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Despite the important role of the antimalarial artesunate and its active metabolite dihydroartemisinin (DHA) in malaria treat-
ment efforts, there are limited data on the pharmacokinetics of these agents in pediatric patients. This study evaluated the effects
of body size and gender on the pharmacokinetics of artesunate-DHA using data from pediatric and adult malaria patients. Non-
linear mixed-effects modeling was used to obtain a base model consisting of first-order artesunate absorption and one-compart-
ment models for artesunate and for DHA. Various methods of incorporating effects of body size descriptors on clearance and
volume parameters were tested. An allometric scaling model for weight and a linear body surface area (BSA) model were deemed
optimal. The apparent clearance and volume of distribution of DHA obtained with the allometric scaling model, normalized to a
38-kg patient, were 63.5 liters/h and 65.1 liters, respectively. Estimates for the linear BSA model were similar. The 95% confi-
dence intervals for the estimated gender effects on clearance and volume parameters for artesunate fell outside the predefined
no-relevant-clinical-effect interval of 0.75 to 1.25. However, the effect of gender on apparent DHA clearance was almost entirely
contained within this interval, suggesting a lack of an influence of gender on this parameter. Overall, the pharmacokinetics of
artesunate and DHA following oral artesunate administration can be described for pediatric patients using either an allometric
scaling or linear BSA model. Both models predict that, for a given artesunate dose in mg/kg of body weight, younger children are
expected to have lower DHA exposure than older children or adults.

The World Health Organization (WHO) estimates that malaria
infection was responsible for approximately 660,000 deaths in

2010. Young children bear a devastating extent of the global mor-
tality burden associated with malaria, with approximately 86% of
the deaths occurring among children �5 years of age (1). Malaria
is caused by protozoa of the genus Plasmodium; the species P.
falciparum and P. vivax are most commonly responsible for infec-
tions, with P. falciparum causing the vast majority of fatal infec-
tions. Derivatives of the endoperoxide antimalarial artemisinin
efficiently effect profound reductions in parasite counts and are
the cornerstone of the global treatment approach for acute ma-
laria infection. Intravenous (i.v.) administration of artesunate
(AS) is endorsed by the WHO for treatment of severe malaria,
with oral artemisinin-based combination therapies (ACTs) rec-
ommended for treatment of uncomplicated malaria. ACTs couple
artemisinin derivatives, which are rapidly eliminated from the
body, with more slowly eliminated partner drugs. These partner
drugs eradicate residual parasites and guard against the emergence
of parasites with reduced artemisinin sensitivity (2).

Artesunate, a hemisuccinate ester of its active metabolite dihy-
droartemisinin (DHA), is the most water soluble of the artemis-
inin derivatives. Following absorption, artesunate is rapidly con-
verted to DHA by hepatic and plasma esterases. DHA, in turn,
undergoes glucuronide conjugation mediated by UGT2B7 and
UGT1A9. DHA is considered the principal source of the antima-
larial activity associated with oral artesunate treatment, largely
due to the comparatively lower exposure to artesunate than to
DHA observed following oral artesunate administration (3).

Given the therapeutic prominence of the artemisinin deriva-
tives, and the particular vulnerability of the pediatric population
to malaria-related mortality, any differences between children and

adults in the disposition of artemisinins should be thoroughly
characterized. However, as noted in two recent reviews, numerous
gaps exist in our understanding of artemisinin derivative pharma-
cokinetics among pediatric patients (4, 5). The analysis that fol-
lows represents an attempt to describe the population pharmaco-
kinetics of the artemisinin derivative artesunate and its active
metabolite DHA in falciparum and vivax malaria patients partic-
ipating in phase II and III trials for the novel ACT pyronaridine
tetraphosphate-artesunate (PA); the primary focus of the analysis
was the description of artesunate and DHA pharmacokinetics in
pediatric patients.

As body size exerts a substantial influence on pediatric phar-
macokinetics, a particular emphasis of this analysis was the eval-
uation of methods for describing the relationship between body
size descriptors and clearance and volume parameters. The meth-
ods investigated included linear, estimated exponent, and allo-
metric scaling models for body weight as well as linear and esti-
mated exponent models for body surface area (BSA) and lean
body mass. A further purpose of this analysis was to estimate the
magnitude of covariate effects of potential clinical interest using a
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full-covariate-model approach. The final aim was to assess the
sensitivity of the estimated parameter-body size relationships and
covariate-parameter relationships to the inclusion or exclusion of
adult data from the modeling data set.

MATERIALS AND METHODS
Data. Two data sets were utilized for modeling. The first, termed the full
data set, included data from both pediatric and adult participants in the
five PA trials, which included one phase II and four phase III studies. The
second data set, termed the pediatric data set, was a subset of the full data
set; it contained data only for patients �12 years of age, the International
Conference on Harmonisation (ICH) age category cutoff between chil-
dren and adolescents (6).

A summary of patient demographics for the included clinical trials is
given in Table 1. In all five trials, patients were administered PA once daily
for 3 days without regard to food intake. In the phase II study (study 1),
plasma samples were collected prior to the first dose of PA, and at 0.25, 0.5,
1, 1.5, 2.5, 4, 8, and 12 h following this dose; patients were administered 2,
3, or 4 mg/kg/day of artesunate (7). In the phase III studies, one sample
was drawn during a 0.25- to 12-h window following either the first or
second PA dose, and a second sample was drawn during that same time
window following the third dose. During phase III studies, patients re-
ceived artesunate doses ranging from 2.3 to 4.6 mg/kg/day. A granule
formulation of PA was administered to approximately one-fourth of the
patients in the phase II study and all of the patients in one of the phase III
studies, while all other patients were given a tablet formulation (8). Writ-
ten informed consent, in accordance with the Declaration of Helsinki, was
obtained for participants in the studies, and approval for each study was
granted by local ethics committees. For study 5, a pediatric study, written
informed consent was provided by a parent or guardian, with patient
assent sought where possible.

