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FIG 2 Visual predictive check of the final model describing the plasma concentrations of amodiaquine (AQ) and
desethylamodiaquine (DEAQ) versus time in uncomplicated malaria patients from Thailand (THA), Kenya (KEN), Uganda
(UGA), Burkina Faso (BKF), and Ghana (GHA). Open circles are the observed data points; solid and dashed lines are the
50th, 5th, and 95th percentiles of the observed data; shaded areas are the simulated (n = 1,000) 95% confidence interval
for the same percentile. The y axis represents the plasma concentration on the log scale. Censored data points below
the lower limit of quantification were imputed as LLOQ/2 and included in the calculation of percentiles for the observed
and the simulation data. The VPC for amodiaquine for both Thailand and Kenya was cut at times of 90 and 60 h,
respectively, since beyond these times the concentrations from both observed and simulated data were below the LLOQ.

October 2018 Volume 62 Issue 10 e02193-17

Antimicrobial Agents and Chemotherapy

aacasm.org 8

1sanb Aq 020z ‘2z 18qo100 uo /610’ wse oee//:dny wody papeojumod



Pooled Analysis To Optimize Amodiaquine Dosing

Antimicrobial Agents and Chemotherapy

100+
4
4
4
4 L4
4 4
o ' 4 4
75 Fa—-
Y2 4
¢ !
!
!
’
8 oK
c !
[ !
3 N
G 50- !
— '] L
3 !
< 2 !
B !
'l
1}
1
'l
’
[}
'l
1,
25+ 1
o.
Birth 6 12 24 36 48 60

Age after birth (months)

FIG 3 Clearance maturation for amodiaquine (red line) and desethylamodiaquine (blue line) expressed as a fraction of adult
clearance predicted from the PK model plotted against postnatal age (assuming that birth occurred at term). The dashed lines
indicate the section of the maturation curve that falls in the age range below that observed in the study data and are therefore

based on an extrapolation.

DISCUSSION

This is the first pooled population PK analysis of amodiaquine and desethylamodi-
aquine. The analysis used individual patient data from six studies (five cohorts) of the
antimalarial therapy amodiaquine, given alone or in combination with artesunate
(20-25), covering patient populations with a large range of characteristics (in terms of
weight, age, and ethnicity) and covering a large range of treatments and study
protocols. Consistent with other studies, the final PK model included a two-
compartment model for the amodiaquine concentration-time profile and a three-
compartment model for desethylamodiaquine. In addition to including the effect of
body size on the clearance of both compounds with allometric scaling, the maturation
profile of the clearance of both compounds was included in the model to describe the
kinetics in children. To ensure exposure equivalent to that in adults, and hence
assuming that this would lead to improved efficacy and curative concentrations,
simulations with the final model of desethylamodiaquine indicated that higher doses of
amodiaquine may be needed for some weight ranges (8 kg, 15 to 17 kg, 33 to 35 kg,
and >62 kg), but this finding needs further validation.

The effect of the drug formulation or coadministration with artesunate on bioavail-
ability was not significant in this analysis. Previously, efficacy was found to be higher for
amodiaquine when given as a fixed-dose formulation with artesunate (6), suggesting
that a fixed-dose formulation may directly increase bioavailability or improve adher-
ence, leading to higher exposure, as measured by the area under the plasma
concentration-time curve (AUC). Only a few patients included in the analysis received
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FIG 4 Simulation results of current recommended and optimized dose regimens for amodiaquine. (A and C) Day 7 plasma
desethylamodiaquine concentration (A) and maximum concentration of desethylamodiaquine (C) based on the current
recommended dose regimen. (B and D) Predicted desethylamodiaquine day 7 concentration for the optimized dose
regimen designed to achieve a concentration =75% above the threshold value (B) and C,,,,, of desethylamodiaquine for
the optimized dose regimen (D). The black dashed and solid lines in panels A and B are the median and 80% value of
median of the simulated day 7 plasma desethylamodiaquine concentration for the typical patient (representing the
expected exposure level from the current dosing recommendation), respectively, and the red lines in panels C and D
represents the C,,., upper threshold (575 ng/ml). Simulations for each weight are presented as a box plot for the median
and 25th and 75th percentiles, with whiskers representing the 5th and 95th percentiles. The boxes in gray indicate that
the simulation for that age range is based on an extrapolation, since no PK data for children of that age were available.
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TABLE 4 Current dose regimen and optimized dose regimen based on simulations for amodiaquine

Current manufacturer dose regimen Proposed dose regimen
No. of tablets/day, Total amodiaquine No. of tablets/day, tablet Total amodiaquine
Body wt (kg) tablet strength dose (mg) Body wt (kg) strength (mg) dose (mg)
4to08 1,675 67.5 4 to 69 1,675 67.5
9to 17 1,135 135 7 to 10° 1,135 135
18 to 35 1,270 270 11 to 16 1.5, 135¢ 202.5
=36 2,270 540 17 to 28 2.5, 135¢ 3375
29 to 49 2,270 540
=50 3,270 810

aA substantial number of simulated patients (78%) in this weight band were younger (<1 year) than those available in the data set.

bA proportion of the simulated patients (38%) in this weight band were younger (<1 year) than those available in the data set.

<In these weight bands, as an alternative to splitting tablets, one could suggest using tablets of different strengths. Either option is viable, according to the preference
of the caregiver.

amodiaquine alone; this group included all of the patients from the Thailand study and
only 6% (15/256) of the patients from studies conducted in Africa. Moreover, the
patients treated with amodiaquine alone received a higher dose on a milligram-per-
kilogram basis than those that received the loose formulations or the fixed-dose
combination therapy. These two factors possibly limited the power of the analysis to
explore formulation effects. Similarly, all pregnant patients and those infected with
Plasmodium vivax were from one study in Asia; thus, there was little power to separate
study-specific effects from any pregnancy, regional, or Plasmodium species effect on
the PK parameters.

The structural PK model identified here matches that proposed by Tarning et al. (21)
in pregnant women in Thailand. This is not surprising, since their study contributed the
most intensively sampled PK profiles included in this pooled analysis. Parameter
estimates were similar between the two analyses, but the central volume of distribution
was larger in this pooled analysis, and, as expected, pooling of data from several studies
resulted in a larger BSV (21). This could be due to differences in the body size and
composition between the Asian and African populations, or it could simply be a
consequence of different study sample sizes. Unfortunately, patient height data were
unavailable from the African studies, and other body size descriptors (i.e., fat-free mass
or body mass index) could not be explored as an alternative to total body weight.

Amodiaquine bioavailability was found to be 22.4% lower on the first day of
treatment than on the second and third days, possibly due to an increased absorption
of amodiaquine as a result of treatment and a general improvement in malaria disease
status. Winstanley et al. (27) reported lower AUCs for amodiaquine in malaria patients
than in healthy volunteers, and this may be partly explained by the lower bioavailability
due to a disease effect that is more pronounced on the first day than during conva-
lescence. Similarly, a nearly 2-fold (1.72-fold) relative increase in bioavailability has been
observed in studies of mefloquine, where administration is delayed until 48 hours after
the first dose of artesunate (28). A similar increase in oral bioavailability during
treatment has been demonstrated in malaria patients receiving dihydroartemisinin-
piperaquine and for naphthoquine when given in combination with artemisinin in
pediatric malaria patients (29-32). In contrast, a higher bioavailability was estimated for
artesunate during the acute malaria phase than during the convalescent phase in a
recent study (33). Taken together, there might be an emerging trend of lower bioavail-
ability during acute phases of malaria illness for the longer-acting compound in ACT
treatments, warranting further investigation. A similar parallel has been noted with
antibiotic use in patients with sepsis (34).

