provide an overall
composite plasma drug concentration versus time profile [18].
These data are fitted using Bayesian algorithms [13,18] to provide
estimates of population or individual PK parameters [14,15].
Population PK approaches can consider variation associated with
gender, age and other variables (e.g. renal function status, other
medications, among others). In addition, logistic regression can
assess the relationship between the calculated exposure metrics
(e.g. AUCY’, Css ave) and pharmacological effect to allow for dosage
regimen design [8,19]. A recent variation on the population PK
approach allowed for sequential updating of both population and
individual PK parameters on the basis of new individual plasma
concentration data from the treated individual [20]. According to
the author, this approach may show promise as a therapeutic
support tool for drugs requiring individualization of dosage regi-
mens [20].

Although population PK modeling is widely used in paediatric
PK studies, several issues unique to paediatric populations con-
tinue to challenge this modeling approach [21]. Unlike models
applied to adult populations, paediatric population PK models
must consider a method for body size correction in the analysis of
paediatric data, the limited sampling strategy (and its validation)
to be used in the paediatric PK study, and how to integrate prior
knowledge (both adult and paediatric data) into the population PK

model [21]. Furthermore, the population approach is limited to
drugs with prior use in the paediatric population as it requires in
vivo pharmacokinetic data from the appropriate paediatric popu-
lation to build the population model. This approach has no
practical value in clinical drug development.

Scaling approaches

The pharmacokinetic differences observed among paediatric age
groups and with adult populations largely relate to the anatomical,
physiological and biochemical changes that occur during post-
natal development through to adulthood. The scaling approaches,
to a variable degree, combine existing knowledge of adult PK with
a consideration of the impact of such developmental changes on
paediatric PK estimates [16,22-27] to elaborate predictive models
for systemic clearance by scaling ‘adult parameters’ to the paedia-
tric patient.

Allometric scaling

In general terms, allometric scaling is an empirical technique used
to relate a physiological function to body size. Allometric scaling
as applied to the prediction of paediatric PK parameters (such as
systemic clearance) involves an extrapolation of adult data (as a
starting point) to paediatric populations on the basis of the rela-
tionship of the PK parameter to a body size parameter, usually
body weight or body surface area [28,29]. Eq. (2) shows a general
allometric scaling model for estimation of paediatric PK para-
meters on the basis of the known adult PK parameter estimate
and some power function (or exponent) of body weight (BW) [13].
The allometric exponent, b, typically assumes a value of 1 (when
the parameter is directly proportional to age-dependent changes
in body weight), 3/4 (when the PK parameter is related to age-
related changes in physiological processes), or 2/3 (when the PK
parameter is approximately proportional to age-dependent
changes in body surface area) [23,29].

BWpaediatriC ) b (2)

PK parameterpaediatric = PK parameteradult< BW
adult

The allometric exponents have no physiological meaning [28]
and, hence, cannot a priori account for the influence of growth and
developmental maturation on PK processes. Furthermore, this
method considers developmental changes in body size owing to
normal growth processes but does not accommodate maturation
of specific biochemical processes, particularly drug transporter and
metabolic enzyme capacity, which in turn influence intrinsic
clearance. Since organ or body size alone do not trigger the
regulation of these gene products (i.e. transporters and enzymes)
then it is unlikely that a ready correlation would exist between size
and PK. Several studies that critically examined the ability of
simple allometric scaling to provide reasonable estimates for neo-
natal and infant systemic clearance suggest that the complexity of
the maturation process precludes a simple extrapolation of adult
parameters to paediatric parameters [23,28,30] and found this
approach unreliable until disposition processes (i.e. CYP enzyme
activity) begin to approach adult levels [22,31].

Physiologically based clearance scaling modeling
Physiologically based clearance scaling models are mechanism-
based approaches for predictions of drug elimination. These mod-
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els consider the underlying physiological and biochemical pro-
cesses that govern drug elimination to predict systemic clearance
[7,22,26] in paediatric populations. The more generalized physio-
logically based pharmacokinetic models provide descriptions of
drug absorption and disposition, which lies beyond the scope of
this review [12,27,32-35]. Although such models require a tre-
mendous input of physiological data [10,27,33,35,36], their
advantage over other modeling approaches is the ability to incor-
porate more specific information on the ontogeny of the various
anatomical, physiological and biochemical processes governing
drug PK and elimination to allow predictions in different paedia-
tric age groups [12,27,34,35].

