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Clinical pharmacokinetics and pharmacodynamics of artemether-lumefantrim 

Abstract 

The combination of artemether and lumefantrine is a new, and very well tolerated 

oral antimalarial drug, effective even against multi-drug resistant falciparum 

malaria. The artemether component is absorbed rapidly, biotransformed to 

dihydroartemisinin, and both are eliminated with terminal half-lives < lhour. 

These are very active antimalarials which give a rapid reduction in parasite 

biomass, and consequent rapid resolution of symptoms. The lumefantrine 

component is absorbed variably in malaria, and is eliminated more slowly (ti/2 3-4 

days). Absorption is very dependent on co-administration with fat, and so 

improves markedly with recovery from malaria. Thus artemether clears most of the 

infection, and the lumefantrine concentrations that remain at the end of the three 

to five day treatment course are reponsible for eliminating the residual 100 to 

10,000 parasites. The plasma lumefantrine AUC, or it's surrogate, the plasma level 

on day 7, has proved an important determinant of therapeutic response. 

Characterisation of these pharmacokinetic - pharmacodynamic relationships 

provided the basis for dose optimisation, an approach that could be applied to 

other antimalarial drugs. 

Background 

The combination of artemether and lumefantrine (known formerly as benflumetol) 

has been introduced recently for the oral treatment of uncomplicated falciparum 

malaria. This combination has proved highly effective and very well tolerated in 

the treatment of falciparum malaria in children and adults, including those 

infections caused by multi-drug resistant P. falciparum'A3 Both components of the 

combination were discovered in the People's Republic of China. Artemether 

(Figure 1) is a methyl-ether derivative of dihydroartemisinin, derived from 

artemisinin (qinghaosu). Parenteral and oral formulations have been evaluated 
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extensively in the treatment of both severe and uncomplicated falciparum malaria 

over the past fifteen years.46 Lumefantrine was synthesized originally by the 

Academy of Military Medical Sciences in Beijing. It is a racemic fluorene derivative 

with the chemical name 2-dibutylamino-l -ethanol (Figure 1). It conforms 

structurally, physicochemically, and in mode of action to the aryl amino alcohol 

group of antimalarials including quinine, mefloquine, and halofantrine. 

Figure 1. Chemical structures of artemether and lumefantrine (benflumetol) 

Artemether Lumefantrine 

H,C 

OCH, 

Lumefantrine is a yellow crystalline powder which is almost insoluble in water and 

aqueous acids. It is a racemic mixture; the dibutylamino-1-etlianol substitution at 

the 4 position permits formation of dextro- and laevo rotator)' enantiomers which 

have equal antimalarial activities.7 Artemether and lumefantrine are synergistic in-

vitro against P.falciparum, and the oral combination drug provides an initial rapid 

reduction in parasite biomass (from the artemether component) which accelerates 

the therapeutic response, and should reduce the selective pressure on both 

components for the development of drug resistance.841 In preclinical toxicology 

studies a 1:6 fixed combination of artemether and lumefantrine proved well 
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Clinical pharmacokinetics and pharmacodynamics of artemetber-lumefantrine 

tolerated by both rats and dogs receiving doses over ten times higher than those 

used subsequently in clinical studies for one month. O n the basis of in-vitro 

observations and clinical trials in several hundred patients, chinese investigators 

concluded that a fixed 1:6 w / w ratio of artemether to lumefantrine was the 

opt imum combination. There was no significant toxicity in these clinical trials and 

the combination proved highly effective. The artemether and lumefantrine 

combination was registered in China in 1992. Thus these early studies indicated 

that artemether-lumefantrine was a safe, well tolerated, and effective treatment for 

falciparum malaria.12 Clinical trials with this combination outside China began in 

1995. These trials have now enrolled nearly 3000 patients, and they have 

confirmed the Chinese experience. Artemether — lumefantrine has proved safe and 

effective in adults and children even against the highly drug resistant P.falciparum 

prevalent on the borders of Thailand ;' Table 1. 

Biochemical properties 

Antimalarial activity: Artemether. Only P. falciparum can be cultured 

continuously in vitro, and therefore all in vitro data in human malaria refers to this 

parasite. However there is clinical evidence that the combination is also effective in 

vivax malaria. There is extensive information on the antimalarial activity of 

artemether in vitro. Both artemether and the biologically active metabolite 

dihydroartemisinin (DHA) are extremely potent antimalarials with an in vitro range 

of ICcnS of between 0.1 and 20 n m o l / L (mean 2.7) for artemether and 0.1 to 15 

n m o l / L (mean 1.2) for dihydroartemisinin.1345 In general in vitro artemether is 

reported to be 2 - 3 times less active than the biologically active metabolite D H A . 

Thus there is relatively little variance in IC50 concentrations between different 

Plasmodium falciparum parasite isolates for these compounds. Although multi-drug 

resistant Pfalciparum is slightly less susceptible to the artemisinin derivatives than 
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sensitive isolates, no highly resistant isolates have been recovered in clinical 

studies, and it has not been possible to induce a clinically significant level of 

resistance in vitro. Artemether and the other artemisinin derivatives have a broader 

spectrum of antimalarial activity than for the other antimalarial drugs which 

extends from the young ring stage of parasite development through to the early 

schizont."'' 