The disease state may also alter absorption parameters (35), but the current analysis
could not assess the effect of acute illnesses on absorption, as it included only malaria
patients and not healthy individuals. There was considerable heterogeneity in malaria
symptoms and parasitemia, but attempts to include an effect of various parasite
densities in the model were unsuccessful, possibly because it was confounded by other
factors. The principal plasma protein binding site for amodiaquine is in a;-acid glyco-
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protein (13), which is upregulated during malaria (36, 37), resulting in increased binding
of the drug to this protein. The variation in «,-acid glycoprotein levels could also
explain part of the high between-subject variability in the apparent volume of distri-
bution found in our analysis.

The large estimates of between-occasion variability could be a result of sparse data,
and some of the studies (23, 25) included in this analysis did not measure drug
concentrations on the first and second days of treatment and/or provided only ap-
proximate information about the timing of sample collection (i.e., only the day and not
the exact time was available). Despite this, the effect of lower oral bioavailability for the
first dose was confirmed even in a separate analysis executed only on data from studies
that included sufficient information.

PK parameter estimates from adults, adjusted for the effects of body weight and size
by allometric scaling, often provide poor predictions of drug clearance in young
children (38), especially for those less than 1 year of age. This is because PK can change
rapidly with postmenstrual age (PMA) (39-41) in the first years of life. Age maturation
of clearance rates has been reported for various pediatric drugs (16, 42-45). In addition,
the clearance of amodiaquine depends on the enzyme CYP2C8, which is closely related
to CYP2C9 (46), whose isozymes are known to exhibit maturation effects (38). Similar to
the approach used in previous studies of other drugs (42, 44), a sigmoidal maximum-
effect function was used to model the maturation of clearance as a function of PMA. No
previous estimates have been presented for amodiaquine or desethylamodiaquine, but
the estimates of the PMA at which 50% enzyme maturation is achieved (PMA,,)
presented here result in half-maximum maturation of amodiaquine and desethylamo-
diaquine clearance at 2.8 and 3.9 months after birth, respectively, for babies born at
term. This is in line with the range reported for other drugs (0.7 to 12 months after birth,
respectively, for babies born at term), as summarized by Holford et al. (47). The
estimates of the Hill coefficients were also consistent with those reported in previous
studies (2 to 4), indicating a relatively sharp maturation curve plateauing at about 2
years after birth. Amodiaquine and desethylamodiaquine clearance reached at least
95% of the adult values at approximately 21 months after birth, suggesting that body
size is the main pharmacokinetic determinant for children older than 2 years of age.
Unfortunately, the present analysis did not include data from children younger than 1
year of age, most likely because children <1 year of age are commonly administered
artemether-lumefantrine or quinine; thus, few studies have investigated the PK of
artesunate-amodiaquine in infants <1 year of age. Due to the lack of available data for
young children, the parameter values of the maturation function are influenced by
information published for other drugs with CYP-dependent clearance. Other significant
effects not included in our model may be relevant for very young children, including
limited absorption capabilities.

Appropriate drug dosing in children is particularly challenging (48), and a number
of studies have reported suboptimal dosing of children receiving antimalarial treatment
(14-19). Simulations presented in this analysis suggest that optimal plasma concentra-
tions require doses of amodiaquine higher than those currently recommended for
children weighing 8 kg, 15 to 17 kg, or 33 to 35 kg (Fig. 4). The same is true for patients
weighing >62 kg. The proposed alternative dosing guidelines were developed on the
basis of the strengths of currently available amodiaquine tablets, which are manufac-
tured in strengths of 67.5 mg and multiples thereof. The amodiaquine dose adjustment
proposed would increase complexity due to additional weight bands and would need
to be implemented with suitable additional training and tools (Table 4). However,
before routine implementation, the suggested regimen should be evaluated in pro-
spective trials for efficacy and safety. Since amodiaquine and artesunate are often
coformulated in a fixed-dose combination, the proposed dose changes would also
increase the artesunate dose from 2.8 to 6.3 mg/kg/day to 3.6 to 7.4 mg/kg/day, which
remains within the 2- to 10-mg/kg/day range recommended by WHO (49).

Simulations were used to propose optimized doses for the wide range of body
weights recommended by the manufacturers for artesunate-amodiaquine administra-
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tion (26). The simulated patients included very young children 2.5 to 15.2 months old
with weights of 4.5 kg to <6.0 kg, which are less than those of any of the patients for
which drug concentration-time data were available. For those patients, the proposed
optimized dosages are based on the inclusion of allometric scaling and, even more
critically, the maturation effect in very young children. Including these young children
in the simulations could provide some understanding of the expected exposure in this
group. Thus, the estimated exposure values and the suggested dose optimization in
this subgroup of the patients should be treated as extrapolations and interpreted with
caution. There is an urgent need to further investigate individuals in this age range.

The proposed new dosing recommendation suggests a substantial dose increase for
particular patient groups compared to the currently recommended values; e.g., the dose for
patients weighing 17 kg and 29 kg would change from 135 mg to 337.5 mg and 270 mg
to 540 mg, respectively. As a consequence of the dose increase, these patients will
experience higher peak concentrations, but the predicted median values of 560 ng/ml and
552 ng/ml for patients with weights of 17 kg and 29 kg, respectively, are within the range
of peak concentrations found in other clinical trials of amodiaquine (49).

This analysis assumes that the concentration threshold for efficacy in the reference
patient of 50 kg is equally applicable to younger individuals. However, the exposures
required for efficacy in children may be higher than those required for efficacy in adults.
This is because children tend to have lower levels of partial immunity in areas where
malaria is endemic (50) and, consequently, higher parasite counts, lower hemoglobin
levels, and a higher risk of treatment failure and progression to severe malaria. Yet, data
on the safety of amodiaquine and any possible age dependence are limited. However,
it will be necessary to collect safety data for this new dose before implementation.
Further studies of the proposed dosing schedule are thus needed to confirm safety and
efficacy, especially in very young children.

As with all PK studies, there are limitations to the present analysis. Data for infants
younger than 1 year of age were not available, thus resulting in uncertainty in the
estimated maturation of clearance. Similarly, children younger than 12 years of age
contributed a median of two samples per patient. The concentrations of amodiaquine
were mostly below the LLOQ, making it difficult to characterize the pharmacokinetics
of the parent compound in this age group. On the other hand, desethylamodiaquine
concentrations were generally detectable, and thus, it was possible to obtain, even in
this age group, a reasonably accurate description of the pharmacokinetics of the
metabolite, which is the main source of pharmacological action. The description of
pharmacokinetics in children was compensated for by including existing information
on the maturation of the enzymes involved in metabolizing amodiaquine. This step
made the estimates coherent with the general maturation profile (i.e.,, the enzymes are
mature before 2 to 3 years of age), and it resulted in narrow bootstrap confidence
intervals for the maturation parameters. Still, the results need confirmation. Precise
information on the time of dose and/or the sampling time was not always available in
some studies; hence, it was assumed that the times were consistent with the protocol
schedule. In addition, different assays with different limits of quantification were used
across the studies included in this analysis.