Sample handling. Collected samples were processed as follows. Blood
was collected into tubes containing potassium oxalate-sodium fluoride
for the separation of plasma drawn at the times specified. The samples
were centrifuged within 15 min of collection. Plasma was removed from
cells and transferred into two approximately equal-volume aliquots in
screw-cap cryovials immediately after centrifugation. The plasma samples
were immediately frozen at or below �80°C in a laboratory freezer. The
samples were later shipped separately via air express on dry ice to the
Clinical Pharmacokinetics Laboratory at the College of Pharmacy, Uni-
versity of Iowa. All samples were stored at �80°C until drug analysis was
performed.

Artesunate and dihydroartemisinin assay. Plasma concentrations of
artesunate and DHA were quantified according to a method described
previously by Naik et al. (9). Briefly, plasma concentrations of artesunate
and DHA were quantified by liquid chromatography-mass spectrometry
(LC-MS). Chromatographic analysis was carried out on a Shimadzu
model 2010 liquid chromatograph and mass spectrometer (Shimadzu,
Columbia, MD, USA), using a LC-10AD solvent delivery system. The
injection was made with a Shimadzu SIL-10AD automatic injector. The
analysis was carried out by using a Synergi Max-RP 80A high-perfor-
mance liquid chromatography (HPLC) column (75 mm by 4.6 mm by 4
�m; Phenomenex, Torrance, CA, USA), using a guard column (Phe-
nomenex) with Phenomenex C-12 Max-RP cartridges. The lower limit of
quantification was 1 ng/ml for both artesunate and DHA. The coefficients
of variation for intraday precision and interday precision were �15% for
AS and DHA.

Base model. Prior to model building, artesunate and DHA data were
converted from ng/ml to nmol/liter values using the compounds’ respec-
tive molecular weights. Visual exploratory data analysis was undertaken to
examine the basic structure of the concentration-time data and to identify
outliers. Due to the predominance of sparse sampling data, the more
extensive full data set was primarily used for base model development;
however, models which successfully converged with plausible estimates
were implemented with the pediatric data set to assess for a reasonably T
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similar model fit. Population pharmacokinetic modeling was performed
by using NONMEM 7.2 (10), implemented on a Windows XP operating
system with a G95 Fortran compiler. Model development and evaluation
were facilitated through use of Perl Speaks NONMEM 3.5.3 (PsN) (11)
and Pirana 2.6.0 (12).

For all models assessed in this analysis, interindividual variability (IIV)
was modeled as following a log-normal distribution for all parameters,
Pi � Ppop � e�i, where Pi is the estimated parameter value for individual i,
Ppop represents the typical population estimate for the parameter, and �i is
the deviation of Pi from Ppop. The term � is assumed to be normally
distributed with a mean of zero and a variance of �2. For all models
considered during base model development, both full and diagonal IIV
variance-covariance matrices were evaluated. Models with some, but not
all, covariance terms fixed to zero were assessed as deemed appropriate
based on parameter estimates from full-matrix results.

Data were first modeled by using a simultaneously implemented par-
ent metabolite model with first-order artesunate absorption and a one-
compartment, first-order elimination model for both artesunate and
DHA. The concentration data were natural log transformed, and an ad-
ditive model for log-transformed data was applied, ln(Cij) � ln(Cpred,ij) 	
εij, where Cij and Cpred,ij represent the jth observed and model-predicted
analyte concentrations, respectively, for individual i. The term εij denotes
the residual random error for individual i and observation j, with ε as-
sumed to be normally distributed with a mean of zero and a variance of 
2

in the population. Models with single and distinct ε distributions for the
two analytes were assessed during early model building; for distinct dis-
tributions, the covariance term was either estimated or fixed to zero. Due
to model stability problems encountered with alternative models, distinct
ε values, with covariance fixed to zero, were utilized for all but early model
building.

Estimation methods utilized during initial base model development
included first-order conditional estimation (FOCE), importance sam-
pling expectation maximization, and Laplacian estimation. Attempts
were made to account for concentrations below the lower limit of quan-
tification of the assay through implementation of the M2 and the M3
methods, as described previously by Beal (13).

Alternative models were tested to improve upon the initial base model,
including the addition of a second DHA compartment as well as evalua-
tion of multiple alternative absorption models including zero-order ab-
sorption, transit compartment absorption, mixed zero-order/first-order
absorption, and parallel first-order absorption. Additionally, a model
with � on artesunate bioavailability (and with a diagonal � matrix and
population bioavailability [F1] set to 1) was also assessed. Finally, based
on research suggesting differences in artemisinin derivative pharmacoki-
netics between the most acute phase of infection and the convalescence
phase (14), a model with F1 fixed to 1 for the first day of treatment, and
estimated for days 2 and 3, was also evaluated.

