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Abstract

We developed a population pharmacokinetic model to characterize 
the Pharmacokinetics (PK) of lumefantrine and its active metabolite, 
desbutyl-lumefantrine, in children under 5 years. Data were available 
from 55 children treated for uncomplicated falciparum malaria with 
standard 3-day Artemether- Lumefantrine (AL) regimen. Combined 
sparse and intense PK sampling strategy was used to obtain venous 
samples for 28 days. Using NONMEM, a two-compartment linear phar-
macokinetic model incorporating lag time with first order absorption 
characterized the PK of lumefantrine. Desbutyl-lumefantrine PK was 
also characterized with a two compartment model. Inter-subject vari-
ability in apparent Clearance (CL/F) was explained by Body Mass Index 
(BMI) and age, while weight partially explained variability in apparent 
volume of distribution of the central compartment (V2/F). Ontogeny 
in CYP3A4, the isozyme metabolizing lumefantrine, was incorporated 
into the age component of lumefantrine CL/F model. Incorporation 
of BMI into CL/F model explained variability due to weight and stunt-
ing. For lumefantrine typical inter-compartment clearance (Q/F), CL/F, 
V2/F for a typical subject weighing 13.0 kg and BMI 16.62 kg/m2, and 
apparent volume of distribution of peripheral compartment (V3/F) 
were 0.176 L/hr, 3.19 L/hr, 28.1 L, and 58.4 L, respectively. Lumefan-
trine CL/F was higher in children ≤2 year compared to those >2 years, 
notably decreased with increasing BMI (-1.10) and age from two to just 
less than five years (CL/FAGE: -0.423 (-0.648, -0.198)). Results indicate 
lumefantrine CL/F is a function of age and BMI. Our findings provide 
structural basis for future evaluation of rational AL dosing guidelines 
among under five year olds.
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Introduction

Malaria remains a major health problem in Africa especial-
ly among children <5 years of age [1]. Most cases are due to 
uncomplicated Plasmodium falciparum malaria (95%); if inap-
propriately treated might progress rapidly to severe disease [1]. 
Artemisinin-Based Combination Therapy (ACT) is recommend-
ed to optimize cure, reduce risk of resistance development 
and malaria transmission [1,2]. Artemether-Lumefantrine (AL) 
is a widely adopted as first-line ACT for uncomplicated malaria 
[1,3]. Lumefantrine, the long acting partner drug ensures cure 
by eliminating residual malaria parasites surviving clearance by 
the more potent short acting artemether and its metabolite. 
In addition lumefantrine provides post treatment prophylaxis 
[1,4-6].

Data on disposition is still sparse and the rationale for doses 
among children is still unclear. Physiological maturation may 
affect drug disposition [7-9]. Available reports indicate lower 
lumefantrine exposures and/or higher risk of treatment fail-
ure among children aged <5 years weighing <15 kg, suggesting 
sub-optimal doses with the current fixed weight-based AL treat-
ment regimen [10-16]. Lumefantrine is mainly metabolized to 
N-desbutyl-lumefantrine by cytochrome P450 CYP3A4 [17,18]. 
However, the systemic exposure of desbutyl-lumefantrine is 
much lower than that of lumefantrine and may range between 
<1/100 to 1/10 [5,6,16-20]. Data suggest that desbutyl-lume-
fantrine is an active metabolite [16,20-23], with more potent 
anti-malarial activity than its parent compound [19,20]. This 
study was, therefore, undertaken to develop a model to charac-
terize the PPK of lumefantrine and desbutyl-lumefantrine in the 
most vulnerable group, children under 5 years old.

Materials and methods

Ethical considerations

The study was approved by School of Medicine, Makerere 
University Research Ethics Committee (2009-054) and Uganda 
National Council of Science & Technology (HS 567) and regis-
tered at ClinicalTrials.gov (NCT01944189). Written informed 
consent was obtained from a parent or guardian.

Study design, and setting

A prospective PK study including a randomized bioavailabil-
ity sub-study (nested) was conducted at the Department of 
Pharmacology & Therapeutics, Makerere University College of 
Health Sciences, within Mulago National Referral Hospital Com-
plex, Kampala, Uganda. A combination of intense and sparse 
PK sampling design was employed to enable the description of 
the population PK of lumefantrine and desbutyl-lumefantrine 
among <5 year old children undergoing AL therapy for uncom-
plicated falciparum malaria. Intense samples were available 
from a sub-set of participants, who were co-enrolled in an open 
label, nested bioavailability study using a two stage block (by 
dose and food arm) randomized design. Detailed description of 
this nested bioavailability study has been reported elsewhere 
[24].

Study population

Children with uncomplicated malaria were eligible if aged 
between 6 months and <5 years; weighed between >5kg to 25 

kg; with a history of fever and microscopically confirmed P. fal-
ciparum monoinfection [25] and outpatients at departments of 
Mulago Hospital and surrounding public health facilities within 
20 km radius. These are low transmission areas. Exclusion crite-
ria included mixed plasmodium infections, complicated malaria, 
vomiting, hemoglobin <5 g/dl, reported use of ACTs in the past 
7 days or past 28 days if lumefantrine was the partner drug; use 
of medication known to influence CYP450 3A4/5 enzymes, such 
as anticonvulsants (phenobarbitone, carbamazepine), ketocon-
azole, rifampicin, and anti-retroviral agents [1].

Study procedures and dosing

Upon enrollment, full clinical examination was done and 
blood (2 to 4 mL) was drawn for baseline lumefantrine and me-
tabolite, malaria microscopy, parasite genotyping, blood chem-
istry, and for hematological parameters.