In conclusion, pooled individual concentration-time data for amodiaquine and its
metabolite (desethylamodiaquine) were described using population PK modeling. Amodi-
aquine was described accurately by a two-compartment disposition model followed by a
three-compartment disposition model for desethylamodiaquine. This study is the first to
model the maturation of amodiaquine and desethylamodiaquine clearance as a function of
postmenstrual age and, hence, provides the basis for further analysis of whether infants and
young children achieve exposures equivalent to those in adults. The differences in amo-
diaquine PK between adults and children can largely be accounted for by body weight and
the maturation effect. Amodiaquine exposures after standard daily oral doses were lower
in small children and in patients weighing more than 62 kg. The body weight-adjusted
dosing regimen proposed in this study is expected to achieve similar exposure levels in all
patients without an increased risk of acute toxicity.
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MATERIALS AND METHODS

Clinical studies and data. This pooled analysis used data from previous studies conducted in
different populations and across different geographical locations. Clinical and PK data from six studies
(five cohorts) conducted in five countries (Burkina Faso, Ghana, Kenya, Uganda, and Thailand) were
shared with the WorldWide Antimalarial Resistance Network (WWARN) and used for this analysis (Table
2). Relevant studies were identified by searching PubMed, Embase, Google Scholar, ClinicalTrials.gov, and
conference proceedings, using the key words “amodiaquine pharmacokinetics” or “amodiaquine con-
centrations” and “clinical study.” The first and last authors of relevant studies were contacted and invited
to join this pooled analysis. Participating authors agreed to the WWARN terms of submission, which
ensures that all data uploaded are anonymized and have been obtained with informed consent and in
accordance with any laws and ethical approvals applicable in the country of origin (51). Information
provided by each study included symptoms, dosing, drug concentrations, parasitemia, and clinical and
laboratory data over time. Patients were administered either amodiaquine monotherapy or artesunate
plus amodiaquine as a loose formulation or fixed-dose combination therapy. Treatment was given once
daily for 3 days at a target dose of 10 mg/kg of body weight (Table 2). Data from 261 patients were
pooled. Patients reflected a wide range of ages (1 to 60 years) and weights (6.5 to 93 kg). Only 26
pregnant women were included in the data pool. Detailed information on recruitment of study participants,
randomization, and follow-up can be found in the reports of the respective studies (20-25). Information on
sample collection, storage, and the assays used is summarized in Table 2. Individuals were excluded from the
analysis if information on drug dosage was unavailable, while protocol times were imputed for patients with
missing information on the exact dosing times. All administered doses were converted to the amount of
amodiaquine base (in milligrams) before modeling. The data sets for each study were merged and formatted
for subsequent analysis using Stata software (version 11; StataCorp, College Station, TX, USA) according to the
Clinical Pharmacology Data Management and Statistical Analysis Plan (52, 53).

Structural model. Pharmacokinetic compartmental models were fitted to the observed concentration-time
data for amodiaquine and desethylamodiaquine using nonlinear mixed-effects modeling with NONMEM
software (version 7.3; Icon Development Solutions, Ellicott City, MD). Amodiaquine and desethylamodi-
aquine concentration measurements were fitted using the first-order conditional estimation method (54)
with the eta-epsilon interaction. The Perl-speaks NONMEM, Xpose (version 4.3.5), Pirana (55), and R
(version 3.1.2) (56) programs were used for automation and diagnostics during the model-building
process. Nested models were assessed by their objective function value (OFV), computed by NONMEM
to be proportional to —2 times the log likelihood of the data. A decrease in the OFV of at least 3.84 points
was considered a statistically significant difference with P equal to 0.05, when comparing two hierarchical
models with one parameter difference (2 distribution with 1 degree of freedom [df]).

The structural (base) model was established using the most densely sampled clinical trial from the
pooled data. Subsequently, data from different studies were added one by one in order of data richness,
and each time the model was fit to the new data, reassessed, and modified if necessary (57).

One-, two-, or three-compartment disposition models with first-order elimination were investigated
for amodiaquine. First-order absorption models with and without lag time and transit compartment
absorption (58) were tested to describe drug absorption. Thereafter, the parameters for the best-
performing amodiaquine model were fixed to the final estimates, and the structural disposition model
for desethylamodiaquine was investigated. Amodiaquine was assumed to be completely and irreversibly
metabolized to desethylamodiaquine (7), and a molar conversion factor was included to account for the
difference in molecular weight between the two compounds. One-, two-, and three-compartment
disposition models with first-order elimination were evaluated for desethylamodiaquine. Finally, the
amodiaquine and desethylamodiaquine concentrations were fitted simultaneously and the model was
reevaluated. Additionally, we tested a semiphysiological model with hepatic extraction, implemented as
previously described (59), with the aim of describing both hepatic clearance and first-pass extraction
using the single parameter of hepatic intrinsic clearance (12, 60).

Several approaches to handling values below the lower limit of quantification (LLOQ) were tested (61,
62), ignoring the data below the LLOQ (M1), imputing LLOQ/2 for the first value in a consecutive series
followed by ignoring the subsequent data below LLOQ (M6), or applying a likelihood-based approach
(M3). Model stability and the robustness of the parameter estimates, as well as model run times, were
considered when deciding on the approach for handling data below the LLOQ. All data below the LLOQ
were retained in simulation-based diagnostics, i.e., visual predictive checks (VPCs).

Effect of body size and age. The impact of body weight was evaluated by allometric scaling of all
clearance (exponent of 0.75) and volume (exponent of 1) parameters for amodiaquine and desethyla-
modiaquine, considering the strong biological prior of this relationship (47). A maturation function was
investigated to characterize the age-related changes in clearance (39, 63). The individually predicted
value of clearance was obtained by combining both the effect of size (allometric scaling) and the
developmental process (maturation function), as shown in Equation 1:

BW 34 PMAHilI
BWry PMAH! + pMALH

CL = CLyy - ( (1)
where PMA is postmenstrual age (gestational age plus postnatal age), PMA,, is the PMA at which 50%
enzyme maturation is achieved, and Hill is a shape factor for the relationship. CL is clearance, CLy,, is the
clearance for a typical patient, BW is the individual body weight, and BW, is the body weight of a typical
patient.

The reason for using PMA for the maturation function is that maturation begins in utero (39) and at
birth organs have already achieved a certain level of maturation. No information on the duration of
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gestation for the individual children was available, so PMA was obtained by simply adding 9 months to
the postnatal age, assuming no premature births. For ease of interpretation, the results are presented
and discussed in terms of postnatal age for a baby born at term. As no data were available for children
younger than 1 year of age (among the studies included), prior information was used to stabilize the
parameters of the maturation function to physiologically plausible values, comparable to those used for
other drugs (16, 40, 42-44, 64). The Prior functionality in NONMEM was employed for this (65), assuming
weakly informative priors (10% uncertainty) for the maturation curve and using values of 12 months for
PMA,, and 3.5 for the Hill coefficient. These values are in line with the maturation profile of CYP450
enzymes (46) and generally in line with the maturation of most drug elimination pathways (47), so they
were considered reasonable priors for amodiaquine, which is mainly metabolized by CYP2C8 (7-9).