Model selection was guided by the following factors: plausibility and
precision of parameter estimates, goodness-of-fit plots, magnitude of re-
sidual variability, sensitivity of the model to initial estimates, minimum
objective function value (MOFV), equal to minus twice the log likelihood
function, and Akaike information criterion, equal to MOFV plus two
times the number of parameters. Data for goodness-of-fit plots were strat-
ified by age (�5 years, 5 through 11 years, 12 through 18 years, and older
than 18 years) to identify if a given base model was associated with unique
goodness-of-fit features in a particular age group. Finally, given that DHA
is considered principally responsible for antimalarial activity following
oral artesunate administration, concerns regarding appropriate fit of
DHA data took precedence over parallel concerns regarding artesunate
data.

Covariate modeling: body size descriptor. Following base model de-
velopment, relationships between various body size descriptors and the
clearance and volume parameters of artesunate and DHA were modeled.
These descriptors included total body weight, body surface area (BSA),
and two estimators of lean body mass (LBM1 and LBM2). The formulas
for these descriptors are given in Table 2.

Obtaining estimates of lean body mass was complicated by the lack of
LBM formulas applicable across the entire age range in this data set.
Therefore, formulas were applied in a piecewise fashion according to age.
To compute LBM1, formulas reported previously by Janmahasatian et al.
(15), developed with adult subjects, were applied to patients at least 18
years of age, whereas formulas reported previously by Foster et al. (16),
developed with children and adolescents, were applied to patients older
than 5 but younger than 18 years of age. This formula requires that each
child’s body mass index (BMI) z score for age and gender be obtained. For
the purposes of this analysis, BMI z scores corresponding to the CDC
growth charts were computed by using a SAS macro available from the
CDC (http://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas
.htm). As the formula by Foster et al. was not developed with very young
children, patients 5 years of age and younger had LBM1 set to equal total
body weight.

The second lean body mass estimation approach followed the method
proposed previously by Peters et al. (17). This method is based on the
underlying assumption that the relationship between extracellular fluid
volume (ECV) and lean body mass is similar between adults and children.
Peters et al. applied a proportionality constant linking ECV and lean body
mass in adults to a pediatric ECV estimation formula described previously
by Bird et al. (18). This yields a lean body mass formula applied in the
present analysis to patients weighing �50 kg, a cutoff identified by Peters
et al. For patients weighing 50 kg or more, a lean body mass formula
derived by Boer (19), and utilized in the analysis by Peters et al., was
applied.

Artesunate and DHA clearance and volume parameters were modeled

TABLE 2 Formulas for body size descriptors used in modelinga

Body size
descriptor Age or wt range Formula

BSA (m2) All ages (wt0.5378) � (ht0.3964) � 0.024265

LBM1 (kg) Age � 5 yr Total body wt
5 � age � 18 yr Males, ln(LBM) � �2.8990 	 0.8064 � ln(ht) 	 0.5674 � ln(wt) 	 0.0000185 � wt2 � 0.0153 � (BMIz)2 	 0.0132 � age

Females, ln(LBM) � �3.8345 	 0.954 � ln(ht) 	 0.6515 � ln(wt) � 0.0102 � BMIz2

Age � 18 yr Males, (9.27 � 103 � wt)/(6.68 � 103 	 216 � BMI)
Females, (9.27 � 103 � wt)/(8.78 � 103 	 244 � BMI)

LBM2 (kg) Wt � 50 kg 3.8 � (0.0215 � wt0.6469 � ht0.7236)
Wt � 50 kg Males, 0.407 � wt 	 0.267 � ht � 19.2

Females, 0.252 � wt 	 0.473 � ht � 48.3
a In formulas, weight is in kg, height is in cm, and age is in years. LBM1 and LBM2 were constrained to not exceed total body weight. BMIz values are z scores for subjects’ body
mass index values.
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with the various body size parameters by utilizing the following relation-
ship:

P � �1 � � Size

Sizemedian
��2

where P is the typical value of a clearance or volume parameter, size is the
value of a given body size descriptor for an individual, sizemedian is the
median value of the descriptor in the full data set, and �1 is the typical
value of that parameter for a person with size equal to sizemedian. The value
of �2 was estimated as a free parameter or fixed to a set value. All estimated
models are described in Table 3. For all body size descriptors, �2 was
estimated on all clearance and volume parameters for one model and set
to 1 for an alternative, linear model. For weight, an additional allometric
scaling model was tested with the exponent on body size set to 0.75 for
clearance terms and 1.0 for volume terms. For purposes of model har-
mony, a single type of body size descriptor was used on all clearance and
volume parameters in any given model. All models were evaluated by
using both the full and pediatric data sets.

The models incorporating body size descriptors as described above
were evaluated per multiple criteria in order to identify a model to be
carried forward for subsequent analyses. These criteria included the fol-
lowing: developmental and physiologic plausibility of the estimated pa-
rameter/body size descriptor relationships, overall model goodness-of-fit
and estimate precision, goodness-of-fit equivalency across age strata, sen-
sitivity of parameter estimates to inclusion of adolescent and adult data,
and model complexity (i.e., number of estimated parameters).

Covariate modeling: full covariate model. Once a model incorporat-
ing a body size descriptor was selected, additional covariate relationships
of potential clinical interest were investigated in accordance with a full-
covariate-model approach (20). These relationships included the effects
of formulation on the absorption rate constant (ka) and the effect of gen-
der, after accounting for body size, on all artesunate and DHA clearance
and volume parameters. The effects of the granule formulation on ka were

modeled as Popka � �1 � (�2)FORM, where Popka is the typical value of ka

in the population, FORM is an indicator variable equal to 0 if patients
were administered the tablet formulation and 1 if patients were adminis-
tered the granule formulation, �1 is the typical value of ka for patients
administered the tablet formulation, and �2 is the multiplicative factor
describing the increase or decrease in ka associated with administration of
the granule formulation.