Standard care regimen was used. Current standard AL (tab-
let with fixed ratios of 1:6 {20 mg Artemether (A) and 120 mg 
Lumefantrine (L)} regimen is a fixed-weight-based dose, where 
subjects weighing 5 to <15 kg, 15 to <25 kg, >25 to <35 kg and ≥ 
35 kg receive 1, 2, 3 or 4 tablets, respectively. The drug was ad-
ministered on six occasions at the following times: 0, 8, 24, 36, 
48 and 60 hours. Eligible children were dosed according to the 
above standard of care regimen with dispersible AL tablet (Dis-
persible Coartem®, Novartis Pharma AG, Basel, Switzerland). 
Thus thirty eight children weighed <15 kg therefore received 
1 tablet and 17 weighed ≥15 and <25 kg received 2 tablets. 
Each dose was accompanied by a fatty meal. This included milk 
(n=38) (50 mL containing ≈1.7 g of fat /tablet) or maize por-
ridge plus oil (50 mL containing ≈0.125 g of fat plus 1.5 mL of oil 
containing ≈1.5g of fat/tablet) for those (n=17) co-enrolled in 
the respective nested food intervention study arm [24]. Dosing 
was directly observed for the first dose and for at least one of 
the doses on subsequent dosing days. Parents/guardians were 
given the assigned dose, assigned food supplement and dosing 
instructions for the unsupervised dosing of the children (sub-
jects) while at home.

Pharmacokinetic sampling

 A mixed (combination of sparse and intense) sampling de-
sign was implemented in the study. Sparse samples (1 to 8, ve-
nous plasma 0.5 to 1 mL) were obtained after a baseline sample, 
at various times during the 28 day follow up period as follows:

All participants (N=55) routinely provided samples on day 0 
(before the first dose) and after the last dose on days 3, 7, 14, 
21 and 28.

From children co-enrolled in nested food intervention study 
(n=33), additional samples were available for the absorption 
phase. Intensive samples were obtained on Day 0, after the first 
dose at 1, 1.5, 2, 3, 4, 6, and 8 hours [24]. Actual times of dose 
administration and sample collection were recorded and used 
in the data analysis.

Lumefantrine and metabolite assay

Liquid Chromatography Tandem Mass Spectrometry (LCMS/
MS) was used for simultaneous determination of lumefantrine 
and desbutyl-lumefantrine concentrations as described by Silva 
et al. 2015 [25]. Limits of quantification for lumefantrine and 
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desbutyl-lumefantrine were 21 and 1.7 ng/mL, respectively. In-
ter- and intra-assay precision was within 10% CV, and accuracy 
was within -9% to +6% for all levels of both lumefantrine and 
desbutyl-lumefantrine [26].

Data and subjects

Data for fifty five children were used for the PPK analysis. 
They contributed 453 concentrations of lumefantrine and 233 
concentrations of desbutyl-lumefantrine to the population 
pharmacokinetics analysis dataset, yielding an average of 8 and 
4 concentrations of lumefantrine and desbutyl-lumefantrine 
samples/subject, respectively. In this patient population, 56.4 
% (n=31 of 55) were males, median (range) age of 35.5 (13.5-
59.7) months, weight of 13.0 (9.0-17.4) kg, height of 88.2 (69.5-
104.7) cm, and BMI of 16.6 kg/m2 (13.6-26.2) kg/m2. The me-
dian creatinine clearance was 51.4 mL/min (range: 24.9-107.7 
mL/min) for the 22 subjects who had reported values. 

The World Health Organization (WHO) Child Growth Stan-
dards for height for age (stunting), weight for age (underweight), 
and weight for height (wasting) z scores in children were used to 
classify subjects as being underweight or having normal weight, 
stunted or not stunted, wasted or not wasted [27]. The cutoff 
z-scores of <-2 standard deviation below the mean measure-
ment was applied to individual anthropometric measurements 
to classify the subjects. Twenty three were stunted (height for 
age ≤-2), while 32 were not stunted. None of the subjects was 
categorized as wasted (weight for height) because all z scores 
were >-2.0; and only 3(5.3%) were underweight (weight for age 
≤-2). Median total lumefantrine weight adjusted dose was 62.4 
mg/kg (range: 48.6-96.0 mg/kg). Treatment was well tolerated. 
In this study population, three children had new malaria infec-
tions during follow up and only one child with Polymerase Chain 
Reaction (PCR) verified malaria recrudescence was registered 
on day 28.

Structural model identification

The first order conditional estimation method for nonlin-
ear mixed-effect modeling implemented in NONMEM (version 
7.3.0, ICON, Hanover, MD) was used to perform the population 
PK analysis in this report. A two-compartment PK model param-
eterized in terms of apparent oral Clearance (CL/F), inter-com-
partment clearance (Q/F), apparent volumes of distribution of 
central (V2/F), peripheral (V3/F) compartments, and first order 
absorption rate constant (KA) was also tested for characteriz-
ing lumefantrine PK data as described under Model Evaluation 
and compared with the one compartment PK model. In addi-
tion, a transit compartment absorption model was tested for 
the characterization of lumefantrine absorption. The a priori-
specified level of significance required for the preference of one 
structural model over another was α=0.005, as assessed by the 
asymptotically X2 distributed likelihood ratio test. For instance, 
a one degree of freedom change in model parameter required 
a log likelihood difference of 7.84, and 10.60 for a two degree of 
freedom change, among others. Thus, the likelihood ratio test 
was used to compare the two compartment model, a hierarchi-
cal model of the one compartment, with the one compartment 
model. The selection of the appropriate structural PK model 
was also based on graphical diagnostic plots.