Lumefantrine. There are less data on the in vitro activity of lumefantrine. In 

general antimalarial activity correlates positively with that of other quinoline or 

acridine antimalarials particularly quinine, mefloquine, and halofantrine, suggesting 

a common mode of action. Within one geographic area there is usually an inverse 

correlation with chloroquine susceptibility, as there is for mefloquine. Multi-drug 

resistant P. falciparum isolates in general exhibit higher IC50 concentrations than 

fully sensitive isolates, but there is less variance than with chloroquine or 

mefloquine. Studies from Thailand, Cameroon, Tanzania and China ~'-xl 

(Broekman: personal communication) have given IC90 values in the range of 20-

50 nM (11-26 ng/mL) . There have been no well documented cases of lumefantrine 

resistance in vivo, and thus no clear breakpoints for resistance. In rodent malaria 

models, in which mice are exposed repeatedly to subtherapeutic doses, resistance 

to lumefantrine may be induced readily (as easily as for mefloquine). In the same 

models, or in-vitro systems, it is very difficult to induce stable resistance to 

artemether or the combination. Neither artemether nor lumefantrine act on the 

pre-erythrocytic stages of parasite development, neither has hypnozoitocidal 

activity, and neither affects the mature gametocytes of Plasmodium falciparum. 

Artemether inhibits younger gametocytes (stage 1 - 3, possibly 4) and has a broader 

range of gametocytocidal activity than the quinoline or acridine antimalarials (with 

the notable exception of the 8-aminoquinolines: primaquine and etaquine). 
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Mode of action 

s 

The antimalarial activity of artemethcr is dependent upon the integrity of its 

peroxide bridge. Although the precise mode of action of this class of compounds 

has not been identified, it is thought that they cause free radical damage to the 

malaria parasite organelles, and alkylate parasite proteins. Release of free radicals is 

catalysed by intra-parasitic iron and / or haem which may partially explain 

selectivity for the malaria parasite.18 Although the endoperoxide bridge of 

artemisinin and its derivatives is essential for antimalarial activitv, their intrinsic 

activity is too great to be explained by non-specific oxidative damage. These drugs 

appear to have specific intraparasitic targets, and, whereas classic oxidants produce 

oxygen free radicals, the artemisinin compounds are thought to produce carbon 

centred free radicals. By analogy with chloroquine and related compound 

lumefantrine probably acts by chemical inhibition of haem polymerisation, a 

critical detoxifying pathway for the malaria parasite, but there are insufficient data 

to be sure of this. 

Formulation 

Artemether and lumefantrine are formulated m a fixed combination tablet, each 

containing 20mg of artemether and 120mg of lumefantrine (a 1 : 6 ratio). This 

formulation is known as C G P 56697, or co-artemether, or Riamet® (Novartis 

Pharma Ag, Basel, Switzerland). It is dispensed in a blister pack of 16 tablets. 

There is no liquid formulation for paediatric use, and no parenteral formulation of 

the combination. Children are to receive by body weight dose of adult tablets. 

Several tablet formulations have been used during the clinical trials. Pharmaceutical 

development has focussed on improving the pharmaceutical properties of the 

tablet in terms of dissolution properties. They are not light sensitive and are stable 

at temperatures < 30 °C for at least two years. 
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D o s a g e . The most widely used dose has been 80mg artemether and 480mg of 

lumefantrine (4 tablets) at 0, 8, 24, and 48 hours; a total of 320mg artemether and 

1920mg of lumefantrine for adult (>35kg). Higher doses have been used in area 

with multi-drug resistant falciparum malaria six doses of 80mg/480mg given twice 

daily over three days or at 0 and 8 hours followed by daily doses over the next four 

days. For children the weight adjusted doses used have been: 25-35kg: 3 tablets per 

dose, 15-25kg: 2 tablets per dose, and < 15kg: one tablet. Babies less than 5kg have 

not been enrolled in clinical trials. 

Clinical trials 

Clinical trials with the combined preparation have been conducted since 1992 in 

several countries: Thailand, China, the Gambia, Tanzania, India and in Europe. 

These trials have enrolled 3265 patients: 2200 adults 424 children and 641 infants 

and small children. Several have now been published 12- ' 3 (Table 1). In total 2042 

patients were treated with artemether-lumefantrine. Pregnant women were 

specifically excluded. Artemether-lumefantrine was very well tolerated by all age 

groups. Patients with malaria have a number of disease related symptoms such as 

nausea, vomiting, headache, abdominal discomfort etc which could be iatrogenic. 

However these always resolved with recover}' from malaria and no specific drug 

related adverse effects could be identified. In trials conducted in China initially, and 

then in Africa, India, and SE Asia the combination, given in a four dose regimen 

over 48 hours, proved rapidly effective. Within 24 hours of starting treatment over 

90% of patients had defervesced and 5 3 % had cleared their parasitaemia . The time 

to 99% reduction in parasitaemia (PC99) was <24 hours and the overall median 

parasite clearance time was 36 hours. This rapid parasite clearance results from the 

artemether component and is comparable to that in other studies with oral 

artemether or artesunate either alone or in combination with mefloquine. Cure 

rates are usually assessed at 28 days in area of low transmission. In high 
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transmission areas reinfection occurs rapidly and assessments are usually made at 7 

and 14 days. In Tanzania, in an area of very high stable transmission, the seven day 

cure rate in children aged 1-5 years (body weight > 5kg) was 94% and the 14 day 

cure rate was 86%.2 In The Gambia, in an area of much lower transmission, 100% 

and 9 3 % respectively of children aged < 6 years were aparasitaemic on days 4 and 

14 day respectively.3 Thailand is a low transmission area, where the most drug 

resistant ^.falciparum in the world occurs. The four dose regimen gave 28 day cure 

rates (adjusted using PCR parasite genotyping to exclude reinfections) of 85% 

compared with 9 8 % for the three day combination of artesunate (12mg/kg) and 

mefloquine (25mg/kg) on the western border of Thailand,1 and 69% compared 

with 82° o for mefloquine alone m Bangkok. Pharmacokinetic studies described 

below indicated that cure rates could be improved by increasing the dose,19 and in 

subsequent trials in Thailand where the dose was increased by 50%, this was 

confirmed. Two six dose regimens (one given over three days, and the other over 

five days) giving an average dose of 9.6mg/kg of artemether and 58mg/kg of 

lumefantrine were evaluated. Cure rates were 97% for the three day regimen and 

99% for the five dose regimen.2" Thus the four dose regimen has proved very 

effective in areas with higher malaria transmission (where patients have some 

background immunity?) and where the malaria parasites are more drug sensitive. 