The effects of gender on clearance and volume parameters were simi-
larly modeled:

P � �1 � � Size

Sizemedian
��2

� (�3)Sex

where sex is an indicator variable equal to 1 for males and 0 for females
and �3 is a multiplicative factor describing the effect of male gender on the
clearance or volume parameter.

In order to obtain estimates for the magnitude of the covariate effects
in the population, PsN was used to generate 500 bootstrap data sets from
the full data set, with stratification by sampling type (extensive versus
sparse) and formulation. The final full covariate model was fitted to these
data sets. This process was then repeated using the pediatric data set. The
distributions for the covariate effect estimates were then plotted by using
the metrumrg R package (21).

Predictive checks. After the full covariate models for both the full and
pediatric data sets were obtained, PsN was used to perform numerical
predictive checks (NPCs) and visual predictive checks (VPCs) for the
analytes. For both NPC and VPC, 1,000 virtual observations at each sam-
pling time point were simulated using the final parameter estimates. Due
to the variability in the administered dose, prediction-correction was em-
ployed for VPC. NPC and VPC results were stratified per the following age
categories: 5 years and younger, 6 years through 11 years, 12 years through
18 years, and �18 years. The latter two categories were not applicable to
the pediatric data set evaluation. VPC results were visualized by using
Xpose 4.4.0 (22). Categorical predictive checks for both artesunate and
DHA were also implemented using PsN and Xpose. In this evaluation, the
95% confidence interval for the proportion of concentrations below the
lower limit of quantification for a given analyte was calculated from sim-
ulations and compared to the observed proportion.

Covariate modeling: exploring trends. After development of a full
covariate model, conditional weighted residuals (CWRES) for artesunate
and DHA and individual � estimates for parameters were plotted against
various remaining covariates in the data sets. These included the follow-
ing: age, baseline parasite count, baseline clinical laboratory findings (he-
moglobin, hematocrit, and red blood cell count), baseline aspartate ami-
notransferase (AST) levels �1.5� the upper limit of normal (ULN), and
baseline alanine aminotransferase (ALT) levels �1.5� the ULN. Covari-
ates displaying potential and plausible relationships with parameters were
tested for statistical significance by using forward addition ( � 0.05)
followed by backward elimination ( � 0.01).

RESULTS
Data. Data arising from 631 uncomplicated falciparum or vivax
malaria patients were included in the full data set, with 274 pa-
tients �12 years of age also being included in the pediatric data set.
The full data set contains data from 8 patients younger than 2
years, 266 patients 2 years through 11 years, 103 patients 12 years
through 18 years, and 254 patients older than 18 years of age. A
total of 1,490 observations were available for artesunate and DHA
in the full data set, with 613 artesunate (41.2%) and 54 DHA
(3.6%) concentrations being below the lower limit of quantifica-
tion. For the pediatric data set, 786 observations were available,
with 303 artesunate (38.6%) and 26 DHA (3.3%) concentrations
being below the lower limit of quantification.

Base model. The structural model ultimately selected included
first-order artesunate absorption and a one-compartment model

TABLE 3 Body size models estimated using both full and pediatric data
sets

Parameter

Model

Apparent clearance
(CL/F and CLM/F)

Apparent vol of distribution
(V2/F and V3/F)

Linear wt �1 � �WT

38 � �3 � �WT

38 �
Allometric scaling �1 � �WT

38 �0.75

�3 � �WT

38 �
Estimated wt �1 � �WT

38 ��2

�3 � �WT

38 ��4

Linear BSA �1 � �BSA

1.23� �3 � �BSA

1.23�
Estimated BSA �1 � �BSA

1.23��2

�3 � �BSA

1.23��4

Linear LBM1 �1 � �LBM1

28 � �3 � �LBM1

28 �
Estimated LBM1 �1 � �LBM1

28 ��2

�3 � �LBM1

28 ��4

Linear LBM2 �1 � �LBM2

31 � �3 � �LBM2

31 �
Estimated LBM2 �1 � �LBM2

31 ��2

�3 � �LBM2

31 ��4
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with first-order elimination for both artesunate and DHA. Impor-
tance sampling expectation maximization was the estimation
method ultimately selected for modeling. Complete conversion of
artesunate to DHA was assumed (23). The absorption rate con-
stant (ka) for artesunate as well as the apparent clearance and
volume of distribution for artesunate (CL/F and V2/F) and those
for DHA (CLM/F and V3/F) were estimated. An IIV structure with
covariance terms between all clearance and volume parameters
was selected. Such a structure acknowledges that nonnegligible
between-subject differences in artesunate bioavailability likely ex-
ist within the population. A discussion of alternative models eval-
uated during model development is provided in the supplemental
material.

Covariate modeling: body size descriptor. Since DHA is con-
sidered of greater clinical relevance than artesunate, the impact of
incorporating various body size descriptors on DHA goodness-of-
fit and DHA parameter estimates represented the principal focus
of the body size descriptor modeling. Tables S1 and S2 in the
supplemental material contain the point estimates and NONMEM-
derived percent relative standard errors (%RSE) for CLM/F- and
V3/F-related parameters, respectively. These point estimates were
utilized to estimate the population-predicted CLM/F and V3/F
values for each individual in the data set. As artemisinin derivative

doses are typically expressed on a mg/kg basis, the population-
predicted apparent clearance and volume of distribution values
were converted to liters/h/kg and liters/kg, respectively. Plots of
weight-adjusted DHA CLM/F and V3/F population-predicted val-
ues are given in Fig. 1 and 2, respectively, for models including
weight or BSA.

