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Dose-Optimization of a Novel Co-Formulated
Triple Combination Antimalarial Therapy:
Artemether-Lumefantrine-Amodiaquine
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Artemisinin-based combination therapy (ACT) is the first-line therapy for uncomplicated falciparum malaria, but
artemisinin resistance in Asia and now sub-Saharan Africa is threatening our ability to control and eliminate malaria.
Triple-ACTs have emerged as a viable alternative treatment to combat declining ACT efficacy due to drug-resistant
malaria. In this study, we developed and evaluated an optimal fixed-dose regimen of artemether-lumefantrine-
amodiaquine through population pharmacokinetic modeling and simulation. Three published population-based
pharmacometric models and two large cohorts of observed adult subjects and pediatric malaria patients were

used to simulate pharmacokinetic profiles of different dosing strategies. Based on simulated total exposure and
peak concentrations, an optimal dose regimen was developed resulting in an extension of the current 4 weight
bands to a total of 5 weight bands to generate equivalent exposures in all body weight groups and minimize the
fluctuation in exposure between patients. The proposed drug-to-drug ratio of artemether-lumefantrine-amodiaquine
(20:120:40 mg) was kept constant throughout the dosing bands in order to simplify manufacturing, implementation,
and further development of a fixed-dose co-formulated product.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Artemisinin-based combination therapy (ACT) is the
firstline therapy for uncomplicated P.falciparum malaria.
Artemisinin-resistant P, falciparum was first identified in
Southeast Asia, but artemisinin resistance has recently emerged
in East Africa. Triple-ACTs have emerged as a viable alternative
treatment to combat declining ACT efficacy due to multi-drug-
resistant malaria.

WHAT QUESTION DID THIS STUDY ADDRESS?

M Artemether-lumefantrine is the most commonly used anti-
malarial today and has been proposed for development into a
fixed-dose combination with amodiaquine to address potential
adherence issues associated with loose-tablet regimens. This
study aimed to select and evaluate a novel fixed-dose regimen
of artemether-lumefantrine-amodiaquine through population
pharmacokinetic modeling and simulation.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

V] Based on simulated total exposure and peak concentrations,
an optimal dose regimen was developed resulting in an extension

There were an estimated 249 million cases of malaria world-
wide, leading to 608,000 deaths, in 2022. Children under the
age of five accounted for 76% of the total malaria-related deaths.!

of the current 4 weight bands to a total of 5 weight bands to gen-
erate equivalent exposures in all body weight groups and mini-
mize the fluctuation in exposure between patients.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M Using a modeling and simulation approach, we pro-
pose a fixed-dose formulation of artemether-lumefantrine-
amodiaquine (20:120:40mg) to simplify manufacturing,
implementation, and further development of a co-formulated
product. The proposed dosing should maximize the chance of
patient cure by providing an increased artemether-lumefantrine
dose in small children and large adults while minimizing the
risk of increased adverse events linked to higher doses of amo-
diaquine by splitting the standard once-daily dose into twice-
daily dosing to be co-formulated with artemether-lumefantrine.

Artemisinin-based combination therapy (ACT) is the first-line
therapy for uncomplicated falciparum malaria, recommended by
the World Health Organization (WHO). The artemisinin drug
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has a very potent and rapid parasite-killing effect, resulting in a
substantial reduction in the parasite biomass during the first
3days of treatment. The long-lasting partner drug is responsible
for the elimination of residual parasites, in order to prevent recru-
descent malaria infections.

Artemisinin-resistant falciparum malaria was first characterized
in Southeast Asia and has spread widely throughout the region
in the past 15 years.z’3 ACT partner drug resistance has now also
emerged on the backbone of artemisinin-resistant infections, re-
sulting in poor efﬁcacy and treatment failures of certain ACTs in
Southeast Asia.*
has emerged independently in several countries in sub-Saharan

Recently, artemisinin resistance in P, falciparum

Africa.’ Widespread artemisinin resistance and the development
of multi-drug resistant malaria in Africa would have a devastating
impact on our ability to treat and eliminate malaria.

Triple-ACTs (TACTs) have emerged as a viable alternative
treatment regimen to combat declining efficacy due to multi-
drug-resistant malaria. Recent randomized controlled trials have
shown excellent safety and efficacy of two TACTs; artemether-
lumefantrine-amodiaquine and dihydroartemisinin-piperaquine-
meﬂoquine.7’8 Artemether-lumefantrine is the most commonly used
antimalarial today and was proposed for development into a fixed-
dose combination formulation with amodiaquine to address poten-
tial adherence issues associated with loose-tablet regimens. Several
lines of evidence suggest that lumefantrine and amodiaquine have
counter-acting mechanisms of antimalarial drug resistance, making
artemether-lumefantrine-amodiaquine an attractive drug combina-
tion to deploy. In this study, we aimed to select and evaluate an opti-
mal weight-based dosing regimen of a novel fixed-dose combination
formulation of artemether-lumefantrine-amodiaquine through pop-
ulation pharmacokinetic modeling and simulation.