The six dose regimens are highly effective in areas where multi-drug resistant 

strains are prevalent, and where patients usually have little or no background 

immunity. In these studies artemether - lumefantrine was better tolerated than 

mefloquine containing drug regimens with a significantly lower incidence of 

nausea, vomiting and dizziness.' All potential adverse effects with artemether — 

lumefantrine were explained adequately by the signs and symptoms of malaria, and 

none could be attributed reliably to the drug. 



Clinical pharmacokinetics and pharmacodynamics of artemether-lumefantrine 

Drug measurement 

Artemether and the biologically active metabolite dihydroartemisinin are difficult 

to measure in body fluids.21 These compounds lack UV or fluorescent 

chromaphores, are thermally labile, and lack functional groups for reliable 

derivatisation. The 'gold standard' methodology is high performance liquid 

chromatography with electrochemical detection (HPLC ECD) in reductive 

mode.22-23 This technique is highly susceptible to disturbances, in particular to 

oxygen contamination, but it gives reproducible results with limits of detection of 

approximately 5 n g / m L (16nmol/L) for both parent drug and metabolite and inter 

and intra-assay coefficients of variation of < 10%. (The limit of quantitation 

(LOQ) in plasma for both artemether and dihydroartemisinin was estimated to 

range between 2.5 and lOng/mL). The hydrolysis of artemether to 

dihydroartemisinin may occur ex-vivo at ambient temperature if blood samples are 

not separated and stored rapidly. Post-column derivatisation methods in which 

artemether and metabolite are converted to a UV-detectable product have yielded 

variable results, often with poor reproducibility. In addition these methods have 

been particularly affected by haemolysis of blood samples. Radio-immunoassay, 

ELISA, colourimetric, and thin layer chromatography methods have also been 

used but these methods are considered to be too inaccurate for meaningful 

interpretation. Mass spectrometry (GC-MS), HPLC with chemiluminescence 

detection (HPLC-CLD) and supercritical fluid chromatography methods have also 

been reported.24 

Because 'P. falciparum is exquisitely sensitive to the artemisinin derivatives, bio-assay 

has been developed as an alternative to chemical methods of assay.15 This is more 

sensitive (level of detection 2ng /mL of DHA), reproducible (CV<11% at 

concentration of 50ng/mL), and requires smaller sample volumes (250uL for 

duplicate assays), but it docs not allow discrimination between the parent 
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compound (artemether) and biologically active metabolite (dihydroartemisinin). 

Bioassay has given similar results to HPLC ECD in comparative studies. Bioassay 

is confounded by the coadministration of other antimalarial drugs. Thus for 

artemether- lumefantrine, artemether and dihydroartemisinin have been measured 

by HPLC-ECD. There are no satisfactory whole blood assays for these 

compounds. A robust HPLC method with UV detection is employed for the 

analysis of lumefantrine in either serum, plasma or whole blood. The limit of 

quantitation (LOQ) in plasma is approximately 35ng/ml, at which the intra-assay 

coefficients of variation is 19%. The CV% in spiked samples fell to 9% at a plasma 

concentration of 1185ng/ml. This assay has been adapted recently for 

measurement in small volume samples (200 ui) (capillary samples).25 

Metabolism 

Artemether is readily hydrolysed (demethylated) to DHA, and after oral 

administration plasma concentrations of DHA exceed those of the parent 

compound, and thus contribute a similar or part of antimalarial activity. This 

metabolic step, and that for the closely related compound arteether, is mediated in-

vitro by CYP 3A 4/5.26 DHA is then converted to largely inactive metabolites. 

Recent studies in humans and experimental animals with malaria and also with 

isolated liver microsomes indicates that the principal route of D M elimination is 

by glucuronidation at the 12 position, and that the principal isoforms of uridine 

glucuronyl transferase involved are 1A1, 1A8-9, and 2B7.27>28 Malaria reduces both 

microsomal mixed function oxidase activity and glucuronidation.29 The importance 

of the intestinal CYP 3A4 step in metabolism is illustrated by recent studies with 

inhibitors (grapefruit juice) which doubled the plasma concentrations of 

artemether.3" Lumefantrine is also metabolized via CYP 3A4 in-vitro, first to a 

desbutyl metabolite. None of the compounds inhibit CYP 3A4, but lumefantrine 
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does inhibit CYP 2D6. N o significant metabolic interactions with either drug have 

been identified to date. 

Plasma protein binding. Artemether is approximately 92-98% bound to plasma 

proteins. The total binding capacity of normal human plasma for artemether is 

3.2ug/mL. D H A is approximately 47-76% bound to plasma proteins, and the total 

binding capacity of normal human plasma is 0.3ug/mL. Artemether binds 

predominantly via high affinity sites to alpha-1-acid glycoprotein, and via lower 

affinity sites to albumin, whereas D H A binds predominantly to albumin.31 

Artemether and D H A also bind to red cells (red cell/plasma ratios); 0.49 and 0.28 

respectively. Lumefantrine is highly protein bound (>99%) largely to high density 

lipopro teins. 