Goodness-of-fit plots did not suggest superiority of any partic-
ular body size model, regardless of whether or not stratification by
age was applied; therefore, this criterion did not inform model
selection. Examination of the results from the models with esti-
mated exponents revealed that the predicted CLM/F-versus-age
and V3/F-versus-age curves for the pediatric data set models
tended to differ, in some instances substantially, from their coun-
terparts estimated with the full data set. Any interpretation of
these observed differences is complicated by the imprecision as-
sociated with the estimates for the parameters in versions of these
models derived from the pediatric data set; that is, due to the
uncertainty in the parameter estimates, drawing conclusions
based on the distinctions between the curves for the full and pe-
diatric data sets would be inadvisable. Given this challenge, and
the necessity of estimating four additional parameters, these mod-
els were not carried forward for use in further analyses.

The linear weight model was estimated with fairly good preci-

FIG 1 Best-fit lines for model-predicted typical DHA weight-normalized apparent clearance (CLM/F).
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sion. However, the pediatric and full data sets yielded fairly differ-
ent predicted CLM/F and V3/F values. The linear LBM1 model
displays dramatic fluctuations across age, presumably due to the
piecewise application of formulas used in LBM1 calculation. From
a developmental plausibility perspective, such abrupt fluctuations
are undesirable. In contrast, the linear LBM2 model did not dis-
play such fluctuations. Unfortunately, the parameter estimates for
the full-data-set version of this linear LBM2 model displayed ex-
tremely poor precision, which supported rejection of this model.

The allometric scaling model and the linear BSA model were
both estimated with adequate precision and displayed a relative
insensitivity to inclusion or exclusion of adolescent and adult
data. In actuality, the predicted CLM/F values, as shown in Fig. 1,
were extremely similar between the two models, regardless of the
data set employed. Ultimately, the allometric scaling and linear
BSA models were deemed to be the best body size descriptor mod-
els, as judged per the prespecified criteria, from among the various
models assessed. Given the similarities between the two models in
the evaluation criteria, the most justifiable choice was to carry
forward both models into further stages of modeling.

Full covariate model. The full covariate model included gen-
der on all clearance and volume parameters and formulation on

ka. However, only unrealistically high estimates for the increase in
ka associated with the granule formulation could be obtained. Ul-
timately, the granule ka was fixed to 10 h�1 to reflect the appar-
ently quite rapid absorption of the formulation, with the tablet ka

left to be freely estimated. Further discussion of this formulation
effect is provided in the supplemental material.

The parameter estimates for the full covariate models with this
modified ka coding, and with the gender effects estimated on the
clearance and volume parameters, are given in Table 4 for the
allometric scaling and the linear BSA models, with analogous pa-
rameter estimates from the full population models given in Table
S3 in the supplemental material. IIV covariance estimates for the
various models are given in Table S4 in the supplemental material.
The 95% confidence intervals for the effects, determined through
500 bootstrap runs, are plotted for CLM/F and V3/F in Fig. 3 and
4, respectively, with plots for the artesunate parameters provided
in Fig. S1 and S2 in the supplemental material. Plots of DHA
CWRES versus time after dose and population-predicted DHA
versus observed DHA concentrations for the pediatric linear BSA
model are given in Fig. 5. The analogous plots for the allometric
scaling model (not shown) were essentially identical.

Predictive checks. The full covariate models were used to per-

FIG 2 Best-fit lines for model-predicted typical DHA weight-normalized apparent volume of distribution (V3/F).
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form VPCs stratified by age. The DHA VPCs for the full-popula-
tion linear BSA model are given in Fig. 6. DHA VPCs for the
remaining models were quite similar. The percentages of concen-
trations below the 5th percentile and above the 95th percentile of
the simulated concentrations are given in Table S5 in the supple-
mental material. Although these results do not indicate a clear
difference in predictive ability for the two body size models, the
stratification does indicate that predictive ability is superior for
patients 18 years of age and younger. This is an acceptable result
given that the target population to be described by the analysis is
pediatric patients.

Figures S3 and S4 in the supplemental material display the
categorical VPC results for artesunate and DHA, respectively, for
the full-population linear BSA model; alternative models yielded
similar results. Per this evaluation, the proportion of artesunate

concentrations below the lower limit of quantification is under-
predicted by the model. However, for DHA, the simulated and
actual proportions are well aligned, suggesting that failure to in-
corporate concentrations below the lower limit of quantification
into the modeling did not bias predictions for DHA, the analyte of
primary interest.

Covariate modeling: exploring trends. The plots of DHA
CWRES versus age for patients 12 years of age and younger are
given in Fig. 7. There appears to be a slight trend toward underes-
timation of DHA concentrations for very young patients. For arte-
sunate, this trend was also apparent (plots not shown). Plots of
estimated � values versus age indicated a trend toward negative �
values for multiple parameters (CL/F, CLM/F, and V3/F) for pa-
tients 4 years of age and younger; that is, these plots suggested that
the patients may have lower actual parameter values than pre-

TABLE 4 Summary of the results obtained from the allometric scaling model and linear BSA model as implemented with the pediatric data seta