N-desbutyl-lumefantrine (Metabolite) modeling

One- and two-compartment models were tested for charac-
terizing the PK of the metabolite. The choice of the appropri-
ate model was informed by graphical diagnostics and adequate 

NONMEM objective function. The following assumptions were 
made in modeling the desbutyl-lumefantrine data:

The rate constants and volume terms are independent of the 
amounts of drug and metabolites in the body. That is, linear PK 
holds.

Reactions involving desbutyl-lumefantrine are unidirection-
al. Thus, there is no interconversion between desbutyl-lumefan-
trine and the parent drug.

Since the apparent distribution volume for desbutyl-lume-
fantrine was unknown, it was fixed to 1 L. Because of fixing the 
apparent volume of distribution of desbutyl-lumefantrine to 1 
L, the apparent clearance (CLM/F) of this metabolite equals its 
apparent elimination rate (K40).

The metabolite model was parameterized in terms of its 
formation and metabolite clearance rate. The metabolite for-
mation was initially parameterized to constrain the fraction of 
metabolite formed between zero and one using a logistic func-
tionas follows: 

Where PM characterized by θi for desbutyl-lumefantrine is 
a scalar quantity initially defined to allow the quantification of 
the fraction of the metabolite (FM) in the ith subject, and PM1 is 
the parameter. Formation rate constant (K24) was computed as 
the product of FM formed and the apparent elimination rate of 
the parent drug. An alternative parameterization with K24 es-
timated instead of the estimation of the PM for the quantifica-
tion of the FM was also investigated. The K24 parameterization 
was used eventually in the modeling of the data because it was 
more stable than the parameterization using FM. The transfer of 
the metabolite between the central metabolite compartment 
and the peripheral metabolite compartment and vice versa 
were modeled as rate constants K45 and K54, respectively. A 
one-compartment linear PK model was also tested for the de-
scription of the PK of desbutyl-lumefantrine. The PK of the par-
ent drug and metabolite were modeled sequentially.

Pharmacostatistical models

Inter-Subject Variability

Inter-subject variability (η) was modeled as follows: 

In this model, PK is the typical value for the kth parameter in 
the population, Pik is the individual value for the kth parameter in 
the ith subject, and ηik is a random variable in the kth parameter 
with a mean of zero and variance ΦPK

2. This model assumes that 
the Pik values are log-normally distributed. Inter-subject vari-
ability in PK was estimated as the square root of ΦPK

2, which is 
an approximation of the coefficient of variation of PK for a log-
normally distributed quantity.

Residual variability

Concentrations of lumefantrine and its metabolite were 
modeled on the natural log scale. The jth concentration in the 
ith subject was modeled with an additive error as follows: 

; 1          (Equation 1)
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Where Cmij is the model predicted jth concentration in the ith 
subject. εij is the random variable that quantifies deviation of 
the predicted value from an observed concentration in a man-
ner independent of the magnitude of the prediction. εij is sym-
metrically distributed with zero as the expected value and vari-
ance σ2. The error model in equation 5 is a transformation of 
both sides of the exponential residual error model.

Population model development

Graphical analysis

Population model development was performed through a 
combination of data visualization (graphing and fitting using 
locally weighted regression) in S-PLUS and nonlinear mixed ef-
fects modeling. The results of the graphical analysis were used 
to inform the functional forms for covariates included in the 
NONMEM analysis for the development of a descriptive PPK 
model for lumefantrine in the study population. Covariates con-
sidered for inclusion into the population model as explanatory 
variables included age, baseline body Weight (WT), Body Mass 
Index (BMI), stunting, Age Category (AGECAT), and Wasting 
Category (CATWAST), Height (HT), food arm (FOOD), Creatinine 
Clearance (CRCL), dose Group (GROUP), and underweight cat-
egory. However, graphical analysis enabled the reduction of the 
covariates to a reasonable number. Thus, age, WT, BMI, stunt-
ing, FOOD, HT, and AGECAT were selected for testing during the 
development of the PPK model.

Over 50% of the subjects had missing creatinine values. Be-
cause of the amount of missing data, no attempt was made to 
impute the missing values. Thus, Creatinine Clearance (CRCL) 
was not considered as a candidate covariate in any of the mod-
els. Age category was examined as part of graphical diagnostics 
because conversion of age from a continuous to a categorical 
covariate would have been at the risk of a possible information 
loss. In addition, it was important to take into account ontogeny 
in lumefantrine metabolism in the disposition of the drug dur-
ing the modeling of the data. Thus, age was modeled as contin-
uous covariate. Since HT was correlated with BMI (r=0.68), HT 
was not tested in the CL/F model. Instead, only BMI was tested 
to avoid the problem of collinearity.

Covariate models

The effect of a continuous covariate on PPK parameters were 
tested using a multiplicative power function as shown below.

 Where Pavg is the average value of a parameter, θK and θoffk 
are estimated fixed-effect parameters without and with the kth 
covariate for the kth parameter, Zik is the value of the kth covari-
ate for the ith subject, and ZREF is a reference value for the co-
variate used in the PPK model. However, age was included CL/F 
model as a modification of the model for CYP 3A4 maturation 
reported by Johnson and co-workers [28-31].

Similarly, a binary covariate predicated on the results of 
graphical analysis was introduced into the model via a linear 
function:

Where is an indicator variable representing one form of a 
binary covariate (e.g., males coded as 0 and females as 1). In 
addition, variations of Equation 7 were used to test the effect of 
a binary covariate in explaining variability associated with struc-
tural model parameter estimates, if graphical analysis suggest-
ed any relationship between binary covariates and unexplained 
variability in PK parameters.