Stochastic model. A log-normal distribution was assumed for between-subject variability (BSV) and
between-occasion variability (BOV) in the PK parameters. The unexplained residual variability was
modeled using a combined additive and proportional error model.

Drug concentration data from the different studies were obtained from different laboratories and
with assays characterized by different limits of quantification, which might confer a different precision in
the quantification of the lower concentrations in the pharmacokinetic profile. To account for this
difference, we attempted to estimate a separate residual error for each study, but this proved unstable
and resulted in the data sets with sparser sampling schedules being assigned unrealistically small errors
and thus being overfit. As an alternative, we decided to conservatively add 20% of the LLOQ of each
specific study to the estimated additive error component for the samples obtained in that study (Table
2). The value of 20% was chosen to remain consistent with the error level threshold generally used by
analytical laboratories to define the limit of quantification when assays are developed according to drug
development regulatory standards (66).

Whenever amodiaquine or desethylamodiaquine concentrations were detectable in the predose
samples, those observed values were used to initialize all disposition compartments in the model to
account for the prior presence of that drug in the body.

Covariate analysis. Predefined covariates considered for inclusion, besides weight and age (dis-
cussed above), were sex, drug combination (amodiaquine administered alone or in combination with
artesunate) and formulation (loose formulation or fixed-dose combination), and the plasmodium species.
A disease effect and any possible effects related to the patient’s improving condition with treatment
were investigated by testing the total parasite count and the hemoglobin (HB) concentration both at the
baseline and on the days after initiating treatment and exploring whether the PK parameters varied after
the initiation of treatment. Only three patients (1.2%) had missing parasitemia at the baseline; for these
patients, the median value for their respective study population was used instead. Since some studies
reported hematocrit (HT) and not hemoglobin (HB), the latter was estimated using equation 2 (67).

_ HT -5.62

HB = 2
2.60 @

The effect of covariates on PK parameters was assessed by using linear or exponential models for
continuous covariates and additive proportional models for categorical covariates and by using a
stepwise forward inclusion (P < 0.05) and backward elimination (P < 0.001) approach (68).

Model assessment. Model development was guided by improvements in the OFV, using the
likelihood ratio test, and inspection of goodness-of-fit and other diagnostic plots. VPCs (69) stratified by
country and age group were produced using Perl-speaks-NONMEM (PsN) with 1,000 simulations from the
original data set. Eta and epsilon shrinkages were used to assess the reliability of empirical Bayes
estimates and the power to detect model misspecifications in goodness-of-fit diagnostics (70). A
nonparametric bootstrap with replacement (n = 500) was used to evaluate the robustness of the
parameter estimates of the final model.

Simulations. Monte Carlo simulations were performed using the final PK model to explore the
expected exposure and to evaluate optimal dosing regimens across different body weights. To ensure
that the model would reflect exposure in accordance with the dosing guidelines for a specific population,
in particular, underweight malaria parasite-infected children, in silico patients were generated by using
individual demographic values (age and weight) from the studies included in the current analysis, plus
other historical data (n = 748) from malaria patients (71-73) and routine clinical monitoring data for
1,580 children collected from the Bagamoyo Research and Training Center, a branch of the Ifakara Health
Institute in Tanzania (unpublished). Pooling all these data, we obtained a database with 2,600 in silico
patients covering a wide range of ages (2.5 months to 71.1 years) and body weights (4.5 to 93 kg). It is
important to note that the age range of the patients used for simulations included ages lower than those
for the children used to develop the final PK model.

Simulations using the final population PK model were repeated 5,000 times for each individual in
silico patient. Subsequently, 3,000 exposures in each 1-kg weight band (1-kg intervals) were randomly
drawn from the simulated results.

Desethylamodiaquine concentrations on day 7 were used as a proxy for efficacy, since they have
been reported to correlate well with clinical cure rates (74). However, no target concentration value
associated with clinical success is available in the published literature. The current dosing recommen-
dation (49) results in reasonable cure rates in adults, suggesting that the exposure in a typical 50-kg adult
with malaria is sufficient for treatment success. Thus, the simulated day 7 plasma concentration of
desethylamodiaquine in this typical patient was assumed to be the relevant target concentration
associated with clinical treatment success. The proposed dosing regimen was developed so that 75% of
the patients in each 1-kg weight band were predicted to have day 7 desethylamodiaquine concentra-
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tions that were at least 80% of the target concentration. Also, the predicted maximum concentration

(C

I'T\a)()

max

of desethylamodiaquine was monitored to evaluate potential acute toxicity associated with

increased dosing. The predicted 75th percentile of C,,,, in the patient weight group with the highest

concentrations after receiving the currently recommend dosing was selected as a target level for
potential acute toxicity. This reference target value was compared with the simulated exposures with the
proposed dosing guidelines. Safety was assumed if the peak concentrations seen with the proposed
guidelines did not significantly exceed the values already experienced by some patients with the current
dosing recommendations.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02193-17.

SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.

ACKNOWLEDGMENTS

We thank all patients, family, and staff that participated in these studies at all the

institutions/sites. We also thank WWARN for curating the data and facilitating the data
sharing initiative that made this research possible. We extend our thanks to Novartis AG
for its kind support to A.M.A. for training on pharmacometrics and for the support of
pharmacometrics skills in Africa. We are grateful to the Bagamoyo Research and
Training Center, a branch of the Ifakara Health Institute in Tanzania, for sharing
demographic data used in the simulations.

We express our thanks to the individual researchers who were the part of the study

teams of the studies that contributed data to this pooled analysis. The names are listed
below: Achille Massougbodji, Adama Gansané, Adicat Adeothy, Agnés Aubouy, Alphonse
Ouedraogo, Anna Annerberg, Arnaud Bruneel, Aung Pyae Phyo, Aye Kyi Win, A. Benakis,
Bamenla Q. Goka, Bernard Gourmel, Bernhards Ogutu, Birgit Schramm, Bryan McGee,
Caroline C. Morgan, Charles Obonyo, Charles S. Mazinda, D. Parzy, Elizabeth A. Ashley,
Elisabeth Baudin, Elizabeth Juma, Eric Comte, Esperance B. Ouedraogo, Francois Nosten, F.
Sugnaux, Gilles Cottrell, Grant Dorsey, Gwenaelle Carn, Hortense Kossou, Hyacinthe Ame-
dome, Joan N. Kalyango, Jean-Francois Faucher, Joel J. Jones, Julie A. Simpson, Justin
Doritchamou, J. A. L. Kurtzhals, Loretxu Pinoges, Lotte C. G. Hoegberg, L. Bertau, L. Tshilolo
Muepu Malaika, Martin Bergstrand, Michael Alifrangis, Michel Branger, Michel Cot, Mireille
Cammas, Moses R. Kamya, Nicholas P. J. Day, Nicholas J. White, N. Taudon, Onike P.
Rodrigues, Palang Chotsiri, Parastou Valeh, Pascal Houzé, Philippe Deloron, Philippe J.
Guérin, Philip J. Rosenthal, Poe Hsi, Polina German, Pratap Singhasivanon, Richard Smith, R.
Lwango, Sodiomon B. Sirima, Sunil Parikh, S. Sese Alegre, Tamara D. Clark, Timothy

Sundaygar, Troy Drysdale, Walter Taylor, V. Sinou, and Yah M. Zolia.
We all declare no conflict of interest.
The Worldwide Antimalarial Resistance Network (WWARN) is partly funded by the

Bill and Melinda Gates Foundation. Ali M. Ali received funding from Basel Stadt as
support for his Ph.D.
No funding bodies had any role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

REFERENCES

1.