Parameter

Allometric scaling Linear BSA

Model estimate
(bootstrap %RSE) Bootstrap 95% CI

Model estimate
(bootstrap %RSE) Bootstrap 95% CI

CL/F (liters/h) 923 (9.41) 765, 1,101 884 (9.40) 732, 1,052
V2/F (liters) 1,130 (16.6) 794, 1,538 884 (16.6) 617, 1,208
CLM/F (liters/h) 65.1 (8.54) 55.2, 77.5 62.3 (8.56) 52.8, 74.3
V3/F (liters/h) 79.1 (12.1) 61.6, 101 63.9 (12.0) 49.6, 80.9
ka (h�1) 2.46 (20.7) 1.92, 3.92 2.27 (19.8) 1.78, 3.54
Effect of gender on CL/F 1.07 (12.0) 0.826, 1.34 1.08 (11.9) 0.829, 1.35
Effect of gender on V2/F 1.06 (22.9) 0.738, 1.72 1.06 (23.3) 0.745, 1.70
Effect of gender on CLM/F 1.05 (10.6) 0.861, 1.29 1.05 (10.7) 0.858, 1.30
Effect of gender on V3/F 0.891 (17.6) 0.600, 1.21 0.927 (17.2) 0.612, 1.26
IIV-CL/F 0.279 (22.4) 0.165, 0.412 0.278 (22.5) 0.160, 0.407
IIV-V2/F 0.830 (21.1) 0.499, 1.19 0.827 (22.6) 0.498, 1.22
IIV-CLM/F 0.248 (25.7) 0.147, 0.408 0.258 (25.8) 0.154, 0.428
IIV-V3/F 0.414 (29.7) 0.192, 0.643 0.424 (29.3) 0.201, 0.642
IIV-ka 0.987 (50.8) 0.548, 2.55 0.975 (50.0) 0.547, 2.46
Residual variability (
2) for AS 0.586 (29.2) 0.510, 1.19 0.583 (29.5) 0.509, 1.19
Residual variability (
2) for DHA 0.876 (15.5) 0.575, 1.13 0.872 (15.6) 0.574, 1.13
a CL/F, V2/F, and ka are artesunate apparent clearance, apparent volume of distribution, and absorption rate constant, respectively. CLM/F and V3/F are DHA apparent clearance
and apparent volume of distribution, respectively. CI, confidence interval.

FIG 3 Covariate-effect plots for effect of gender on CLM/F. Distributions
correspond to the 2.5th to 97.5th percentiles for gender effects obtained from
the bootstrap results from each model.

FIG 4 Covariate effect plots for effect of gender on V3/F. Distributions corre-
spond to the 2.5th to 97.5th percentiles for gender effects obtained from the
bootstrap results from each model.
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dicted by the model. Given that this trend appears to be acting
across multiple parameters, a likely explanation may be that the
patients are displaying higher bioavailability than accounted for
by the model. To investigate this possibility, F1 was set to 1 for
patients older than 4 years of age, with relative bioavailability es-
timated for patients 4 years of age and younger. This did result in
statistically significant differences (P � 0.01) in all models and
data sets.

Major potential confounding factors related to this finding
must be considered, however. For example, among patients 4
years of age and younger, 77% of the patients were administered
granules, compared to 26% of patients aged 5 to 11 years. Consid-
ering only the pediatric data set, for patients 4 years of age and
younger, 91% of the artesunate and 86% of the DHA concentra-
tions used in modeling were obtained on day 1, with the remain-
der being obtained on day 3. In contrast, for patients between 5
and 11 years of age, 71% of the artesunate and 63% of the DHA
concentrations were obtained on day 1. Therefore, the modeled

increase in bioavailability in this age group could reflect a bioavail-
ability effect of acute illness or of the granule formulation. Unfor-
tunately, neither of these effects was previously successfully mod-
eled. To avoid spuriously ascribing an effect to age which, in
actuality, likely might have stemmed from other causes, full eval-
uation of models including this effect was not pursued, and the
effect was not included in the final models.

DISCUSSION

The intent of this analysis was to describe the population pharma-
cokinetics of artesunate and DHA in pediatric patients, utilizing
data from 631 pediatric, adolescent, and adult uncomplicated ma-
laria patients participating in phase II and III clinical trials for the
combination agent pyronaridine tetraphosphate-artesunate. To
this end, a parent metabolite base model with first-order artesu-
nate absorption and a one-compartment model with first-order
elimination for both artesunate and DHA was developed. Various
methods for incorporating body size descriptors into clearance
and volume parameters were assessed, and two highly similar
models, a linear BSA model and an allometric scaling model, were
ultimately selected as the optimal body size models. Building upon
these two models, the effects of gender on the clearance and vol-
ume parameters were evaluated by using a full-covariate-model
approach; although the covariate effect estimates were sufficiently
imprecise to preclude drawing any definitive conclusions, the
findings could be considered tentatively consistent with the lack of
a clinically relevant effect of gender on DHA apparent clearance.
Finally, in this analysis, it was found that modeling with a data set
including adolescent and adult data allowed for increased preci-
sion in estimation of parameters without introducing any mean-
ingful bias in the point estimates for these parameters.

Physiologic basis for models. In this analysis, the clearances of
artesunate and DHA were described by using relationships with
either weight or BSA but not with patient age. The choice to not
incorporate the covariate of age a priori with body size, as well as to
not assess for an age effect in the full covariate model, essentially
rested on two assumptions. The first assumption was that across
the studied patient population, the hepatic clearances of artesu-
nate and DHA would be dependent on the rate of hepatic blood
flow rather than intrinsic clearance. The second assumption was
that the developmental changes in hepatic blood flow could be
satisfactorily accounted for by using clearance-body size descrip-
tor relationships. Additionally, it should be noted that no claim is
being made that these assumptions would, or would not, be ap-
plicable to patients �2 years of age. As there were only eight such
patients in the data set, all with sparse sampling data, no attempt
was made in the analysis to derive and justify pharmacokinetic
findings appropriate for this age group.