For many drugs, systemic clearance is an additive function of
hepatic (Cly) and renal (Cly) elimination mechanisms. Fundamen-
tally, these models involve a scaling of known adult Cly and Clg
data to predict systemic clearance in different paediatric age
groups. Such scaling is achieved by the use of some ‘scaling factor’
that is based on known ontogeny data relative to adult values (i.e.
enzyme activity as a percent of adult activity) available for the
different clearance mechanisms. With regards to Cly, biotransfor-
mation and biliary excretion are the principal mechanisms of
hepatic elimination. Almost no information is available on the
ontogeny of biliary excretion mechanisms. Hence, most physio-
logically based clearance scaling models almost always preclude
this hepatic elimination mechanism from consideration in their
estimation of paediatric systemic clearance.

Hepatic clearance

Most existing data on the developmental maturation of human
hepatic biotransformation pathways comes from in vitro hepatic
microsomal studies of cytochrome P450 (CYP) enzyme-mediated
activity [9,25]. Although still limited, recent efforts have improved
the available ontogeny data for other Phase I enzymes (such as the
flavin-containing monooxygenases, epoxide hydrolase, alcohol
dehydrogenase) [37,38], as well as Phase II enzymes, such as the
UDP-glucuronosyltransferases, sulfotransferases, glutathione-S-
transferases and N-acetyltransferases [6,26,39-41]. Hence, physio-
logically based clearance scaling approaches usually apply to CYP
data, since most drugs are CYP substrates. However, these
approaches can be applied to other Phase I and Phase II enzymes
and hepatic transport systems when ontogeny information is
available [26,42].

The process involves an in vitro—in vivo extrapolation of enzyme
activity data determined in hepatic microsomal preparations from
different paediatric age groups as well as the adult [7,22,26,32,33].
Alternatively, an estimation of in vivo clearance extrapolated from
enzyme levels in the liver (rather than enzyme activity) has been
reported [27,43]. Extrapolation of microsomal enzyme activity
data requires the assumption that uptake into the hepatocyte
and rate of drug delivery to the hepatocyte (as defined by hepatic
blood flow) are not rate-limiting to overall hepatic elimination of
the drug. When hepatocellular uptake is rate-limiting, then the
extrapolation process must consider these events.

Hepatic enzyme function is often expressed as intrinsic clear-
ance (Cliyy), the ratio of the Michaelis—-Menten constants, Vy.x and
Ky, under linear conditions. If CYP enzyme affinity (Ky ) remains
constant during postnatal development then intrinsic clearance
reduces to maximum enzyme activity (Vyax) (expressed as activity

per milligram microsomal protein) for a particular enzyme path-
way. A scaling factor is then constructed from the product of the
age-dependent V,x values, amount of microsomal protein
yielded from a gram of liver, and the ratio of total liver and body
weight for a particular paediatric age group. This is subsequently
normalized to a similarly constructed scaling factor on the basis of
adult parameters. This normalized scaling factor then scales a

lgidulp

known adult in vivo intrinsic clearance value (C int( ])) to in vivo

intrinsic clearance in the paediatric patient (Clﬁfsfiamc). This is
represented in Eq. (3), where Cl;y is intrinsic clearance and SF is a
scaling factor specific for a pathway of elimination (j) and age of
the paediatric patient (). For a particular drug, several CYP
enzymes may contribute to its overall elimination. The scaling
factor then becomes a sum of all contributing pathways of elim-
ination. Hence, in Eq. (3), le’;ediamc is a measure of the total
metabolic enzyme activity towards a drug and represents the sum
(27:1 ) of all individual pathways of metabolism (j) mediating the
hepatic elimination of that drug. Eq. (3) can incorporate the
contribution of any elimination mechanism (i.e. biliary excretion,
Phase II metabolism, hepatocellular uptake or efflux transporters)
to Clin if appropriate ontogeny data is available. Furthermore,
adult estimates of intrinsic clearance (legggl;)) are often attainable
from the literature as well as the enzymes involved and their

relative contribution to total drug elimination [7,16,22,26].

n
CIREE = CLAMS x> SFj 3)
=1
The estimated intrinsic clearance value for the paediatric age
group (Cl?;ffiamc) is then incorporated into a model of hepatic
clearance to provide an estimate of hepatic clearance. Often the
well-stirred model of hepatic clearance (Eq. (4)) is used as a simple
model expressing the inter-relationship between the three phy-
siological determinants of Cly, namely hepatic blood flow (Qu),
intrinsic clearance (Cl;,;) and unbound fraction in the blood

binding (fuw))-

Qu X [yp) X Clint
Qu + fugp)Clint

Use of the well-stirred model requires a consideration of the age-
related changes in Qy and f,) [44] to attain in vivo estimates of
hepatic metabolic drug clearance in specific paediatric age groups.
Age-dependent changes in f,) may be estimated for a particular
paediatric age group on the basis of known paediatric plasma
protein binding ontogeny data [44]. This approach scales the
unbound fraction from adult to paediatric subjects on the basis
of a correlation between unbound fraction and the relative levels
of the major plasma binding proteins (albumin and «;-acid gly-
coprotein) assuming a constant value for binding affinity between
adults and paediatric subjects [44].