2.

World Health Organization. 2016. World malaria report. World Health
Organization, Geneva, Switzerland.

World Health Organization. 2015. Status report on artemisinin and ACT
resistance, p 1-8. World Health Organization, Geneva, Switzerland.

. Paloque L, Ramadani AP, Mercereau-Puijalon O, Augereau J-M, Benoit-

Vical F. 2016. Plasmodium falciparum: multifaceted resistance to arte-
misinins. Malar J 15:149. https://doi.org/10.1186/s12936-016-1206-9.

. MalariaGEN Plasmodium falciparum Community Project. 2016. Genomic

epidemiology of artemisinin resistant malaria. Elife 5:17-24. https://doi
.org/10.7554/eLife.08714.

. World Health Organization. 2015. World malaria report 2015. World

Health Organization, Geneva, Switzerland.

. WorldWide Antimalarial Resistance Network (WWARN) AS-AQ Study Group.

2015. The effect of dosing strategies on the therapeutic efficacy of

October 2018 Volume 62 Issue 10 e02193-17

artesunate-amodiaquine for uncomplicated malaria: a meta-analysis of in-
dividual patient data. BMC Med 13:66. https://doi.org/10.1186/512916-015
-0301-z.

. Churchill FC, Patchen LC, Campbell CC, Schwartz IK, Nguyen-Dinh P,

Dickinson CM. 1985. Amodiaquine as a prodrug: importance of metab-
olite(s) in the antimalarial effect of amodiaquine in humans. Life Sci
36:53-62. https://doi.org/10.1016/0024-3205(85)90285-1.

. Churchill FC, Mount DL, Patchen LC, Bjérkman A. 1986. Isolation, char-

acterization and standardization of a major metabolite of amodiaquine
by chromatographic and spectroscopic methods. J Chromatogr 377:
307-318. https://doi.org/10.1016/50378-4347(00)80786-0.

. Li X-Q, Bjérkman A, Andersson TB, Ridderstrom M, Masimirembwa CM. 2002.

Amodiaquine clearance and its metabolism to N-desethylamodiaquine is me-
diated by CYP2C8: a new high affinity and turnover enzyme-specific

aac.asm.org 16

1sanb Aq 020z ‘2z 18qo100 uo /610’ wse oee//:dny wody papeojumod


https://doi.org/10.1128/AAC.02193-17
https://doi.org/10.1128/AAC.02193-17
https://doi.org/10.1186/s12936-016-1206-9
https://doi.org/10.7554/eLife.08714
https://doi.org/10.7554/eLife.08714
https://doi.org/10.1186/s12916-015-0301-z
https://doi.org/10.1186/s12916-015-0301-z
https://doi.org/10.1016/0024-3205(85)90285-1
https://doi.org/10.1016/S0378-4347(00)80786-0
https://aac.asm.org
http://aac.asm.org/

Pooled Analysis To Optimize Amodiaquine Dosing

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

24,

25.

October 2018 Volume 62

probe substrate. J Pharmacol Exp Ther 300:399-407. https://doi.org/10
.1124/jpet.300.2.399.

Pussard E, Verdier F, Faurisson F, Scherrmann JM, Le Bras J, Blayo MC.
1987. Disposition of monodesethylamodiaquine after a single oral dose
of amodiaquine and three regimens for prophylaxis against Plasmodium
falciparum malaria. Eur J Clin Pharmacol 33:409-414. https://doi.org/10
.1007/BF00637639.

Laurent F, Saivin S, Chretien P, Magnaval JF, Peyron F, Sqalli A,
Tufenkji AE, Coulais Y, Baba H, Campistron G. 1993. Pharmacokinetic
and pharmacodynamic study of amodiaquine and its two metabolites
after a single oral dose in human volunteers. Arzneimittelforschung
43:612-616.

Pussard E, Verdier F. 1994. Antimalarial 4-aminoquinolines: mode of
action and pharmacokinetics. Fundam Clin Pharmacol 8:1-17. https://
doi.org/10.1111/j.1472-8206.1994.tb00774.x.

Zsila F, Visy J, Mady G, Fitos I. 2008. Selective plasma protein binding of
antimalarial drugs to al-acid glycoprotein. Bioorg Med Chem 16:
3759-3772. https://doi.org/10.1016/j.bmc.2008.01.053.

Barnes K, Little F, Smith P, Evans A, Watkins W, White N. 2006.
Sulfadoxine-pyrimethamine pharmacokinetics in malaria: pediatric dos-
ing implications. Clin Pharmacol Ther 80:582-596. https://doi.org/10
.1016/j.clpt.2006.08.016.

WorldWide Antimalarial Resistance Network (WWARN) DP Study
Group. 2013. The effect of dosing regimens on the antimalarial
efficacy of dihydroartemisinin-piperaquine: a pooled analysis of in-
dividual patient data. PLoS Med 10:e1001564. https://doi.org/10
.1371/journal.pmed.1001564.

Salman S, Griffin S, Kose K, Pitus N, Winmai J, Moore B, Siba P, llett KF,
Mueller |, Davis TME. 2011. Pharmacokinetic properties of conven-
tional and double-dose sulfadoxine-pyrimethamine given as inter-
mittent preventive treatment in infancy. Antimicrob Agents Che-
mother 55:1693-1700. https://doi.org/10.1128/AAC.01075-10.
Hendriksen I, Mtove G, Kent A, Gesase S, Reyburn H, Lemnge MM,
Lindegardh N, Day NPJ, von Seidlein L, White NJ, Dondorp AM, Tarning
J. 2013. Population pharmacokinetics of intramuscular artesunate in
African children with severe malaria: implications for a practical dosing
regimen. Clin Pharmacol Ther 93:443-450. https://doi.org/10.1038/clpt
.2013.26.

Bergstrand M, Nosten F, Lwin KM, Karlsson MO, White NJ, Tarning J.
2014. Characterization of an in vivo concentration-effect relationship for
piperaquine in malaria chemoprevention. Sci Transl Med 6:260ra147.
https://doi.org/10.1126/scitranslmed.3005311.

Barnes Kl, Watkins WM, White NJ. 2008. Antimalarial dosing regimens
and drug resistance. Trends Parasitol 24:127-134. https://doi.org/10
.1016/j.pt.2007.11.008.

Adjei GO, Kristensen K, Goka BQ, Hoegberg LCG, Alifrangis M, Rodrigues OP,
Kurtzhals JAL. 2008. Effect of concomitant artesunate administration and
cytochrome P4502C8 polymorphisms on the pharmacokinetics of amodi-
aquine in Ghanaian children with uncomplicated malaria. Antimicrob
Agents Chemother 52:4400-4406. https://doi.org/10.1128/AAC.00673-07.
Tarning J, Chotsiri P, Jullien V, Rijken MJ, Bergstrand M, Cammas M,
McGready R, Singhasivanon P, Day NPJ, White NJ, Nosten F, Lindegardh
N. 2012. Population pharmacokinetic and pharmacodynamic modeling
of amodiaquine and desethylamodiaquine in women with Plasmodium
vivax malaria during and after pregnancy. Antimicrob Agents Che-
mother 56:5764-5773. https://doi.org/10.1128/AAC.01242-12.
Stepniewska K, Taylor W, Sirima SB, Ouedraogo EB, Ouedraogo A,
Gansané A, Simpson JA, Morgan CC, White NJ, Kiechel J-R. 2009. Popu-
lation pharmacokinetics of artesunate and amodiaquine in African chil-
dren. Malar J 8:200. https://doi.org/10.1186/1475-2875-8-200.