Model evaluation

Model evaluation and selection was based on standard mod-
el diagnostics and other goodness-of-fit criteria such as the log-
likelihood difference, residual error variance, and intersubject 
variability. Plots of individual weighted residuals versus times, 
conditional weighted residuals with interaction versus time, 
and population predicted concentrations were also examined. 
The extent of shrinkage of empiric Bayesian parameter esti-
mates for the base and final PPK models were obtained directly 
from NONMEM outputs.

Covariate selection criteria

In NONMEM, the a priori-specified level of significance re-
quired for inclusion (i.e., forward selection during model build-
ing) and retention (during backward elimination) of a covariate 
in the nonlinear mixed effect model was α=0.05 and α=0.005, 
respectively, as assessed by the asymptotically 2א distributed 
likelihood ratio test. An alpha value of 0.005 was selected for 
covariate retention due to the multiple comparisons that were 
performed and the anti-conservative nature of the likelihood 
ratio test for fixed effects in nonlinear mixed effects models 
[28,29]. For a one degree of freedom change, a log Likelihood 
Difference (LLD) of 3.84 and 7.84 at α=0.05 and α=0.005 respec-
tively, is required when two hierarchical models are compared. 
For a two degree of freedom change at α=0.005, the required 
LLD is 10.60. Comparison of the actual change in OFV to the 
critical value determined whether the more complex model 
was preferred over the simpler model. The more complex mod-
el was accepted if improvement in model diagnostics and pa-
rameter estimates were observed. For non-nested models the 
change in OFV was used as a relative measure of goodness of 
fit just as an Akaike Information Criterion (AIC) value would be 
used [30]. Thus forward selection was used for the introduction 
of covariates into the NONMEM model and backward elimi-
nation was used to arrive at the final, irreducible, PPK model, 
given the data. Population PK parameters appropriate to the 
model being fitted were estimated and reported.

Predictive performance

Model validation was performed using prediction corrected 
Visual Descriptive Check (pcVPC) using PSN (version 3.5.3). The 
prediction corrected visual predictive check was used to pre-
vent bias in prediction with the simple VPC on a final, irreduc-
ible PPK model, given the data that included covariates. Five 
hundred datasets were simulated using parameter values from 
the final model for the determination of the predictive perfor-
mance of the developed PPK model.

The pcVPC was performed by plotting the observed plasma 
concentration-time data with the corresponding 2.5th, 50th, and 
97.5th percentiles of the model-based predictions. Approxi-
mately 95% of the observed values should fall between the 2.5th 
and 97.5th percentiles of model predictions (the 95% prediction 
interval). The predictions were stratified by analyte; that is, par-
ent drug and metabolite.

2In( ) In( ) ;   (0, )     (Equation 5)ij mij ij ijC C Nε ε σ= + 

,       *( / ) (Equation 6)eff k
avg k ik REFP Z Z θθ=

, ,*(1 * )       (Equation 7)avg k eff k ind kP Zθ θ= +
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Results

Graphical analysis

The development of the PPK model proceeded from struc-
tural model identification for use as the base model, through 
graphical analysis, to the development of the PPK model. A two-
compartment linear pharmacokinetic model performed better 
than the one compartment model in the characterization of 
both the PK of lumefantrine and desbutyl-lumefantrine (Figure 
not shown).

There appeared to be some relationship between lumefan-
trine unexplained variability in CL/F and BMI, weight, and age 
(Figure 1a). The relationship between unexplained variability 
in CL/F and BMI was more prominent than that of weight, and 
BMI yielded a lower objective function than when weight was 
introduced into the CL/F model (Figure 1a). Apparent volume 
of the central compartment appeared to be related to weight 
(Figure 1b).

Model evaluation and population pharmacokinetic model 
development

The two-compartment model adequately described the PK 
of lumefantrine and desbutyl-lumefantrine as observed with 
the individually weighted residuals versus time plots for both 
the base and final models (Figure 2). There are no trends in the 
residuals, indicating a lack of time dependencies. Thus, the PK 
of lumefantrine and its metabolite is time invariant. In addition, 
the residual error models adequately described the concentra-
tions of both lumefantrine and desbutyl-lumefantrine. How-
ever, it was necessary to use two residual errors in modeling 
lumefantrine concentration for the elimination of minimal bias 
associated with the characterization of the lumefantrine con-
centration-time data in the zero to the 200 hr time range. Thus, 
one residual error model was used for time less than or equal 
to 200 hr and another for time greater than 200 hr. The 200 
hr time point (threshold) was selected based on the examina-
tion of diagnostic plots and sensitivity analysis. This approach 
resulted in the highest decrease in the objective function value 
(-4.653) when the base model with one residual model was 
compared with the one with two residual error models. It also 
resulted in the almost complete elimination of the bias that was 
observed in the zero to 200 hr range (not shown).This threshold 
has no clinical value; and the approach has been used previ-
ously in the PPK modeling of cetirizine data in atopic derma-
titis children aged 12 to 24 months [32,33]. The usefulness of 
this approach is for the improvement of goodness-of-fit of the 
model. The minimal biases in the prediction of low and high 
concentrations in the base model were eliminated in the final, 
irreducible, PPK model, given the data (Figure 3).