Pharmacokinetics 

Pharmacokinetics in healthy volunteers. After oral administration of the 

combination to healthv adult volunteers, artemether (80 mg per adult dose) is 

absorbed rapidly, reaching peak concentrations in a median of 2 hours. There is a 

significant first pass effect with rapid hydrolysis of artemether to 

dihydroartemisinin, probably in the liver.15 '3M3 The AUC for dihydroartemisinin is 

approximately two to three times greater than for the parent compound following 

oral administration (Figure 2). This contrasts with intramuscular administration 

where the parent compound predominates.15 Both artemether and 

dihydroartemisinin are then eliminated rapidly with an elimination half-time of 

approximately 1 - 3 hours. There is considerable inter-individual variation in 

plasma concentration profiles. By contrast lumefantrine is more slowly and even 

more eratically absorbed with peak concentrations occurring at approximately 6 

hours (Figure 2). The low and variable bioavailability is the major factor 

contributing to inter-individual variability in pharmacokinetics. Lumefantrine has 
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Figure 2: Mean ± SD (n=12) plasma concentrations of artemether, 

dihydroartemisinin and lumefantrine following single oral administration of 80 mg 

artemether/480 mg lumefantrine under fasted conditions to 12 healthy adults 
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low apparent oral clearance (Cl/F) and an apparent terminal half-life of about 33 

hours. The pharmacokinetic properties of die two drugs given in combination are 

not substantially different to those of the component drugs given individually i.e. 

there is no apparent pharmacokinetic interaction (unpublished data). The 

pharmacokinetic properties of artemether and dihydroartemisinin in these studies 

of the fixed combination are similar to those which have been reported elsewhere 

when the drug has been used alone. 

Eliminat ion/Excret ion . Studies performed in animals have shown that 

unchanged artemether has not been detected in the faeces or urine of rats or dogs, 

because of almost complete absorption and high first pass metabolism. Several 

metabolites of artemether have been detected in both faeces and urine of rats and 

dogs. Lumefantrine was ehminated predominantly via the liver with the biliary 

excretion and consequently faecal excretion in rats and dogs. After oral dosing in 

rats and dogs, qualitative and quantitative recovery of lumefantrine metabolites in 
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bile and faeces was relatively low, with most of the drug being recovered as parent 

drug. Metabolites have been identified as glucuronides of either parent compound 

or glucuronides of desbutylated metabolites of lumefantrine. 

Effects of food. Food has a significant effect on the bioavailability of both 

components. Artemether bio-availability was increased more than two-fold, but 

lumefantrine relative bio-availability was increased by a factor of 16 when co-

artemether was taken with a high fat meal compared to that in fasting subjects.34 

This suggests that fasting subjects absorb < 10% of the dose of lumefantrine 

administered. This very large effect of food (fat) considerably outweighs the other 

major sources of variance in drug absorption and probably explains most of the 

apparent disease related effects on the pharmacokinetics of lumefantrine. 

Pharmacokinetics in malaria. In patients peak plasma concentrations of 

artemether, dihydroartemisinin and lumefantrine are generally higher than those 

observed following administration of the combination to fasted healthy volunteers 

(Figure 3). Differences in age and body weight contribute relatively little to the 

interpatient variance in estimated clearance. The contributions to the plasma 

concentration profile of disease induced changes in apparent volume of 

distribution and intestinal absorption, and the role of food in increasing oral 

bioavailability cannot be disentangled. Acute malaria does alter the apparent 

volume of distribution (Vd) of some antimalarial drugs (e.g quinine), 35 although 

the very large changes in AUC from dose to dose suggest that changes in oral 

bioavailability rather than Vd are the main contributors (vide infra) to variability in 

plasma concentration profiles. In general patients with malaria are febrile and 

anorexic, and therefore eat little during the acute phase of the disease. 

Conventional and population pharmacokinetic studies indicate that bioavailability 

of lumefantrine increases substantially with subsequent doses during multi-dose 

administration. In several studies bu>availability was estimated to have increased 
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Figure 3: Plasma concentrations in adult Thai patients with uncomplicated 

falciparum malaria. 
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three-fold for the third and fourth doses compared with doses 1 and 2. This has 

been attributed to a return to normal food intake following recovery from acute 

malaria. In general there is a loose correlation between parasitaemia and disease 

severity in falciparum malaria.36 Increasing parasite counts at base-line were also 

correlated with reduced bioavailability (Figure 4) possibly reflecting a direct disease 

effect on gut absorption. 

Figure 4: Relationship between admission parasite count (log scale) and the 

fraction of drug absorbed (F) as a proportion of the mean estimated value for the 

first dose T| 

r| of d o s e l 

6 7 8 9 1 0 1 1 1 2 1 3 

Admiss ion log parasite count 

Differences in food intake may well explain the differences in plasma 

concentration profiles between studies. In treatment studies the highest plasma 

lumefantrine concentrations were recorded in Chinese patients and the lowest in 

Europe (Figure 5). 
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Figure 5: Comparison of lume fan trine plasma concentration profiles during the 

treatment of falciparum malaria in different trials. 
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Population pharmacokinetics 

For individual clinical trials (Table 1), population pharmacokinetic models have 

been constructed in three steps (Ezzet et al. in press). Initially a compartmental 

model has been selected using 'dense' plasma data obtained in patients at hospital 

settings. These have then been refitted and modified based on all available ('dense' 

and 'sparse') plasma concentration data and the final population models were 

subsequently used to explore the effects of different demographic and disease 

related parameters on pharmacokinetic variables. For artemether, because of 

considerable fluctaation in plasma concentrations and the relatively few detailed 

data series it was necessary to fix Ka, CI and Vd at then estimated mean values 

after the first step of modelling in order to achieve a satisfactory fit. A two 

compartment open model was found to provide a satisfactory fit for lumefantrine 

and a one compartment model was used for artemether and dihydroartemisinin. 

Derived pharmacokinetic parameters are given in Tables 2 & 3. 