Jullien V, Ogutu B, Juma E, Carn G, Obonyo C, Kiechel J-R. 2010. Popu-
lation pharmacokinetics and pharmacodynamic considerations of amo-
diaquine and desethylamodiaquine in Kenyan adults with uncompli-
cated malaria receiving artesunate-amodiaquine combination therapy.
Antimicrob Agents Chemother 54:2611-2617. https://doi.org/10.1128/
AAC.01496-09.

Rijken MJ, McGready R, Jullien V, Tarning J, Lindegardh N, Phyo AP,
Win AK, Hsi P, Cammas M, Singhasivanon P, White NJ, Nosten F. 2011.
Pharmacokinetics of amodiaquine and desethylamodiaquine in preg-
nant and postpartum women with Plasmodium vivax malaria. Anti-
microb Agents Chemother 55:4338-4342. https://doi.org/10.1128/
AAC.00154-11.

Mwesigwa J, Parikh S, McGee B, German P, Drysdale T, Kalyango JN, Clark
TD, Dorsey G, Lindegardh N, Annerberg A, Rosenthal PJ, Kamya MR,

Issue 10 e02193-17

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

Antimicrobial Agents and Chemotherapy

Aweeka F. 2010. Pharmacokinetics of artemether-lumefantrine and
artesunate-amodiaquine in children in Kampala, Uganda. Antimicrob
Agents Chemother 54:52-59. https://doi.org/10.1128/AAC.00679-09.
Sanofi-Aventis. 2006. Application for inclusion of artesunate/
amodiaquine fixed dose combination for pediatric tablets in the WHO
essential drug list. Sanofi-Aventis, Strasbourg, France. http://archives
.who.int/eml/expcom/children/Applications/OMSCoarsucam_malaria
.pdf.

Winstanley P, Simooya O, Kofi-Ekue J, Walker O, Salako L, Edwards G,
Orme M, Breckenridge A. 1990. The disposition of amodiaquine in
Zambians and Nigerians with malaria. Br J Clin Pharmacol 29:695-701.
https://doi.org/10.1111/j.1365-2125.1990.tb03690.x.

Price R, Simpson JA, Teja-Isavatharm P, Than MM, Luxemburger C,
Heppner DG, Chongsuphajaisiddhi T, Nosten F, White NJ. 1999. Phar-
macokinetics of mefloquine combined with artesunate in children with
acute falciparum malaria. Antimicrob Agents Chemother 43:341-346.
Tarning J, Lindegardh N, Lwin KM, Annerberg A, Kiricharoen L, Ashley E,
White NJ, Nosten F, Day NPJ. 2014. Population pharmacokinetic assess-
ment of the effect of food on piperaquine bioavailability in patients with
uncomplicated malaria. Antimicrob Agents Chemother 58:2052-2058.
https://doi.org/10.1128/AAC.02318-13.

Tarning J, Rijken MJ, McGready R, Phyo AP, Hanpithakpong W, Day NPJ,
White NJ, Nosten F, Lindegardh N. 2012. Population pharmacokinetics of
dihydroartemisinin and piperaquine in pregnant and nonpregnant
women with uncomplicated malaria. Antimicrob Agents Chemother
56:1997-2007. https://doi.org/10.1128/AAC.05756-11.

Hoglund RM, Workman L, Edstein MD, Thanh NX, Quang NN, Zongo |,
Ouedraogo JB, Borrmann S, Mwai L, Nsanzabana C, Price RN, Dahal P,
Sambol NC, Parikh S, Nosten F, Ashley EA, Phyo AP, Lwin KM, McGready
R, Day NPJ, Guerin PJ, White NJ, Barnes KI, Tarning J. 2017. Population
pharmacokinetic properties of piperaquine in falciparum malaria: an
individual participant data meta-analysis. PLoS Med 14:e1002212.
https://doi.org/10.1371/journal.pmed.1002212.

Batty KT, Salman S, Moore BR, Benjamin J, Lee ST, Page-Sharp M, Pitus N,
llett KF, Mueller |, Hombhanje FW, Siba P, Davis TME. 2012. Artemisinin-
naphthoquine combination therapy for uncomplicated pediatric
malaria: a pharmacokinetic study. Antimicrob Agents Chemother 56:
2472-2484. https://doi.org/10.1128/AAC.06250-11.

Kloprogge F, McGready R, Phyo AP, Rijken MJ, Hanpithakpon W, Than
HH, Hlaing N, Zin NT, Day NPJ, White NJ, Nosten F, Tarning J. 2015.
Opposite malaria and pregnancy effect on oral bioavailability of artesu-
nate—a population pharmacokinetic evaluation. Br J Clin Pharmacol
80:642-653. https://doi.org/10.1111/bcp.12660.

Akhloufi H, Hulscher M, Melles DC, Prins JM, van der Sijs H, Verbon A.
2017. Development of operationalized intravenous to oral antibiotic
switch criteria. J Antimicrob Chemother 72:543-546. https://doi.org/10
.1093/jac/dkw470.

Yanez JA, Remsberg CM, Sayre CL, Forrest ML, Davies NM. 2011. Flip-flop
pharmacokinetics—delivering a reversal of disposition: challenges and
opportunities during drug development. Ther Deliv 2:643-672. https://
doi.org/10.4155/tde.11.19.

Mansor SM, Molyneux ME, Taylor TE, Ward SA, Wirima JJ, Edwards G.
1991. Effect of Plasmodium falciparum malaria infection on the plasma
concentration of alpha 1-acid glycoprotein and the binding of quinine in
Malawian children. Br J Clin Pharmacol 32:317-321. https://doi.org/10
.1111/j.1365-2125.1991.tb03905 x.

Silamut K, Molunto P, Ho M, Davis TM, White NJ. 1991. Alpha 1-acid
glycoprotein (orosomucoid) and plasma protein binding of quinine in
falciparum malaria. Br J Clin Pharmacol 32:311-315. https://doi.org/10
.1111/j.1365-2125.1991.tb03904.x.

Anderson GD. 2010. Developmental pharmacokinetics. Semin Pediatr
Neurol 17:208-213. https://doi.org/10.1016/j.spen.2010.10.002.
Anderson B, Holford N. 2008. Mechanism-based concepts of size and
maturity in pharmacokinetics. Annu Rev Pharmacol Toxicol 48:303-332.
https://doi.org/10.1146/annurev.pharmtox.48.113006.094708.

Anderson BJ, Holford NHG. 2009. Mechanistic basis of using body size
and maturation to predict clearance in humans. Drug Metab Pharma-
cokinet 24:25-36. https://doi.org/10.2133/dmpk.24.25.

Holford N. 2010. Dosing in children. Clin Pharmacol Ther 87:367-370.
https://doi.org/10.1038/clpt.2009.262.