Developmental changes in Qy are poorly understood. Age-
dependent changes in Qy may influence hepatic clearance when
hepatic elimination is limited by the rate of hepatic drug delivery
and not enzyme activity [10]. With blood flow rate limited drugs,
developmental changes in metabolic enzymes likely will impact
Cly only when enzyme activity is exceedingly underdeveloped
(such that enzyme activity becomes the rate-limiting factor to
overall drug elimination). Despite this concern, many drugs exhi-

Cly = @
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bit relatively low hepatic extraction ratios and liver blood flow has
limited impact on their hepatic clearance (i.e. the unbound frac-
tion and intrinsic clearance noted in Eq. (4) are the principal
determinants of in vivo hepatic clearance). Hence, the use of an
adult estimate for Qg or an allometric scaling model for Qy [22,33]
should have minimal impact on in vivo Cly determinations in
physiologically based clearance scaling modeling approaches.
However, use of an adult parameter or allometric scaling model
for Qu may not be appropriate for newborns since a patent ductus
venosus will shunt a significant portion of hepatic portal blood flow
away from the functioning hepatocytes in the first week or two of
life [45].

The use of physiologically based clearance scaling places a sig-
nificant burden on the reliability of the reported adult estimates for
both intrinsic clearance and the relative contribution of each clear-
ance mechanism to systemic clearance, since the paediatric estimate
is scaled directly from the adult estimate. This becomes particularly
problematic when important metabolism pathways in paediatric
populations have only minor contributions to overall drug elim-
ination in adults [12]. Since the approach depends upon an in vitro-
in vivo extrapolation of enzyme activity data to predict in vivo
elimination characteristics, in vitro enzyme activity estimates must
also have reasonable reliability. Such assessments can depend mark-
edly on the probe substrate. The available data on CYP enzyme
ontogeny can show variable results with respect to the rate and
pattern of individual CYP enzyme development depending upon
probe substrate [22,46,47]. Additionally, several in vivo studies
examining the maturation of specific enzyme-mediated reactions
[48-50] report limited age-dependent changes despite significant
changes noted in in vitro evaluations. This discrepancy may relate to
issues with probe substrate specificity but could also associate with
the significant postnatal developmental changes of the liver in
general. Quantitative and qualitative changes in cell number,
volume, distribution and function occur during hepatic maturation
[25] as well as changes in the hepatocellular distribution and expres-
sion of drug metabolizing enzymes (i.e. CYP enzymes show homo-
geneous distribution in fetal and early neonatal life with increasing
focal distribution in the perivenous hepatocytes of the hepatic
acinus) [46,51]. Hepatic microsomal preparations cannot reflect
these developmental changes in vivo. Such factors would complicate
predictions of Cly particularly during the early postnatal period
using estimates of in vitro intrinsic clearance that are based on
hepatic microsomal activity data.

When used to provide predictions of systemic clearance, phy-
siologically based clearance scaling approaches can account for the
known interindividual variation in the physiological components
that determine in vivo hepatic clearance [14]. For example, the
Simcyp®™ software (Simcyp Clearance and Interaction Simulator™)
can simulate in vivo unbound metabolic clearances from in vitro
data by using Monte Carlo methods that integrate genetic, anato-
mical, physiological, demographic and clinical attributes of the
population with information on developmental physiology and
ontogeny of systemic clearance mechanisms that can influence
the in vitro—in vivo extrapolation [16]. The paediatric physiological
based pharmacokinetic model, Simcyp®™ Paediatric, simulated
2000 virtual paediatric patients and compared these simulated
values to values reported in the literature from in vivo clinical trials
[14]. The overall predictability of the algorithm resulted in >70%

of the predicted unbound clearance values to be within twofold of
the actual reported values [14], a clear indication of the software’s
ability to capture population variability.

Renal clearance

Similar approaches are applied to the scaling of Clg from adult
values to paediatric populations, since renal elimination depends
on the maturation of several physiological parameters such as
renal blood flow, glomerular filtration and renal tubular function
[7,26]. For most drugs, developmental changes in glomerular
filtration (GFR) and tubular secretion (TS) largely determine
age-dependent changes in Clr [24]. Renal elimination mechan-
isms in the paediatric population are estimated from adult values
by incorporation of scaling factors (SF) that consider the devel-
opmental of maturation glomerular filtration and tubular secre-
tion [7,22,24,26], and changes in the unbound fraction [44]
relative to the adult value as shown in Eq. (5).