Artemether and dihydroartemisinin. Sampling schedules m the pharmacokinetic 

studies of the combined preparation have not been optimal for the definition of 

artemether and dihydroartemisinin pharmacokinetics. Modelling of data from 34 

adult patients who underwent serial sampling and 114 patients who were only 

occasionally sampled, after receiving the four dose artemether-lumefantrine 

regimen for uncomplicated falciparum malaria indicated a mean absorption rate 

constant of 0.37 per hour giving an estimated absorption half-life of 1.9 hours and 

inter-patient CV of 63%. The estimated first order elimination rate constant was 

0.83/hr, giving a terminal elimination half-life of 0.84 h, and inter-patient CV of 

50%. Peak artemether concentration was estimated to be reached at an average of 

1.8h following dosing. Relative clearance (CL/F) was estimated to be 180 litres per 

hour with an estimated total apparent volume of disttibution (Vd/F) of 217 lines. 
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Table 2: Artemether and dihydroartemisinin :Parameter estimates of the 

pharmacokinetic models 

Artemether Dihydroartemisinin 

Parameter Estimate (°/ 'oCV (5)} Estimate (%CV®) 

Ka ( 2 ) [1/h] 0.37 (63) 0.37 (45) 

CL (2 ) [L/h] 180(50) 169(30) 

Log (V) ( 2 ' 3 ) |L] 
5.38 (-) 4.66 (-) 

F, 1.0(72) 1.0 (78) 

F2 1.26(97) 1.65(119) 

F, 1.93 (130) 4.02 (165) 

F4 0.62 (64) 1.52(93) 

(4) 
GE

 v ; [ng/mL] 
5.7 9.2 

No. of patients 148 171 

(1) Ka: absorption rate constant, CL: relative clearance, V: relative volume, F, : relative 
bioavailability fraction of «th dose compared to that of first dose, with Fi fixed equal to 1.0. 
(2) parameter was fixed at its estimated mean value after the first step of modelling 
(3) inter-patient variability is confounded with that of F 
(4) intra-patient standard deviation 
(5) inter-patient CV 

These estimates fluctuated in both directions as well as with subsequent doses 

suggesting either changes in intrinsic pharmacokinetic properties or, more 

probably, changes in the fraction of the dose absorbed. These have been expressed 

as changes in F, hence the definition of four fractions:Fi, ..., F4 in the model 

parameterisation. The standard deviation of residual intra-subject error (which 

includes random fluctuations, measurement error, and all other sources of error 

not accounted for by the model) was estimated as 5.7 ng /ml . Artemether is 

biotransformed in-vivo to the active metabolite dihydroartemisinin. The mean Ka 

was estimated to be 0.37 per hour with an inter-patient CV of 45%. 
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Table 3 Lumefantrine: Parameter estimates of the pharmacokinetic models 

Country China Thailand Thailand Netherlands & 
France 

Parameter(l) Estimate Estimate Estimate Estimate 

(%CV ^ ) (%CV^) (o/oCV®) (%cv®) 
Ka [1/h] 0.22 (58) 0.13 (48) 0.17 (72) 0.27 (82) 

C L ^ [L/h] 
6.6 (28) 15.0 (40) 7.2 (40) 29.4 (41) 

ß (3) [l/h] 
0.008 (-) 0.0065 (-) 0.0094 (-) 0.023 (-) 

K 2 1 ( 3 ) [l/h] 
0.013 (-) 0.013 (-) 0.015 (-) 0.058 (-) 

log (V) [L] 4.58 (-) 5.37 (-) 4.63 (-) 5.96 (-) 
(2,4) 

F, 1.0(84) 1.0 (79) 1.0(149) 1.0(89) 

F2 0.8 (72) 1.0(88) 0.51 (149) 1.0 (106) 

F3 2.9 (41) 2.92 (51) 1.49 (94) 2.8 (64) 

F4 2.8 (40) 2.92 (64) 2.54 (53) 3.7 (54) 

F5(5) - - 3.1 (51) -

F/6) - - 3.1 (56) -

a e
( 7 ) 1.02 0.49 0.69 0.37 

[Hg/mL] 

No. of 192 217 266 24 
patients 

(1) Ka: absorption rate constant, CL: reletive clearance, ß: terminal elimination rate 
constant, K/ji: transfer rate constant between compartments, Y: relative volume, F; : 

relative bioavailability fraction of ith dose compared to that of first dose, with Fi fixed 
equal to 1.0. 
(2) relative to fraction of dose absorbed 
(3) inter-patient variability was not found to be significantly different from zero 
(4) inter-patient variability is confounded with that of fraction of dose absorbed 
(5) fraction of dose 5 at 72h 
(6) fraction of dose 6 at 96h 
(7) intra-patient standard deviation 
(8) inter patient CV 
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Elimination was faster than that of artemether; the terminal elimination half-life 

was estimated to be 0.43 h, and inter-patient CV was 30%. Again there was 

considerable inter and intra-patient variability. If the pharmacokinetic properties 

are considered to be constant throughout the dosing intervals then die co-efficient 

of variation for the fraction absorbed varies markedly; for die third dose this was 

165% (130% for artemether). The standard residual error was estimated as 9 

ng/ml . 