MATERIALS AND METHODS
Artemether-lumefantrine and artesunate-amodiaquine, the two most
widely recommended ACTs, are currently dosed according to body
weight in four bodyweight bands (Table S1 and S2). Artemether-
lumefantrine is available as a dispersible formulation or as standard
fixed-dose tablets. The World Health Organization dose range target is
5-24mg/kg/day ofartemether and 29-144 mg/kg/day of lumefantrine,
given twice daily for 3days Artesunate-amodiaquine is available as a
standard fixed-dose tablet formulation. The World Health Organization
dose range target is 2-10 mg/kg/day ofartesunate and 7.5-15 mg/kg/day
of amodiaquine, given once a day for 3 days.” Although used for decades
with great success, these two ACTs have been shown to have reduced ef-
ficacy in children'®'" and it has been proposed to revise and expand the
four weight bands currently used to achieve a more equivalent exposure
in all patient groups

Three previously published population pharmacokinetic models
were used to simulate the proposed optimal dosing regimen of the
artemether-lumefantrine-amodiaquine TACT, compared to standard
dosmg.12 14 All three pharmacometric models were well-characterized
and based on observed drug measurements in patients with uncom-
plicated falciparum malaria. Artemether and its active metabolite di-
hydroartemisinin were described by a simultancous pharmacokinetic
model, assuming complete iz-vivo conversion of artemether into dihy-
droartemisinin. Both artemether and dihydroartemisinin were char-
acterized by one-compartment disposition models, combined with a
transit-absorption model of artemether. Lumefantrine was described
by a two-compartment disposition model with first-order absorption.

Amodiaquine and its active metabolite descthylamodiaquine were
described by a simultancous pharmacokinetic model, assuming com-
plete in-vivo conversion of amodiaquine into desethylamodiaquine.
Amodiaquine and desethylamodiaquine were characterized by two- and
three-compartment disposition models, respectively, combined with a
transit-absorption model of amodiaquine. Disease status was incorpo-
rated as a covariate in the pharmacometric model of lumefantrine and
amodiaquine, and this was included by simulating only patients with
acute illness. Both the artemether and lumefantrine models included
pregnancy as a covariate, which was omitted in order to simulate non-
pregnant patients in this study. The pharmacometric model describing
amodiaquine and desethylamodiaquine took metabolic enzyme mat-
uration (i.c. ontogeny) into account, which was incorporated in the
simulations by patient age. Only the lumefantrine model showed dose-
limited absorption, which was incorporated in all simulations accord-
ing to the individual mg/kg dose administered. All models had body
weight incorporated as an allometric function to scale drug exposure
according to body size differences between pediatric and adult patients.
Between-patient variability was incorporated as exponential functions
on pharmacokinetic parameters, as per the original publications.

Two publicly available databases were downloaded and used in this
simulation study; the National Health and Nutritional Examination
Survey (NHANES I1I) from the US CDC (2=53,833), including
healthy adults and children,'® and the Severe Malaria African Children
(SMAC) network (72=26,051), including African children with se-
1617 A locally-weighted scatterplot smoothing
(10-point smoothing window) was applied to all age-for-weight data
(Figure S1), using GraphPad Prism v.10.2.2. The resulting smoothing
was used to derive an average age in each body weight group (1kg in-
crement between 5 and 100kg) in order to generate virtual patients
with biologically plausible weight-age combinations. The published
pharmacometric model for each drug was applied to simulate a total
of 1000 patients for each body weight and dosing regimen (i.c. a total
of 96,000 patients for each drug and regimen). All pharmacometric
simulations were performed in NONMEM v 7.5. Simulated day 7
drug concentration, total exposure (area under the concentration-time
profile), and peak drug concentration (maximum concentration) were
extracted from the simulations and summarized as medians and inter-
quartile ranges (25th—75th percentile), using R v.4.3.3. Clear pharma-
cokinetic targets are not generally available for antimalarial drugs, and
dose optimization was therefore realized by aiming for an equivalent
drug exposure to artemether-lumefantrine-amodiaquine in children
compared to adults. Safety target exposures have not been established
for these drugs and the simulated 75° " percentile of a typical adult pa-
tient receiving standard ACT dosing was used as a safety threshold. A
typical adult malaria patient was assigned a body weight of 60 kg as this
is commonly reported in Southeast Asian patients®™ and it is also the
midrange of the highest weight band of the current dose recommenda-
tion of artemether-lumefantrine and artesunate-amodiaquine.

vere malaria infections.