The final PPK model was given by: 

Where CLTV, REF, and V2/FTV, REF, are the typical values of CL/F 
and V2/F at the reference (i.e., median) BMI and weight values 
of 16.62 kg/m2 and 13.0 kg, respectively. The constant 0.31 in 
Equation 8 was determined by objective function profiling to 
be the best value for characterizing the ontogeny component 
of the CL/F model. All other structural model parameters for 

drug (KA, Q/F, V3/F, and ALAG1) and metabolite (K24, CLM/F 
(metabolite clearance), K45, and K54) were estimated at their 
typical values. Because the apparent volume of the metabolite 
compartment was fixed at 1.0, CLM/F .is equal to the rate of 
elimination of the metabolite, K40. K24 is the rate constant of 
formation of the metabolite. K45 is the transfer rate constant 
between the first and second metabolite compartments, and 
K54 is the transfer rate constant between the second and first 
metabolite compartments. K24 was estimated instead of the 
fraction of metabolite formed, and latter was computed from 
the relationship between K24 and the ratio of CL/F and V2/F.

The parameters for the PPK model are summarized in Table 
1. The fixed effect parameters were precisely estimated. In ad-
dition, the estimate of the allometric exponent for BMI on CL/F 
was first estimated and then fixed to the estimated value. This 
was to minimize the effect of correlation between BMI and age 
in the CL/F model. Equally, the allometric exponent of weight 
on V2/F was first estimated and then fixed to avoid collinearity 
problems with age in the PPK model. Although the inclusion of 
weight in the V2/F model resulted in only a 1.655 decrease in 
the objective function which was not significant, it was retained 
in the model for allometric reason.

The population average half-life of elimination of lumefan-
trine from the central compartment was computed with indi-
vidual empiric Bayesian parameter estimates, using standard 
formula, to be 14.6 hr. Lumefantrine median half-life of the 
beta-elimination phase was computed to be 238 hr. The median 
distribution half-life for lumefantrine was 7.95 hr. The popula-
tion average KA was approximately 0.04 hr-1. The estimates of 
fixed and random effects parameters in the model parameters 
were precise (Table 1). The shrinkage associated with the esti-
mation of variability in parameter estimates were acceptable 
(<35%). The variability in lag time was fixed to a small value 
since the data did not support the estimation of the variability 
in lag time. The data did not support the estimation of covari-
ance between CL/F and V2/F at the individual subject level, in-
tervariability in Q/F, V3/F and all the metabolite PK parameters, 
except K24.

The model that described the desbutyl-lumefantrine data 
best was the two-compartment model. The apparent rate of 
elimination of desbutyl-lumefantrine (K40) from the central me-
tabolite compartment was estimated to be 0.0979 hr-1, yielding 
a corresponding central metabolite compartment elimination 
half-life of 7.08 hr. The rate of transfer of the metabolite from 
the central to the peripheral metabolite compartment was esti-
mated to be faster than that from the peripheral to the central 
metabolite compartment [0.0578 hr-1 (K45) versus 0.0.00815 hr-1 
(K54)]. The rate of formation of desbutyl-lumefantrine formed 
was estimated to be 0.00003 hr-1, yielding 0.08% fraction of the 
metabolite formed. The median distribution half-life of the me-
tabolite was computed to be 7.09 hr, and the beta-elimination 
half-life was computed to be 85.1 hr. No covariate was included 
in the desbutyl-lumefantrine model because graphical analysis 
did not inform such.

The full PPK model was the final (irreducible) PPK model. It 
was developed with the inclusion of BMI and ontogeny in the 
CL/F of the parent drug, and weight in the V2/F model. Weight 
was not a significant explanatory variable for the variability in 
CL/F. The inclusion of age and BMI in the lumefantrine CL/F 
model and weight in the V2/F model eliminated most of the 
bias in the prediction of lumefantrine PPK, thereby eliminating 
most of the unexplained variability due to weight and age (Fig-

/
,

/ /

2/
,

/ / (( /16.62) )

((1*( )) / (0.31 ))          (Equation 8)

2 / 2 / (( /13.0)           (Equation 9)
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Figure 1a: Pairs plot showing the relationship between covariates on one hand, and covariates and variability in apparent oral clearance (Var.
CL) on the other. WT = Weight; BMI = Body Mass Index; AGE = Age; CRCL = Creatinine Clearance. 

Var.CL
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Figure 1b: Pairs plot showing the relationship between covariates on one hand, and covariates and variability in apparent central volume of 
distribution (Var.V) on the other. WT = Weight; BMI = Body Mass Index; AGE = Age
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Figure 2: Structural model goodness-of- fit plots for lumefantrine and desbutyllumefantrine.

Figure 3: Goodness-of-fit plots showing the adequacy of predictions for parent- a comparison of base and final models - and metabolite. The 
red tight-dashed line is the trend line (locally weighted regression line) and the solid black line is the identity line.
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Figure 4: Unexplained variability in CL/F and V2/F explained in the final reduced model. Row 1 - variability in CL/F due to BMI explained; 
Row 2 - variability in CL/F due to weight explained; Row 3 - variability in CL/F due to age explained; Row 4 -variability in V2/F due to weight 
explained.

Figure 5: Model application plots showing the relationship between CL/F and key covariates: (a) CL/F vs. body weight: open squares: age = 
<24 months; filled circles: age = >24 months, (b) CL/F vs. age; open squares : age = <24 months; filled circles: Age = >24 months, (c) CL/F vs. 
BMI; open squares : Age = <24 months; filled circles: Age = >24 months, (d) CL/F vs. body weight as a categorical covariate, (e) CL/F vs. age 
as a binary covariate,(f) similarity in the median BMI between age < = 24 months and >24 months, (g) unexplained variability in CL/F due to 
stunting in the base PPK model, (h) variability in CL/F due to stunting explained in the final PPK model, and (i) relationship between stunting 
and CL/F. Note that plot (i) is a boxplot of the value of CL/F versus stunting while the boxplots in plots (g) and (h) are plots of variability in 
CL/F versus stunting on a linear scale.
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Figure 6: Prediction Corrected Visual Predictive Check Conditioned on analyte - panel 1 (lumefantrine), panel 2 (des-
butyllumefantrine) showing the 2.5th, 50th and 97.5th prediction intervals with associated 95% confidence intervals.