Lumefantrine. Data from series with frequent blood sampling suggest a lag time 

of approximately two hours between drug administration and the onset of 

absorption with a subsequent mean absorption rate atconstant (Ka) of 0.22 giving 

an absorption half-life of 3.2 hours, and inter-patient variability (CV) of 

approximately 50%. These data indicate that it requires approximately 18 hours to 

complete lumefantrine absorption. The terminal elimination half-life of 

lumefantrine was estimated at 87h in two Chinese trials, 74h and 107h in two Thai 

trials, and only 30h in a European trial. The (relative) fraction of dose absorbed 

was found to be highly variable between patients, and even more variable between 

doses (Ezzet et al. in press). Overall, bioavailability was three fold higher with dose 

3 (24h) and dose 4 (48h) than those of dose 1 (Oh) and dose 2 (8h). The 

bioavailability of dose 5 (72h) and dose 6 (96h) with the six dose regimen were also 

about three fold higher than that of dose 1, Table 3. The ratio of Fi to max F 

achieved over the remaining doses was about 27%. With such variation in the 

pharmacokinetics as the patients recover from malaria, meaningful estimates of 

clearance/F or v o l u m e / F cannot be obtained. The model based lumefantrine 

plasma concentration time profiles for different trials are given in Figure 5. Median 

AUC ranged from 157 [mg.h/mL] in the European trial (014) to 880 [mg.h/mL] in 

a Chinese study. With the generally used 4x4 regimen (320/1920 mg of 

artemether-lumefantrine) in a recent dose optimising study in Thailand, AUC was 
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356 [jag.h/mL] and this increased by 60%with the 6x4 60 h regimen and by 100% 

when the regimen was given over 96 h. 

Effects of food on lumefantrine population pharmacokinetics. T o 

characterise the effect of food on bioavailability under clinical settings, the 

individual specific bioavailability fractions were correlated with the type of food 

taken prior to dosing. A normal meal was estimated to give a 42% increase in 

bioavailability compared with a light meal. The light meal gave a 46% increase m 

bioavailability compared to liquids only. When a normal meal was compared with 

liquids only the overall increase in bioavailability was 108%. The increase in 

bioavailability due to type of food was estimated to be higher still in a restricted 

data set in which information on time of food intake was more precisely reported. 

Pharmacodynamics 

Antimalarial activity in-vivo. Artemether and dihydroartemisinin are highly 

potent antimalarials, giving in vivo, parasite reduction rates (fractional reduction in 

4 
parasite biomass per asexual life cycle) of approximately 10 per asexual cycle of 

two days.9 The three day regimen of artemether - lumefantrine allows maximum 

killing in two asexual life cycles, and thus a fractional reduction in parasite biomass 

of the order of 10°. Five day regimens may achieve up to a 10 ~* fold reduction in 

parasite biomass. Lumefantrine is an intrinsically less active drug for which 

parasite reduction ratios have not been determined accurately, but, by analogy with 

other drugs in the same general class, probably lie between 10^ and 10-^ per asexual 

cycle. Following administration of the combined preparation lumefantrine persists 

for considerably longer than artemether in blood. Lumefantrine is therefore 

responsible for removing the residuum of parasites that remain following 

artemether (somewhere between 10- and 10 4 parasites in an average adult). These 
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parasites encounter maximum concentrations of lumefantnne and would be 

expected to be eliminated in the next four days. The fixed drug combination also 

ensures that no parasites are exposed to artemether alone, and therefore there is no 

individual selective pressure to the emergence of artermsinin resistance.1" The 

selection of resistant mutants is a function of the parasite biomass exposed to the 

drug. As relatively few parasites are exposed to lumefantnne alone, and those that 

are, experience the relatively high concentrations of drug that are present following 

the third day of drug administration the chance that a lumefantrine resistant 

parasite would be present and survive is reduced by approximately 108 fold 

compared with if lumefantrine was used alone to treat the infection. This mutual 

protection should delay the development of resistance to both drugs. In the 

V.berghei rodent model, which has been used extensively as an in-vivo method for 

evaluating the propensity to develop antimalarial drug resistance, the combination 

with artemether effectively prevents the development of resistance to 

lumefantrine.11 

Pharmacokinetic pharmacodynamic relationships 

Parasite clearance. As artemisinin derivatives induce rapid ring-form clearance, 

parasite clearance can be used as an effect measure m pharmacodynamic 

assessments. Statistical evaluations were carried out to assess the effects of 

artemether and dihydroartemisinin pharmacokinetic parameters (AUC) on parasite 

clearance. The median parasite clearance time (PCT) was between 30 and 36 hours. 

As artemether is metabolised in-vivo to dihydroartemisinin (DHA) and both 

contribute to antimalarial effect, these were analysed independently. A series of 

proportional hazard models were then constructed using PCT as the response 

variable and any or a combination of the AUC values up to 24 and 36 hours for 
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the two substances, together with parasite count at baseline as the independent 

variables. These showed that both artemether and D H A AUCs contributed 

independently to the effect measure. However when they were merged using a 

range of linear combiations, the fit of the model improved . The best fit was 

obtained with D H A and artemether AUCs contributing equally to parasite 

clearance suggesting equivalent in-vivo activity. Lumefantrine pharmacokinetic 

parameters were not significantly correlated with parasite clearance times. 

C u r e r a t e s . The factors contributing to therapeutic outcome (determined as 

incidence of recrudescent infection) were assessed using logistic regression. Two 

factors were found to affect treatment response independendy; the lumefantrine 

AUC and the parasite count at baseline (Ezzet et al. in press), (Figures 6 & 7). 

Artemether and dihydroartemisinin pharmacokinetics were not associated 

significandy with cure rates. The lumefantrine AUC presumably reflects the AUC 

above the in vitro minimum parasiticidal concentration (MPC). In patients treated 

with the 4x4 regimen median estimated AUC was 300 ug .h /mL. Cure rate was 

8 8 % in patients with an estimated AUC above 300 ug .h /mL compared to 62% in 

patients whose estimated AUC was below the median value. If admission parasite 

count (PCB) is also taken into consideration, cure rate would be only 50% in the 

patients with a lumefantrine AUC below the median value (300 ug.h/mL) and 

PCB above the median value (15,000/uL). As it is unlikely that lumefantrine 

contributes significantly to the initial parasiticidal effect of the combination, the 

main importance of the AUC is that it reflects the plasma lumefantrine 

concentrations that the residual parasites in the third asexual cycle are exposed to. 