diatri paediatric
RMI;ae iatric f

u(b)t adult
X x Cly

dull dull
RMa ult ;(b]; t

= SFrap) x CL" (5)

Clpaediatric _

The RM refers to the renal elimination mechanism [glomerular
filtration (GFR) or tubular secretion (TS)], fuw) is the unbound
fraction of drug in the blood, tis the particular paediatric age, and
CIAUlt i the renal clearance owing to the particular renal elimina-
tion mechanism in the adult. Hayton [24] elaborated an allometric
model, which separates the contribution of maturation and of
growth on renal function parameters, to describe the ontogeny of
glomerular filtration and tubular secretion [24]. This allometric
model provides estimates for Rvpacdiatric (where RM is either GFR
or TS). Normalization of RM?ae latric 4 the adult value for the
particular renal clearance mechanism (RM"’d““), with considera-
tion of age-dependent changes in plasma protein binding, results
in a scaling factor (SFyy) that allows a prediction of renal
clearance (owing to GFR or TS) based upon known adult clearance
values (CIA3UIY),

Systemic clearance

Since renal and/or hepatic elimination mechanisms principally
determine the systemic clearance of most drugs, systemic clear-
ance (Clpaemamc) then becomes an additive function of all elim-
ination pathways contributing to the irreversible removal of drug
from the body as shown in Eq. (6). According to physiologically
based clearance scaling approaches, systemic clearance at a pae-
diatric age, t (Cls(ate)diatric), is estimated by scaling the respective
known adult estimates for all contributing clearance pathways.

Clpaedlatl‘lC = SFigrry) X Clag‘;R +SF1s,8 X Cladu +ZSF(| t)

% Cladult (6)

lllt

Recently, an integrated systems approach for systemic clearance
expanded on the existing scaling approaches for prediction of
systemic clearance [26]. The integrated systems approach uses
both in vitro enzyme ontogeny data and in vivo clearance data
in paediatric subjects for drugs primarily eliminated via one
mechanism to build age-dependent, elimination pathway-specific
scaling factors [26]. The approach models the age-dependent
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changes in renal clearance (owing to glomerular filtration and
tubular secretion), biliary clearance and hepatic clearance owing
to Phase I and II enzymes providing the most comprehensive
physiologically based clearance scaling modeling approach for
estimation of systemic drug clearance in paediatric populations.
Model predictions of systemic clearance correlated highly with
observed data, with approximately 83% of estimates within 50% of
the observed systemic clearance values in all paediatric age groups
including premature neonates.

In general, comparisons of predicted clearance estimates from
physiologically based clearance scaling model approaches with
observed clinical data highly supports their potential use in tox-
icological risk assessments to determine the impact of age depen-
dent changes in PK processes on the dose received and plasma
concentration profiles in paediatric age groups [12,14,22,26,
27,33-35,52]. As well, the paediatric physiologically based clear-
ance scaling models provide better estimates of drug clearance in
paediatric age groups relative to allometric scaling models owing
to incorporation of age-related differences in the physiological
variables that determine drug disposition [7,14,16,22,33].

General limitations

Our relatively poor understanding of the developmental matura-
tion of the organs, and the physiological and biochemical pro-
cesses governing systemic clearance mechanisms poses a serious
limitation to current ontogeny models. Most of the available
information emerges from a limited number of published studies
that often involve disease patients, incorporate a small number of
subjects, fail to evaluate discrete age groups, use probe substrates
without sufficient specificity to describe enzyme-specific ontogeny
leading to tremendous variability in the reported data, and do not
generally consider genotypic and environmental variation in the
population [9]. Models elaborated from such data will fail to
capture population variability adequately, as well as discrete dif-
ferences across the paediatric age groups, thereby reducing the
robustness of possible predictions. In addition to the limited
ontogeny data, few pharmacokinetic data is available in young
paediatric age groups [27,53]. This poses an important limitation
since all modeling approaches require in vivo systemic clearance
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For many drugs a relationship (whether direct or indirect) exists
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Conclusions

Despite limitations, modeling approaches that incorporate known
ontogeny data provide a scientific approach towards predictive
systemic clearance estimation in different paediatric age groups.
These models hold promise to improve dosage regimen design or
selection, facilitate the design of paediatric clinical studies, mini-
mize cost and time for paediatric dose determination, and aid in
risk assessment. Although these approaches cannot replace the
carefully designed paediatric clinical study, rapid postnatal devel-
opmental maturation enormously complicates the conduct of
such classical PK studies and few drugs will ever undergo a com-
prehensive in vivo evaluation in all relevant paediatric age groups.
Continued research in this area will bridge knowledge gaps that
will iteratively improve and refine the available modeling
approaches advancing their application in risk assessment and
dosage determination in paediatric populations.
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