Ethics statement

No cthical approval was necessary as published pharmacometric models
were used in combination with publicly available databases for demo-
graphic values.

RESULTS

To minimize the extent of modifications needed to combine two ex-
istingtreatments, the currentdosingratio of artemether-lumefantrine
(20:120 mg) was retained, with the addition of 40 mg amodiaquine
(Table 1). The amodiaquine dose strength was chosen to generate a
similar mg/kg/day dose of amodiaquine as seen with standard dos-
ing of artesunate-amodiaquine in a typical adult patient. This drug-
to-drug ratio (20:120:40mg) was kept constant throughout the
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Table 1 Proposed optimal dosing of the novel fixed-dose co-
formulation of artemether-lumefantrine-amodiaquine

Artemether Lumefantrine Amodiaquine
Body weight (kg) (mg) (mg) (mg)
5t09.9 20 120 40
10 to 15.9 40 240 80
16 to 29.9 60 360 120
30 to 54.9 100 600 200
>55 120 720 240

All doses contain a fixed ratio of artemether-lumefantrine-amodiaquine
(20:120:40mg). Amodiaquine dosing is given as base equivalent. Doses
should be administered at 0, 8, 24, 36, 48, and 60hours, together with food.

dosing bands in order to simplify manufacturing, implementation,
and further development of a fixed-dose co-formulated product. The
standard 4 dosing bands were transformed into 5 dosing bands to
achieve more equivalent exposure in all weight groups and to reduce
fluctuations in peak concentrations. Furthermore, the proposed
optimal weight-based dosing was constructed to achieve equivalent
drug exposure to artemether-lumefantrine-amodiaquine in small
children compared to adults, while safeguarding that no patients
received higher peak concentrations of amodiaquine compared to
current dose recommendations.

The databases used provided a large virtual population of a total
of 79,884 individuals, resulting in reliable estimates of the average
age-weight relationship. The published pharmacometric models
were successfully coded and a total of 1000 patients were simulated
for each body weight and dosing regimen. Pharmacometric simu-
lations showed that the proposed optimal dosing resulted in equiv-
alent drug exposures to artemether-lumefantrine-amodiaquine
in all weight bands (Figure 1 and Figure S2). Simulations also
showed a small increase in total exposures and peak concentrations
of artemether-lumefantrine compared to standard dosing. Total
simulated exposure to amodiaquine and desethylamodiaquine was
comparable to that of standard dosing, while peak concentrations
were substantially lower due to the twice-daily dosing compared to
once daily dosing in the standard dosing regimen. Simulated day 7
concentrations are often used as a proxy for total drug exposure in
antimalarial drug research, as patients often return for a follow-up
visit 1 week after treatment and, therefore, allow a blood draw at
this time. A total of 92% vs. 90% of patients had simulated lume-
fantrine day 7 concentrations above a previously reported thresh-
old of 175ng/mL associated with therapeutic success' when
receiving the proposed dosing vs. standard dosing (Figure $3). No
robust threshold has been reported for desethylamodiaquine, but
simulated day 7 desethylamodiaquine concentrations (Figure S3)
were similar when receiving the proposed dosing (median [90%
CI]: 53.5 [29.0-100.3] ng/mL) and standard dosing (median
[90% CI]: 55.3 [29.9-105.7] ng/mL), and also similar to that re-
ported in previous studies.'*