This would normally be between 10- and 10^ parasites depending on the initial 

biomass.9 However assessment of the AUC following the final dose as a 

determinant of therapeutic outcome did not improve the fit in these models 

significantly, as this was correlated closely with total AUC. 
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Figure 6: Contours of estimated probability of cure (solid lines) in relation to (log) 

parasite densin- at baseline and and (log) lumefantnne AUC 

4.5 5.0 5.5 6.0 
log lumefantrine AUC 

6.5 
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Figure 7: Relationship between the admission parasite counts (log scale), the 

lumefantrine plasma concentration AUC values (log scale) and the probability of 

cure in the treatment of falciparum malaria in Thailand. The open symbols 

represent patients whose infections recrudesced subsequently and the closed 

circles were cured. Vertical and horizontal lines represent median log lumefantrine 

AUC and median log parasite count, respectively. 
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A plasma lumefantrine concentration of 280 ng/ml on day 7 was found to be an 

alternative but useful discriminating cut-off to determine the likelihood of 

subsequent recrudescence. The relationship between the probability of cure and 

the day 7 plasma lumefantrine concentration is shown in Figure 8. The 

considerable within patient fluctuation in plasma concentrations of lumefantrine 

between individual doses meant that in some patients plasma lumefantrine levels 

fell below the MPC between the fourth and eighth day (3 r and 41"1 cycles) after 

treatment (i.e. before all the parasite had been eradicated). These infections will 

recrudesce subsequently if there is insufficient background immunity to effect a 

cure. 

Figure 8: Relationship between the day 7 plasma lumefantrine concentration and 

the probability of subsequent cure in Thailand 
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For example, in one of the early Thai studies 75% of the patients with plasma 

lumefantrine concentrations above 280 n g / m l on day 7 were cured compared to 

only 5 1 % of the patients with lower lumefantrine levels. The day 7 level giving the 

highest combined sensitivity and specificity for predicting subsequent cure was a 

level of 500ng/mL; sensitivity (95% CI) 93.5% (86.2 - 97.6), specificity 4 5 % (37.4 

- 57.8), N P V 86.5% (72.6 - 94.9), and PPV 4 5 % (37.4 - 52.8) (Figure 8). Thus, 

provided resistance does not develop, > 9 0 % of patients with day 7 levels over 

500ng/mL would be expected to be cured. The parasite count at baseline reflects 

the total number of parasites in the body. Patients with a higher initial biomass will 

have a larger residuum of parasites remaining after the artemether has been 

eliminated for lumefantrine to remove. There is therefore a greater chance' that 

plasma lumefantrine levels will fall below M P C and then MIC before these have 

been eliminated.9 

Adverse effects. In experimental animals artemether and the related compound 

arteether given by intramuscular injection have been associated with an unusual 

selective pattern of damage to brain stem nuclei.17-18 Neurotoxicity appears to be 

much less readily induced by oral administration of artemether. In extensive 

clinical studies to date neither oral artemether nor the related compound artesunate 

has been associated with any evidence of serious adverse effects. In particular there 

has been no evidence of serious neurotoxicity or cardiotoxicity. Artemether-

Iumefantrine was very well tolerated in clinical trials. There have been no serious 

adverse drug reactions in these studies, and nearly all the adverse effects reported 

could be attributed to malaria. In randomised comparisons artemether-

Iumefantrine was generally better tolerated than the comparator drugs.1 There were 

no relationships evident between any of the reported symptoms and plasma 

lumefantrine concentrations. There was also no evidence of adverse 

haematological or biochemical effects. 
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The antimalarials halofantrine and quinidine have marked effects on ventricular 

repolarisation.39 In beagle dogs artemether has also been shown to prolong 

ventricular repolarisation measured as the electrocardiograph Q T interval but there 

is no evidence this occurs in man. In most clinical studies with antimalarial drugs 

there is an apparent increase in the rate corrected Q T interval (QTc) as the patient 

recovers from the illness. This results from the slowing of heart rate associated 

with clinical recovery and that Bazet's rate correction (QT/R.R"5) does not correct 

adequately for heart rate. With Bazet's correction Q T and RR intervals remain 

correlated undercorrecting at low heart rates and overcorrecting at high rates. In 

ECGs taken from 713 patients of whom 150 had plasma concentrations of 

lumefantrine available there was no significant association between plasma 

concentrations of lumefantrine and Q T interval, when these identified 

confounding factors were taken into account (Figure 9). There has been no 

marked Q T interval prolongation, and no dysrhythmias in the clinical trials. These 

data suggest that therapeutic doses of artemefher-lurnefantrine do not adversely 

effect the heart or central nervous svstem. 

Figure 9: Relationship between the electrocardiogram QTc interval and the 

simultaneously measured plasma lumefantrine concentration. 
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D i s c u s s i o n 

The pharmacokinetic properties of artemether and lumefantrine are very different. 

Artemether is absorbed rapidly and extensively, and converted largely by first pass 

metabolism to a biologically active metabolite, dihydroartemisinin. The metabolite 

is 2 - 3 times more active in vitro but equally active in vivo compared to the parent 

compound. Both parent compound and metabolite are then eliminated with a half 

life of <1 hour. There is no evidence that other metabolites contribute significantly 

to antimalarial effect. In contrast lumefantrine is slowly and erratically absorbed, is 

apparently extensively distributed, and clears slowly with a terminal elimination 

half life of 3 - 6 days. There is considerable inter-individual variability in apparent 

bioavailability for both compounds. The principal factor determining the oral 

bioavailability of lumefantrine, a hydrophobic lipophilic compound, is co

administration of food, containing fat. Both drugs show significant differences in 

their pharmacokinetic properties in acute malaria, although for lumefantrine most 

if not all of these changes may be attributed to food intake. Another source of 

variability is the considerable inter-individual variability in the activity of CYP3A,4" 

as this is the predominant route of metabolism of artemether and lumefantrine. 