Zvada SP, Denti P, Donald PR, Schaaf HS, Thee S, Seddon JA, Seifart HI,
Smith PJ, Mcllleron HM, Simonsson USH. 2014. Population pharmacokinet-
ics of rifampicin, pyrazinamide and isoniazid in children with tuberculosis: in

aac.asm.org 17

1sanb Aq 020z ‘2z 18qo100 uo /610’ wse oee//:dny wody papeojumod


https://doi.org/10.1124/jpet.300.2.399
https://doi.org/10.1124/jpet.300.2.399
https://doi.org/10.1007/BF00637639
https://doi.org/10.1007/BF00637639
https://doi.org/10.1111/j.1472-8206.1994.tb00774.x
https://doi.org/10.1111/j.1472-8206.1994.tb00774.x
https://doi.org/10.1016/j.bmc.2008.01.053
https://doi.org/10.1016/j.clpt.2006.08.016
https://doi.org/10.1016/j.clpt.2006.08.016
https://doi.org/10.1371/journal.pmed.1001564
https://doi.org/10.1371/journal.pmed.1001564
https://doi.org/10.1128/AAC.01075-10
https://doi.org/10.1038/clpt.2013.26
https://doi.org/10.1038/clpt.2013.26
https://doi.org/10.1126/scitranslmed.3005311
https://doi.org/10.1016/j.pt.2007.11.008
https://doi.org/10.1016/j.pt.2007.11.008
https://doi.org/10.1128/AAC.00673-07
https://doi.org/10.1128/AAC.01242-12
https://doi.org/10.1186/1475-2875-8-200
https://doi.org/10.1128/AAC.01496-09
https://doi.org/10.1128/AAC.01496-09
https://doi.org/10.1128/AAC.00154-11
https://doi.org/10.1128/AAC.00154-11
https://doi.org/10.1128/AAC.00679-09
http://archives.who.int/eml/expcom/children/Applications/OMSCoarsucam_malaria.pdf
http://archives.who.int/eml/expcom/children/Applications/OMSCoarsucam_malaria.pdf
http://archives.who.int/eml/expcom/children/Applications/OMSCoarsucam_malaria.pdf
https://doi.org/10.1111/j.1365-2125.1990.tb03690.x
https://doi.org/10.1128/AAC.02318-13
https://doi.org/10.1128/AAC.05756-11
https://doi.org/10.1371/journal.pmed.1002212
https://doi.org/10.1128/AAC.06250-11
https://doi.org/10.1111/bcp.12660
https://doi.org/10.1093/jac/dkw470
https://doi.org/10.1093/jac/dkw470
https://doi.org/10.4155/tde.11.19
https://doi.org/10.4155/tde.11.19
https://doi.org/10.1111/j.1365-2125.1991.tb03905.x
https://doi.org/10.1111/j.1365-2125.1991.tb03905.x
https://doi.org/10.1111/j.1365-2125.1991.tb03904.x
https://doi.org/10.1111/j.1365-2125.1991.tb03904.x
https://doi.org/10.1016/j.spen.2010.10.002
https://doi.org/10.1146/annurev.pharmtox.48.113006.094708
https://doi.org/10.2133/dmpk.24.25
https://doi.org/10.1038/clpt.2009.262
https://aac.asm.org
http://aac.asm.org/

Ali et al.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

October 2018 Volume 62

silico evaluation of currently recommended doses. J Antimicrob Chemother
69:1339-1349. https://doi.org/10.1093/jac/dkt524.

Allegaert K, Holford N, Anderson BJ, Holford S, Stuber F, Rochette A,
Troconiz IF, Beier H, de Hoon JN, Pedersen RS, Stamer U. 2015. Tramadol
and O-desmethyl tramadol clearance maturation and disposition in
humans: a pooled pharmacokinetic study. Clin Pharmacokinet 54:
167-178. https://doi.org/10.1007/540262-014-0191-9.

McCune JS, Bemer MJ, Barrett JS, Scott Baker K, Gamis AS, Holford NHG.
2014. Busulfan in infant to adult hematopoietic cell transplant recipients:
a population pharmacokinetic model for initial and Bayesian dose per-
sonalization. Clin Cancer Res 20:754-763. https://doi.org/10.1158/1078
-0432.CCR-13-1960.

Frymoyer A, Hersh AL, El-Komy MH, Gaskari S, Su F, Drover DR, Van Meurs
K. 2014. Association between vancomycin trough concentration and area
under the concentration-time curve in neonates. Antimicrob Agents Che-
mother 58:6454-6461. https://doi.org/10.1128/AAC.03620-14.
Koukouritaki SB, Manro JR, Marsh SA, Stevens JC, Rettie AE, McCarver
DG, Hines RN. 2004. Developmental expression of human hepatic
CYP2C9 and CYP2C19. J Pharmacol Exp Ther 308:965-974. https://doi
.org/10.1124/jpet.103.060137.

Holford N, Heo Y, Anderson B. 2013. A pharmacokinetic standard for
babies and adults. Pharm Sci 102:2941-2952. https://doi.org/10.1002/jps
.23574.

Johnson TN. 2008. The problems in scaling adult drug doses to children.
Arch Dis Child 93:207-211. https://doi.org/10.1136/adc.2006.114835.
World Health Organization. 2015. Guidelines for the treatment of ma-
laria, p 71-88. World Health Organization, Geneva, Switzerland.
Doolan DL, Dobano C, Baird JK. 2009. Acquired immunity to malaria. Clin
Microbiol Rev 22:13-36. https://doi.org/10.1128/CMR.00025-08.
WWARN. 2013. The WWARN project terms of submission. WWARN, Cape
Town, South Africa.

WWARN. 2011. Pharmacology module, WWARN, 2011. Data manage-
ment and statistical analysis plan. WWARN, Cape Town, South Africa.
WWARN. 2012. Clinical module, WWARN, 2012. Data management and
statistical analysis plan. WWARN, Cape Town, South Africa.

Beal SL, Boeckmann AJ, Sheiner LB. 1992. NONMEM users guide—part VI
PREDPP guide. NONMEM Project Group, UCSF, San Francisco, CA.
Keizer RJ, Karlsson MO, Hooker A. 2013. Modeling and simulation work-
bench for NONMEM: tutorial on Pirana, PsN, and Xpose CPT. Pharmaco-
metrics Syst Pharmacol 2:e50. https://doi.org/10.1038/psp.2013.24.

R Core Team. 2014. R: a language and environment for statistical com-
puting, version 3.1.2. R Core Team, Vienna, Austria.

Svensson E, van der Walt J-S, Barnes Kl, Cohen K, Kredo T, Huitema A,
Nachega JB, Karlsson MO, Denti P. 2012. Integration of data from
multiple sources for simultaneous modelling analysis: experience from
nevirapine population pharmacokinetics. Br J Clin Pharmacol 74:
465-476. https://doi.org/10.1111/j.1365-2125.2012.04205.X.

Savic RM, Jonker DM, Kerbusch T, Karlsson MO. 2007. Implementation of
a transit compartment model for describing drug absorption in phar-
macokinetic studies. J Pharmacokinet Pharmacodyn 34:711-726. https://
doi.org/10.1007/s10928-007-9066-0.