Evidence for the assumption that the analyte clearances will
display hepatic blood flow-limited kinetics among patients as
young as 2 years of age can be found in a previous study by Nealon
et al. (24). This study included an assessment of artesunate and
DHA pharmacokinetics following i.v. administration of artesu-
nate to children with severe malaria. The two subgroups of chil-
dren in the study had median ages of 36 and 21 months. Pooled
pharmacokinetic findings from the two patient subgroups indi-
cated median artesunate and DHA clearance values of 46 ml/kg/
min and 25 ml/kg/min, respectively, with substantial individual
variability being associated with both estimates. As a point of ref-
erence, the clearance of indocyanine green (25), a probe substrate

FIG 5 Goodness-of-fit plots for DHA in the full covariate model. The solid
lines are lines of identity. The broken lines are smoothing lines. Both plots
represent the pediatric linear BSA model. CWRES, conditional weighted re-
siduals.
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for hepatic blood flow, had a mean value of 15.6 ml/kg/min (stan-
dard deviation, 7.3 ml/kg/min) among patients younger than 10
years of age. Allowing for the observed variability in both the i.v.
artesunate pharmacokinetic findings and hepatic blood flow esti-
mates, it appears that artesunate and DHA clearances are not lim-
ited by intrinsic clearance even in children as young as 21 months
of age.

Further evidence that intrinsic clearance does not limit artesu-
nate and DHA clearances even in young children can be obtained
from in vivo and in vitro findings for agents with analogous met-
abolic profiles. With regard to artesunate, pediatric pharmacoki-
netic findings for agents undergoing esterase-mediated hydroly-
sis, such as oseltamivir and remifentanil, are indicative of efficient
esterase activity for patients at, and even prior to, 1 year of age (26,
27). With regard to DHA, various in vivo studies with morphine, a
probe substrate for UGT2B7, have indicated achievement of adult
UGT2B7 activity well prior to 2 years of age (28). Similar conclu-
sions were reached following an in vitro investigation of epirubicin
glucuronidation by UGT2B7 in pediatric and adult liver micro-
somes (29).

The pediatric i.v. artesunate results, coupled with the findings
related to the ontogeny of the individual metabolizing enzymes,
provide support for the assumption that artesunate and DHA he-
patic clearance will be limited by hepatic blood flow among pa-
tients at least 2 years of age. Granting this assumption, clearly a

body size descriptor-clearance relationship appropriately model-
ing changes in hepatic blood flow would account for the develop-
mental pattern of artesunate and DHA clearances. Hepatic blood
flow is proportional to liver volume; liver volume, expressed per
kg of total body weight, is higher in younger children than in older
children (30). Therefore, for agents with clearance dependent on
hepatic blood flow, pediatric clearance values, expressed per kg of
total body weight, decline as children mature. Liver volume, when
normalized to BSA, but not to total body weight, is constant over
the pediatric age range (30, 31). In actuality, a general nonlinear
trend between age and per-kg clearance in pediatric subjects is
approximated by both the linear BSA model and the allometric
scaling models, and both models have been extensively employed
in pediatric pharmacokinetic analyses.

The potential clinical implications of this nonlinear trend in
per-kg clearance do merit attention. For example, with the allo-
metric scaling model, given patients administered equivalent
mg/kg doses, a typical 10-kg patient’s expected DHA exposure
(area under the concentration-time curve [AUC]) would be ap-
proximately one-quarter or one-third lower than that of a 35-kg
or a 60-kg patient, respectively. Put another way, given a 60-kg
patient administered 3 mg/kg/day artesunate, a 10-kg patient
would need to receive, on average, 4.5 mg/kg/day to attain a sim-
ilar exposure. Of course, such estimates of exposure differences

FIG 6 VPC plots for DHA stratified by age for the full-population linear BSA model. The open circles represent the observed concentrations, the solid lines
represent the median of the observed data, the dashed lines represent the 5th and 95th percentiles for the observed data, and the shaded areas represent the 95%
confidence intervals surrounding the simulation-derived prediction intervals (5th, 50th, and 95th percentiles) obtained from the simulations.
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reflect expected population values; within a given pair of individ-
uals, exposure differences are far less predictable.

Covariate model: gender effects. For the full covariate model,
the effect intervals for all of the gender-parameter relationships
crossed 1.0, indicating a lack of statistically significant effects. No
interval, regardless of parameter, model, or data set employed,
had a bootstrap 95% confidence interval contained entirely within
the interval of 0.75 to 1.25 for a clinically irrelevant effect. Essen-
tially, the results indicated that insufficient information was avail-
able to conclusively judge any effect as being clinically relevant or
irrelevant. It is worth noting, however, that for CLM/F, the large
bulk of the effect estimate distribution for each model fell within
the 0.75-to-1.25 no-effect region. This would appear to offer some
evidence for the lack of a clinically relevant gender effect on
CLM/F. For strictly predictive purposes, more parsimonious
models without the gender effects would be justifiable.

The standard interval of 0.75 to 1.25 was used to indicate a
clinically relevant effect of a covariate on a parameter. This inter-
val was adopted because, at the time of this analysis, a clear rela-
tionship between concentrations and clinical efficacy has re-
mained largely undefined for the artemisinin derivatives (32).
However, were such a relationship to be determined, the full co-

variate modeling in the present analysis could be reinterpreted.
For example, if a threshold DHA AUC for efficacy were known,
the CLM/F gender effect results could be used to estimate the
probability that being male would result in a failure to meet that
target. More generally, additional pharmacodynamic information
could be used to adjust the default limits of 0.75 to 1.25 to artesu-
nate-specific values.