In the acute phase of malaria, patients are anorexic and generally do not eat; oral 

bio-availability in the acute phase of the infection is therefore low but increases 

markedly as the patient recovers and starts to eat. The role of other factors such as 

altered intestinal blood flow and motility cannot be gauged.41 The very low 

inhibitory concentrations in vitro in comparison to plasma concentrations in-vivo, 

and the consistent effects of artemether on parasite clearance, despite considerable 

fluctuations in plasma concentrations of artemether and the biologically active 

metabolite D H A , suggest that in most patients these concentrations achieve the 

maximum parasiticidal effect (Emax). In contrast the considerable differences in 
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plasma lumefantrine concentrations between individuals have important 

therapeutic consequences; low levels were associated with increased failure rates. 

Although the two components in this combination drug have very different 

pharmacokinetic properties, their pharmacodynamic properties are 

complementary. Artemether and dihydroartemisinin are potent antimalarials which 

reduce parasite burden by approximately \Qr per asexual life cycle (2 days). The 

three dav course of artemether covers two asexual cvcles and results in an 

approximate reduction in bio-mass of 10°. This is achieved despite the rapid 

elimination of these drugs and suggests that it is not necessary to exceed 

parasiticidal concentrations throughout the dosing interval. In other studies with 

artemisinin derivatives daily administration has given identical results with twice 

daily administration which suggests that two exposures of the parasite population 

per asexual life cycle are sufficient for maximal effect. Uncomplicated P. falciparum 

malaria infections present with a parasite biomass of between 10^ and 1 0 i z 

organisms. The three day course of artemether reduces this to a residuum of 

approximately 10 to 10^ parasites. This is the biomass which lumefantrine must 

remove. These residual parasites are exposed to maximum concentrations of 

lumefantrine and although it possesses less intrinsic activity (parasite reduction 

ratio usually 10- - 10-̂ ) than artemether, this is sufficient in most cases to eliminate 

the residual parasites. Logistic regression analysis suggests that the principal 

determinant of therapeutic efficacy (assessed in terms of cure rates) is the area 

under the lumefantrine plasma concentration time curve. This probably reflects the 

AUC above the minimum paraciticidal concentration. The combination therefore 

provides several benefits. Artemether produces a rapid reduction in biomass and 

also a rapid resolution of clinical symptoms. Patients defervesce and feel better 

faster with this group of compounds than any other. The artemisinin derivatives 

also reduce gametocyte carriage and therefore reduce or prevent malaria 
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transmission. As the artemisinin derivatives and lumefantrine have an entirely 

different locus of antimalarial action, the removal of the majority of the malaria 

parasites before exposure to lumefantrine alone reduces the potential for selection 

of a lumefantrine resistant mutant by the same amount.1" A maximum of \Qr 

parasites are exposed to lumefantrine alone, and none are exposed to artemether 

or dihydroartemisinin alone. This therefore reduces the selective pressure to the 

development of resistance in P. falciparum and should prolong the useful life of the 

drug. This is supported by observations in a rodent model where the addition of 

artemether to lumefantrine effectively prevented the development of resistance.11 

The combination of artesunate with mefloquine has halted the previous rapid 

decline in mefloquine sensitivity on the western border of Thailand.42 There is 

increasing acceptance that antimalarial drugs should be used in combinations to 

prevent resistance, and that the artemisinin derivatives provide ideal combination 

partners for less active compounds.4 3 

Although artemether - lumefantrine has proved effective even against the most 

drug resistant parasites in the world, which are to be found on the eastern and 

western borders of Thailand, cure rates with the 4x4 (48 h) regimen were inferior 

to those with artesunate and mefloquine (standard treatment).1 Population 

pharmacokinetic-pharmacodynamic relationships suggest that cure rates with this 

regimen could be improved if the duration of artemether treatment were 

prolonged or the lumefantrine AUC could be increased predictably. O n that basis, 

6x4 regimens over 60 or 96 hours were compared with the 4x4 regimen over 48 

hours in a recent trial in Thailand. Lumefantrine AUCs and cure rates with the 

higher dose three day regimen, and the longer (five day) regimen, were both 

significantly higher than with the previous three day regimen.2" There is evidence 

from the data reviewed here that measures to improve the oral bio-availability in 

short course regimens would augment therapeutic efficacy. If the drug could be 

taken with food or some fat, then bio-availability would improve several-fold. The 
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antimalarial halofantrine shares similar problems with poor and variable oral bio

availability considerably augmented by fats.44 Halofantrine was administered 

together with fats in order to augment oral bio-availability before it was discovered 

that it induced concentration dependent prolongation of ventricular repolarisation, 

and was therefore potentially pro-arrhythmic.39 Atovoquone-proguanil was also 

administered with a milky drink in the pre-registration saidies.45 In uncomplicated 

malaria it is often feasible to administer antimalarials together with milk or a small 

amount of food and this might have considerable dividends for the artemether -

lumefantrine combination. In malaria endemic areas background immunity 

contributes significantly to therapeutic efficacy.46 Drug regimens are always more 

effective in semi-immune than non-immune patients. The excellent results 

obtained worldwide with the three day artemether - lumefantrine combination 

suggests that this is an effective treatment in endemic areas. Where an extra margin 

of safety is required, such as in the non-immune returning traveller, the five day 

course would be preferable as this provides an extra measure of security in terms 

of increased duration of artemether exposure, and a disproportionate increase in 

lumefantrine AUC. 
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