Table 1: Summary of population pharmacokinetic parameters.

Parameter [Units] Parameter Estimatea RSEe 95% CIf Shrinkage (%)

 CL/FTV,REF [L/hr] 3.19 24.4% 1.67, 4.72

 V2/FTV,REF [L] 28.1 18% 18.2, 38.0

 Q/FTV [L/hr] 0.176 15.6% 0.12, 0.23

 V3/FTV [L] 58.4 16.2% 39.8, 77.0

KATV [hr-1] 0.0383 11.9% 0.029, 0.047

 ALAG1TV [hr] 0.980 -

 CL/FBMI -1.10 -

 V2/FWT 1.06 -

 CL/FAGE -0.423 27.2% -0.648, -0.198

K24 M,TV [hr-1] 0.00003 23.3% 0.0000163, 0.0000437

CLM,TV [L/hr] 0.0977 25.3% 0.049, 0.146

K45TV [hr-1] 0.0578 48.2% 0.003, 0.112

K54TV [hr-1] 0.00815 23.1% 0.004, 0.012

Inter-Individual Variabilityc (IIV)

Description Estimate RSE Shrinkage

ω2
CL/F 0.0492 (22.2%) 31.3% 0.0190, 0.0794 24.7%

ω2
V2/F 0.623 (78.9%) 30.7% 0.2486, 0.9974 19.1%

ω2
ALAG1 0.0029 (5.39%) - 85.5%

ω2K24 0.557 (74.6%) 28.0% 0.153, 0.463 16.1%

Residual Variabilityd

SDRes. Error1, LUMEFANTRINE 0.847 4.30% 0.775, 0.919 5.8%

SDRes Error2, ,LUMEFANTRINE 0.483 7.90% 0.408, 0.558 13.3%

SDRes. Error, DESBUTYLLUMEFANTRINE 0.786 4.50% 0.717, 0.855 8.9%

CL/FTV,REF, V2/FTV,.REF, KATV, QTV and V3/FTV are the typical values of CL/F and ` at the reference BMI and weight values of 16.62 kg/m2 and 
13.0 kg, respectively. KATV, Q/FTV, and V3/FTV are typical values of absorption rate constant, apparent intercompartmental clearance, 
and apparent volume of the peripheral compartment, respectively, for lumefantrine. ALAG1TV is lag time of absorption.
bCovariate effect was estimated relative to a reference (typical) subject with a BMI of 16.62 kg/m2 (median) for BMI on CL/F, and weight 
of 13.0 kg on V2/F.
K24: Formation rate constant.
CLM,,TV are the typical values of CLM for the population. Because the apparent volume of the metabolite compartment is 1, CLM,.is equal 
to the rate of elimination of the metabolite K40. K45 and K54 are the transfer rate constant between the first and second metabolite 
compartments. θ2: Inter-individual variability.
cEstimate values in parentheses are the coefficient of variation for estimated variances and correlation for estimated covariance.
dResidual variability estimated as standard deviations.
eRSE- percent relative standard error based on the bootstrap.
finterval based of bootstrap values. Indicates that the parameter was first estimated and fixed to its typical value.
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ure 5). With BMI alone in the CL/F model, intersubject variabil-
ity in CL/F decreased from 29.0% in the base model to 24.0% 
with a further decrease to 22.2% in the final CL/F model when 
age was included. Thus, BMI was the most important covariate 
in explaining the intersubject variability in the CL/F of lumefan-
trine the intersubject variability in V2/F decreased from 83.7% 
in the base model to 78.9% in the final V2/F model with weight 
included. Once BMI was included in the CL/F model, the unex-
plained variability in CL/F due to stunting was explained (Figure 
6). The CL/F of lumefantrine decreased with age in going from 
two to five years of age (Figure 6). It is important to note the 
relationship between estimated lumefantrine CL/F and the fol-
lowing covariates: BMI, age, and stunting category (Figure 6). 
The CL/F of lumefantrine was found to decrease with increasing 
BMI, and BMI is computed from height and weight. It is also 
of interest to note that the intersubject variability in CL/F was 
explained with BMI and age. Age was modeled to account for 
ontogeny in CYP 3A4 using an Emax model formulation similar 
to that previously reported [34]. In this case, however, the pa-
rameters of the ontogeny model were estimated to ensure that 
the model that best described ontogeny in CYP 3A4 metabolism 
of lumefantrine was used to characterize the ontogeny in lume-
fantrine CL/F in the population studied. Once BMI (a composite 
covariate of weight and height), and age were introduced into 
the CL/F model, weight, height, or stunting as a categorical co-
variate were not needed in the model. The CL/F of lumefantrine 
tended to be higher in infants (i.e., < = 2 years old) than in chil-
dren older than two years old (Figure 6).

Predictive performance

The predictive performance of the model showed that the 
PPK model developed adequately characterized lumefantrine 
and desbutyl-lumefantrine concentrations (Figure 7). Thus, 
there is confidence in the performance of the model, which 
makes the model appropriate for its intended use, the charac-
terization of the PPK of lumefantrine and desbutyl-lumefantrine 
in children under 5 years old.

Day 7 Lumefantrine and Desbutyl-lumefantrine Concentra-
tions

In this <5 year old population, median (interquartile range) 
day 7 lumefantrine concentration (C(LUM)D7) was 441 (243 - 
1394) ng/mL. The day 7 desbutyl-lumefantrine concentrations 
ranged from 0 to 74.2 ng/ml (median: 14.7 ng/ml).