DISCUSSION

We used a pharmacometric modeling and simulation approach,
based on previously published and validated population-based
pharmacokinetic models to derive an optimal body weight-based
dosing regimen for the novel co-formulated triple combination
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therapy; artemether-lumefantrine-amodiaquine. All covariates
described in the individual models were kept identical in all simu-
lations of novel and current dosing scenarios and would, therefore,
not influence the relative difference between dosing regimens.
The proposed dosing regimen of the triple combination therapy
showed equivalent drug exposures to artemether-lumefantrine-
amodiaquine for all body weights evaluated. This regimen also has
the advantage of a somewhat higher dosing of artemether (3.0-
8.0 mg/kg/day, Table $3) compared to current ACT standard
dosing (2.0-5.0 mg/kg/day, Table S1). This results in a minimum
dose of 4.0 mg/kg/day in children <30kg, who are the main pa-
tient group receiving antimalarial therapy. The minimum dose in
this group of pediatric patients is currently 2.2 mg/kg/day when
following the standard ACT dosing recommendation, which is
substantially lower than the target dose of 4.0 mg/kg/day for ar-
temisinin derivatives. The higher maximum dose of artemether
(8.0mg/kg/day) is not expected to result in any drug-related ad-
verse events and has been demonstrated to be safe when adminis-
tered both once daily and twice daily as oral artesunate for 3 days
in patients with uncomplicated . falciparum malaria.** The higher
dosing of lumefantrine (Table S1) does not translate into a sub-
stantially increased drug exposure due to the dose-limited absorp-
tion of lumefantrine, resulting in less than proportional increase in
the absorption of lumefantrine with increasing dosing.13 Increased
dosing of lumefantrine should therefore have a minimal impact
on efficacy or risk for adverse events, but a higher dose might re-
duce acute GI tolerability. The overall daily dose of amodiaquine
in the proposed TACT regimen (6-16mg/kg/day, Table $3) is
comparable to the currently recommended dose when adminis-
tered as artesunate-amodiaquine (6.75-15 mg/kg/day, Table S2).
However, this daily dose is split into two dose occasions for the
TACT, resulting in only half of the daily dose being administered
every 12 hours. This leads to substantially reduced peak concentra-
tions while maintaining the systemic exposure to amodiaquine and
its active metabolite, desethylamodiaquine. There have been tol-
erability issues reported for all amodiaquine-containing regimens
currently on the market, which are associated with higher mg/kg
dosing of amodiaquine.21 These tolerability issues are acute GI ef-
fects and, therefore, associated with poor local GI tolerability of
high doses or with high peak concentrations, rather than with high
total systemic exposures. Thus, this novel fixed-dose co-formulated
TACT might be better tolerated than currently available ACTs.
There are several limitations to this study. The published phar-
macokinetic models have been developed for the currently available
ACTs and we extrapolate these by assuming that the pharmacoki-
netic properties of each drug will be unaffected by the combination.
We believe that this is a fair assumption as no pharmacokinetic or
safety-related drug—drug interactions of clinical concern have been
reported in the trials conducted so far. Published pharmacokinetic
models were based on current ACT dosing recommendations and
we assume in these simulations that models can be extrapolated
to the increased doses evaluated here. This has not been explicitly
shown, but it is likely that the pharmacokinetic properties within
the normal dose range can also be extended to the dosing range
evaluated here. A large database of real-world patients was used to
estimate the overall relationship between age and body weight for
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Figure 1 Simulated total exposure to amodiaquine/desethylamodiaquine, artemether/dihydroartemisinin, and lumefantrine after standard
ACT dosing and proposed novel TACT dosing. Total exposure is derived as the area under the plasma concentration-time profile (AUC) for

each simulated individual. Each dosing simulation is based on 96,000 virtual patients, distributed uniformly between 5 and 100 kg body
weight, and shown as the median (solid line) and interquartile range (gray shaded area) of simulated exposures. Dashed red lines are the
median exposures in a typical patient at 60kg, receiving standard dosing. Dotted red lines are simulated minimum and maximum interquartile

exposures associated with standard dosing.

simulations. This relationship was used to generate virtual patients
with biologically plausible body weight and age combinations.
Thus, virtual patients were not bootstrapped from the database and
the expected variability will, therefore, be reduced as patients with
skewed age-weight relationships were not represented in the simula-
tions. However, the aim of this work was to develop an optimal dos-
ing by achieving an equivalent mean exposure in children compared
to adults. Additional variability between patients will not impact the
results and conclusions from this dose optimization approach.

In conclusion, we propose a fixed-dose formulation of
artemether-lumefantrine-amodiaquine (20:120:40 mg) to sim-
plify manufacturing, implementation, and further development of
a co-formulated product. Three published population-based phar-
macometric models and two large cohorts of observed adult and
pediatric malaria patients were used to simulate pharmacokinetic
profiles of different dosing strategies. Based on total exposure and
peak concentrations, an optimal dose regimen was developed re-
sulting in an extension of the current 4 weight bands to a total of 5
weight bands to generate equivalent exposures in all body weight
groups and minimize the fluctuation in exposure between patients.
This optimal dosing maximizes the chance of patient cure by pro-
viding an increased artemether-lumefantrine mg/kg dose in small
children and large adults while minimizing the risk of increased
adverse events linked to higher doses of amodiaquine by splitting
the standard once-daily dose into twice daily dosing to be co-
formulated with artemether-lumefantrine.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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