Pharmacokinetic comparisons. One of the studies (study 1)
included in the present analysis was previously analyzed by using
noncompartmental methods (7). The mean apparent DHA clear-
ance from the noncompartmental analysis, approximated from
subgroup means, was 2.4 liters/kg/h. For an average weight of 18.5
kg, the full population and pediatric allometric scaling models
yielded a prediction of 2.1 liters/kg/h. Given that this value reflects
a population prediction for an average weight, this model-pre-
dicted value is adequately similar to the noncompartmental find-
ings.

The population pharmacokinetics of oral artesunate in pediat-
ric patients was previously examined by Stepniewska et al., who
studied artesunate pharmacokinetics following oral artesunate
administration to uncomplicated falciparum malaria patients be-
tween 6 months and 5 years of age in Burkina Faso (33). Artesu-
nate and DHA pharmacokinetic data were obtained from 70 chil-
dren who received artesunate and amodiaquine, with samples
taken once in the first dosing period and once in the third dosing
period. Pharmacokinetic modeling was conducted using DHA
concentrations as well as total antimalarial activity. The DHA con-
centration data were fit to a one-compartment model. Those au-
thors estimated a DHA apparent clearance of 0.636 liters/h/kg for
the first dosing period, with a substantial increase of 0.760 liters/
h/kg associated with the third dosing period, yielding a day 3 ap-
parent clearance rate of approximately 1.4 liters/h/kg.

Considering a patient with a weight of 13 kg, an approximate
average weight for patients in the study by Stepniewska et al., the
population-predicted CLM/F would be 2.2 liters/h/kg for a female
patient per the allometric scaling model (pediatric or full data set)
and 2.4 liters/h/kg for a male patient. Clearly, the estimated ap-
parent clearance in the study by Stepniewska et al., particularly for
day 1, is substantially lower than the model-estimated apparent
clearance from the present analysis. The difference is unlikely to be
due in any large part to the failure of the model to account for a
simple effect of acute infection on day 1 pharmacokinetics. After
all, as described above, noncompartmental results of study 1,
which were derived entirely from day 1 samples, are consistent
with model-estimated clearance predictions. However, a more
complex disease effect, dependent on the severity of infection and
the age of the patients, could perhaps be operating. The median
parasite count for patients in the pediatric data set in the present
analysis was 10,341, whereas the median parasite counts for the
two cohorts of the study by Stepniewska et al. were 29,000 and
30,000. In a recent analysis of artesunate pharmacokinetics in
pregnant women, it was observed that women who were moder-
ately unwell displayed significantly higher combined exposure to
artesunate and DHA than women who were mildly unwell (14).
This dynamic could account for some of the discrepancies ob-
served for day 1 clearance estimates. Furthermore, the median
ages in the two cohorts of the study by Stepniewska et al. were 3.1
and 2.7 years, compared to 7 years in the pediatric data set of the
present analysis. It is not inconceivable that pediatric patients
might experience a more dramatic physiologic response to acute

FIG 7 Plots of DHA conditional weighted residuals (CWRES) versus age for
pediatric linear BSA and allometric scaling models.
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illness than older patients, resulting in a more pronounced disease
effect on artesunate and DHA pharmacokinetics. Further investi-
gation would be required to characterize such a potential interac-
tion effect between age and acute illness.

Inclusion of adult data. Throughout this analysis, models
were evaluated by using two data sets, one with the full age range of
patients and another including patients only younger than 12
years of age. The intention of this parallel modeling approach was
to allow for utilization of additional data, which could bolster
model stability and estimate precision, while simultaneously
checking for possible estimate biases in covariate-parameter rela-
tionships introduced through inclusion of data from nonpediatric
patients. Indeed, the full-data-set models did allow for more pre-
cise estimation of gender effects, as well as multiple other param-
eters, than their pediatric counterparts. However, the point esti-
mates of the final models for essentially all of the parameters were
quite similar, suggesting that bias was not introduced through
inclusion of the adolescent and adult data. Further discussion of
this aspect of the analysis is provided in the supplemental material.

Conclusions. Overall, the results of the present analysis indi-
cate that the pharmacokinetics of artesunate and DHA following
oral artesunate administration can be described for pediatric pa-
tients using either an allometric scaling or linear BSA model, a
finding consistent with the likely tight relationship between he-
patic blood flow and artesunate-DHA clearance. Furthermore, the
analysis demonstrated that when utilizing these body size models,
adolescent and adult pharmacokinetic data could be included in
the modeling data set to enhance parameter estimate precision.
Limitations of the data set used in this analysis include the rela-
tively mild infection experienced by a majority of the patients and
the minimal number of patients �2 years of age. Both the allo-
metric scaling and linear BSA models predict that, for the same
mg/kg artesunate dose, younger children are expected to have
lower DHA exposure than older children or adults. The extent to
which this pattern can be extrapolated to children younger than 2
years of age is dependent on the relative influences of hepatic
blood flow and metabolizing enzyme maturation as well as any
interaction between age and an acute disease effect. Further inves-
tigation clearly is required, and should be undertaken, to elucidate
these various dynamics. Given the high risk of malaria-related
mortality experienced by young children, there is clearly a signif-
icant need for such investigations.
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