Discussion

Artemether lumefantrine was approved for use in China in 
1992, Africa and the European Union in 1999, and by the US 
Food and Drug Administration in 2009 [35]. Few PPK studies, 
have explored variability in lumefantrine exposure among chil-
dren [12,36,37] but without particular information in vulnera-
ble <5 year old population. However, recently the population PK 
of lumefantrine has been described among Ugandan children 
<2 years [38].

To our knowledge, this is the first report of the character-
ization of the population PK of lumefantrine and its desbutyl-
lumefantrine among children <5 years of age. This is the first 
population-based PK model for lumefantrine that incorporates 
ontogeny in CYP 3A4 mediated metabolism and allometric con-
siderations in characterizing the PK of lumefantrine in children 
under 5 years of age. The allometric considerations involved the 
use of bodyweight-dependent exponent model for apparent 
volume of distribution of the central compartment and BMI-de-

pendent exponent model for CL/F. Body weight was not related 
to CL/F (Figure 2a); therefore, 3/4 allometric scaling model for 
CL/F could not be applied. In addition, it has been previously 
reported that the 3/4 allometric scaling model for CL/F ad-
equately described clearance in adults and older children, but 
overestimated CL/F children under 15 kg in weight [39].

The PPK of lumefantrine was described using a linear two-
compartment model with first order absorption and first-order 
elimination as lumefantrine previously reported [4,38-43]. 
A three-compartment has also been used to characterize the 
PK of lumefantrine [12], while others have applied a one-com-
partment PK model [36,37,44,45]. The choice of a structural 
PK model is, however, dependent upon the sampling scheme 
employed in a study. Model predictive performance via pcVPC 
indicated that the final model adequately characterized the PK 
of lumefantrine and desbutyl-lumefantrine; and hence PPK of 
lumefantrine and desbutyl-lumefantrine in children under five 
years old. Although a descriptive PPK model was developed 
which does not require validation [46], we validated the model 
nonetheless by determining its predictive performance. The 
predictive performance not only serves the purpose of valida-
tion, but it also serves a model evaluation purpose. The pre-
dictive performance result indicated that the adequacy of PPK 
model, hence its generalizability [46].

Lumefantrine is metabolized primarily into desbutyl-lume-
fantrine [20-23] by CYP 3A4 [17,18]. Ontogeny in CYP 3A4 mat-
uration was incorporated into the estimation of lumefantrine 
CL/F. The combination of allometric scaling and ontogeny has 
been shown to produce similar results as physiological based 
pharmacokinetic modeling for low extraction ratio drugs [47], 
and lumefantrine is a low extraction drug. In the present study, 
the change in lumefantrine CL/F, on average, from one year and 
two years old to greater than two years old is approximately 
-20.6%. For our dataset, the CL/F of lumefantrine decreased 
with age from one to 5 years old. This could be due to increased 
apparent clearance (Figure 6). It has been reported that CYP 
3A4 activity in infants reaches peak activity at 6 months [48], 
and thereafter activity appears to decline after infancy [49-51]. 
This trend of high apparent oral clearance during infancy that 
decreased with age has been previously observed for some 
CYP3A4 substrates including midazolam [52], tacrolimus [53], 
and lopinavir [54].

Our reported higher CL/F in children ≤2 year old compared 
with those of children older than 2 years is in agreement with 
the report by other authors applying meta-analysis of day 7 
lumefantrine concentrations and therapeutic response using 
individual patient data [11]. The authors reported the concen-
tration of lumefantrine in children below 2 years to be lower 
than those of subjects above 2 years of age, regardless of nutri-
tional status [11]. Lower concentration of lumefantrine in chil-
dren less than 2 years old when compared with those greater 
than 2 years old is suggestive of higher CL/F in the under 2 year 
olds. Our study result is thus confirmatory of the meta-analysis 
results [10,11].

It is also of interest to note that the variability in CL/F was ex-
plained with BMI (a composite covariate of weight and height) 
and age, and not weight. The finding that weight is not related 
to CL/F is in agreement with an earlier report by Hatz et al., 
that weight had no significant effect on lumefantrine PK [55]. 
The effect of wasting on our study outcome could not be as-
sessed because no subjects had wasting in our dataset. Subjects 
who weighed less than 11 kg had higher CL/F than those with 
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weights greater than 11 kg, and CL/F decreased with increasing 
BMI (Figure 5). Once BMI was included in the model, includ-
ing stunting did not result in any additional significant improve-
ment of the objective function. Thus, BMI inclusion in the CL/F 
model explained the unexplained variability that was due to 
stunting (Figure 6). It is worth noting that stunted subjects also 
had lower CL/F (Figure 6), and this points to the importance of 
BMI in the CL/F model.

It is important to note that high BMI has been reported to 
be associated with low CYP3A4 expression in both the liver and 
small intestine [56]. In addition, BMI and not weight has been 
found to be a significant predictor of the variability in CYP 3A4 
activity [57]. These findings could explain our finding of the re-
lationship between BMI and lumefantrine apparent clearance 
in our study since the drug is cleared by via CYP 3A4 metabo-
lism. Moreover, BMI has been identified as an important predic-
tor for elimination patterns of other CYP3A4 substrates such as 
cyclosporine [58] and tacrolimus [59]. In addition, the inclusion 
of age in the CL/F model with the model formulation account-
ing for ontogeny in CYP 3A4 isozyme maturation appropriately 
accounted for the importance of CYP 3A4 in the elimination of 
lumefantrine.

Although the subject demographics are not comparable with 
those in our study, the influence of age and weight on the dis-
position of lumefantrine was reported earlier by Ezzet et al. [4]. 
The age range of subjects in their study is outside the age range 
we studied. The least age in that study was 15 years, while the 
oldest subject in our study was ≈5 years.