Gordi T, Xie R, Huong NV, Huong DX, Karlsson MO, Ashton M. 2005. A
semiphysiological pharmacokinetic model for artemisinin in healthy
subjects incorporating autoinduction of metabolism and saturable first-
pass hepatic extraction. Br J Clin Pharmacol 59:189-198. https://doi.org/
10.1111/j.1365-2125.2004.02321.x.

Jewell H, Maggs JL, Harrison AC, O’Neill PM, Ruscoe JE, Park BK. 1995.
Role of hepatic metabolism in the bioactivation and detoxication of
amodiaquine. Xenobiotica 25:199-217. https://doi.org/10.3109/
00498259509061845.

Issue 10 e02193-17

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Antimicrobial Agents and Chemotherapy

Beal SL. 2001. Ways to fit a PK model with some data below the
quantification limit. J Pharmacokinet Pharmacodyn 28:481-504. https://
doi.org/10.1023/A:1012299115260.

Bergstrand M, Karlsson MO. 2009. Handling data below the limit of
quantification in mixed effect models. AAPS J 11:371-380. https://doi
.org/10.1208/512248-009-9112-5.

Engle W. 2004. Age terminology during the perinatal period. Pediatrics
114:1362-1364. https://doi.org/10.1542/peds.2004-1915.

Anderson BJ, Allegaert K, Van den Anker JN, Cossey V, Holford NHG.
2007. Vancomycin pharmacokinetics in preterm neonates and the pre-
diction of adult clearance. Br J Clin Pharmacol 63:75-84. https://doi.org/
10.1111/j.1365-2125.2006.02725.x.

Gisleskog P, Karlsson M, Beal S. 2002. Use of prior information to stabilize
a population data analysis. J Pharmacokinet Pharmacodyn 29:473-505.
https://doi.org/10.1023/A:1022972420004.

Center for Veterinary Medicine, Center for Drug Evaluation and Re-
search, Food and Drug Administration, U.S. Department of Health and
Human Services. May 2001. Guidance for industry: bioanalytical method
validation. Center for Veterinary Medicine, Center for Drug Evaluation
and Research, Food and Drug Administration, U.S. Department of Health
and Human Services, Silver Spring, MD.

Lee SJ, Stepniewska K, Anstey N, Ashley E, Barnes K, Binh T, D'Alessandro
U, Day NPJ, de Vries PJ, Dorsey G, Guthmann J-P, Mayxay M, Newton P,
Nosten F, Olliaro P, Osario L, Pinoges L, Price R, Rowland M, Smithuis F,
Taylor R, White NJ. 2008. The relationship between the haemoglobin
concentration and the haematocrit in Plasmodium falciparum malaria.
Malar J 7:149. https://doi.org/10.1186/1475-2875-7-149.

Bonate PL. 2011. Pharmacokinetic-pharmacodynamic modeling and sim-
ulation, 2nd ed. Springer US, New York, NY.

Karlsson M, Holford N. 2008. A tutorial on visual predictive checks, abstr
1434. Abstr Annu Meet Population Approach Group Eur. PAGE, Marseille,
France. http://www.page-meeting.org/?abstract=1434.

Savic RM, Karlsson MO. 2009. Importance of shrinkage in empirical Bayes
estimates for diagnostics: problems and solutions. AAPS J 11:558-569.
https://doi.org/10.1208/512248-009-9133-0.

Faucher J-F, Aubouy A, Adeothy A, Cottrell G, Doritchamou J, Gourmel B,
Houzé P, Kossou H, Amedome H, Massougbodji A, Cot M, Deloron P.
2009. Comparison of sulfadoxine-pyrimethamine, unsupervised
artemether-lumefantrine, and unsupervised artesunate-amodiaquine
fixed-dose formulation for uncomplicated Plasmodium falciparum ma-
laria in Benin: a randomized effectiveness noninferiority trial. J Infect Dis
200:57-65. https://doi.org/10.1086/599378.

Schramm B, Valeh P, Baudin E, Mazinda CS, Smith R, Pinoges L, Sunday-
gar T, Zolia YM, Jones JJ, Comte E, Bruneel A, Branger M, Jullien V, Carn
G, Kiechel J-R, Ashley EA, Guérin PJ. 2013. Tolerability and safety of
artesunate-amodiaquine and artemether-lumefantrine fixed dose com-
binations for the treatment of uncomplicated Plasmodium falciparum
malaria: two open-label, randomized trials in Nimba County, Liberia.
Malar J 12:250. https://doi.org/10.1186/1475-2875-12-250.

Sinoul V, Malaika LTM, Taudont N, Lwang R, Alegre SS, Sugnaux F, Parzy
D, Benakis A. 2009. Pharmacokinetics and pharmacodynamics of a new
ACT formulation: artesunate/amodiaquine (TRIMALACT) following oral
administration in African malaria patients. Eur J Drug Metab Pharmaco-
kinet 34:133-142. https://doi.org/10.1007/BF03191163.

Hietala SF, Bhattarai A, Msellem M, Réshammar D, Ali AS, Stromberg J,
Hombhanje FW, Kaneko A, Bjorkman A, Ashton M. 2007. Population
pharmacokinetics of amodiaquine and desethylamodiaquine in pediat-
ric patients with uncomplicated falciparum malaria. J Pharmacokinet
Pharmacodyn 34:669-686. https://doi.org/10.1007/510928-007-9064-2.

aac.asm.org 18

1sanb Aq 020z ‘2z 18qo100 uo /610’ wse oee//:dny wody papeojumod


https://doi.org/10.1093/jac/dkt524
https://doi.org/10.1007/s40262-014-0191-9
https://doi.org/10.1158/1078-0432.CCR-13-1960
https://doi.org/10.1158/1078-0432.CCR-13-1960
https://doi.org/10.1128/AAC.03620-14
https://doi.org/10.1124/jpet.103.060137
https://doi.org/10.1124/jpet.103.060137
https://doi.org/10.1002/jps.23574
https://doi.org/10.1002/jps.23574
https://doi.org/10.1136/adc.2006.114835
https://doi.org/10.1128/CMR.00025-08
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1111/j.1365-2125.2012.04205.x
https://doi.org/10.1007/s10928-007-9066-0
https://doi.org/10.1007/s10928-007-9066-0
https://doi.org/10.1111/j.1365-2125.2004.02321.x
https://doi.org/10.1111/j.1365-2125.2004.02321.x
https://doi.org/10.3109/00498259509061845
https://doi.org/10.3109/00498259509061845
https://doi.org/10.1023/A:1012299115260
https://doi.org/10.1023/A:1012299115260
https://doi.org/10.1208/s12248-009-9112-5
https://doi.org/10.1208/s12248-009-9112-5
https://doi.org/10.1542/peds.2004-1915
https://doi.org/10.1111/j.1365-2125.2006.02725.x
https://doi.org/10.1111/j.1365-2125.2006.02725.x
https://doi.org/10.1023/A:1022972420004
https://doi.org/10.1186/1475-2875-7-149
http://www.page-meeting.org/?abstract=1434
https://doi.org/10.1208/s12248-009-9133-0
https://doi.org/10.1086/599378
https://doi.org/10.1186/1475-2875-12-250
https://doi.org/10.1007/BF03191163
https://doi.org/10.1007/s10928-007-9064-2
https://aac.asm.org
http://aac.asm.org/