The estimate of inter-subject variability in CL/F and V2/F 
was 24.4% and 18%, respectively. The data did not support the 
estimate of intersubject variability in KA. Oral bioavailability of 
lumefantrine is dependent on dietary fat [4]. The lag time and 
KA values of approximately 1.0 hr and 0.04 hr-1, respectively, 
obtained this study are similar to those reported by Kloprogge 
et al. [44]. However, in the present study the fat content was 
similar in both food arms making food effect not to be of impor-
tance in this analysis. The estimate of intersubject variability in 
CL/F in our study is similar to that reported by Salman et al [12].

In this under five population, reference CL/F with a reference 
median BMI of 16.62 kg/m2 at the weight of 13.0 kg is estimated 
at 3.19 (95% CI: 1.67, 4.72) L/h. The estimated CL/F for lumefan-
trine in a typical 12 months old with a BMI of 16.62 kg/m2 (the 
reference (median) value of BMI in this dataset) was 1.69 L/hr. 
With the same reference BMI in the data set, the corresponding 
CL/F values for a 24 and 36 months old were 1.46 and 1.32 L/hr 
respectively. A 48 month old with a reference BMI of 16.62 kg/
m2 is estimated to have lumefantrine CL/F of 1.23 L/hr, while a 
60 month old with the same reference BMI had a CL/F of 1.16 
L/hr. Thus, the CL/F of lumefantrine decreased by 31.4% in go-
ing from 12 to 60 months of age. A 12 month old with a BMI 
of 13 kg/m2 is estimated to have lumefantrine CL/F of 2.21 L/
hr, while 15 month old with same BMI is estimated to have to 
have lumefantrine CL/F of 2.12 L/hr. Our finding of increased 
CL/F among children <2 years and with lower BMI (see Equation 
8) is in agreement with CL/F estimates of 2.19 L/hr reported by 
Tchaparian et al., for a typical child between 1 and 2 years of 
age with weight of 8.43 kg [38].

The population average apparent elimination half-lives of 
the parent and active metabolite from the central metabolite 
compartment were computed to be 14.6 hr and 7.09 hr, respec-
tively. The population average apparent elimination half-life is in 

agreement with the 12-hourly maintenance dosing of lumefan-
trine. In computing the central compartment elimination half-
life, it is important to note that a sequential modeling approach 
was adopted. That is, the parent drug was modeled first with 
the PPK parameter estimates fixed and linked to the metabolite 
model for the estimation of metabolite PK. Lumefantrine me-
dian t1/2β was computed to be 12.9 days. Terminal elimination 
half-life estimates are a function of the duration of PK sampling. 
This is in the range of the t1/2β of 10 days reported by Levefre 
et al. [60] and 14 days reported by Tchaparian and coworkers 
[38]. Other literature reports with shorter t1/2β, for instance 
3 days [37], are probably due to higher LOQ or shorter sam-
pling times. We sampled for 28 days, and lumefantrine was still 
detectable in several individuals as previously reported [26]. 
The median distribution half-life for lumefantrine of 7.95 hr is 
similar to that reported by Salman et al. [12]. The median beta 
elimination phase half-life for the active metabolite in our study 
was 3.54 days, and this is in the range of 3 to 10 days reported 
in the literature [4,38,60].

Although ratio of metabolite to parent drug measured at any 
one point appears to be low, they are within ranges reported 
previously [5,6,16-20]. The fraction of desbutyl-lumefantrine 
formed was estimated to be less than 1%. This finding is agree-
ment with the report that the metabolite represents less than 
1% of lumefantrine exposure in malaria patients [61].

The median C(LUM)D7 (441 ng/mL) observed in this study is 
similar to an earlier report on AL treatment for acute uncompli-
cated falciparum malaria among <5 year old children in Uganda 
(median C(LUM)D7: 376 vs 249 ng/mL under supervised and 
unsupervised treatments respectively) [15], and approximate-
ly 490 ng/mL reported in a meta-analysis for under 5 year old 
children [11]. The meta-analyses report demonstrated that cur-
rent dose recommendations are still efficacious; however, the 
authors observed lowest exposure and cure rates among “very 
young Asian children between 10-15 kg” and “malnourished 
African children between 1-3 years” [10,11]. Our findings sug-
gest that BMI should be further explored in AL dosage regimen 
design in children under five year of age irrespective their nu-
tritional status. However, PK/PD considerations are outside the 
scope of this work. There was only one child with PCR verified 
AL treatment failure.

Conclusion

A PPK model was developed for lumefantrine and its me-
tabolite, desbutyl-lumefantrine. For both analytes the PK was 
characterized with a two-compartment model. The CL/F of 
lumefantrine was characterized as a function of BMI and age, 
incorporating ontogeny, while the apparent central volume of 
distribution of lumefantrine was a function of body weight. 
The CL/F of lumefantrine decreased with age as subject age in-
creased from two to less than five years old. This could due to 
increased clearance in infants because of CYP 3A4 activity. Our 
results indicate that BMI, a composite variable of weight and 
height, is more important than stunting alone in explaining the 
variability in lumefantrine CL/F. However, the impact of stunting 
on the disposition of lumefantrine may need to be studied fur-
ther. Our findings about influence of BMI and age on disposition 
of lumefantrine provides a structural basis for further investiga-
tion and development of rational AL dosing guidelines among 
under five year olds; and indicate the need for the exploration 
of age specific AL dose schemes that are further adjusted for 
BMI with a view to providing rational AL doses for under five 
year old children, regardless of nutritional status.
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