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Introduction 

The ability of the parasite Plasmodium falciparum to develop drug resistance is a 

global threat. Of the four species of human malaria, Plasmodium falciparum is the 

most dangerous and causes over two million deaths per year.1 The resistance of 

Plasmodium falciparum to chloroquine has spread rapidly and in tropical Africa 

where the majority of cases occurs, malaria related mortality is increasing as a 

consequence. Furthermore the number of effective and affordable drugs, which 

could replace chloroquine, is limited.2-4 

Drug resistance in malaria is defined as the 'ability of a parasite strain to multiply or 

to survive in the presence of concentrations of a drug that would normally destroy 

parasites of the same species or prevent their multiplication'.5-6 

Drug resistance arises as a result of genetic mutations which reduce the parasite 

susceptibility to antimalarial drugs. Antimalarial resistance is more likely to occur 

under drug pressure. Factors such as large scale antimalarial drug use, inadequate 

dosing and use of drugs that are eliminated slowly,74" all contribute to the selection 

of resistant mutants. 

The most important consequences, directly related to resistance are: an increase in 

mortality and morbidity, a delay in initial therapeutic response, a shorter median 

time to recrudescence, incomplete haematological recovery and overall an increase 

in cost to a community.2 ' ""14 

The spread of resistance to chloroquine and sulfadoxine-pyrimethamine in many 

malaria endemic regions, 12.15>16 as well as diminished sensitivity to quinine and 

mefloquine in some areas of South East Asia,17 ly call for a new strategy to control 

malaria and for new antimalarial drugs that are effective against drug-resistant 

falciparum malaria. 

In other diseases where resistance to drugs is also a problem (e.g. tuberculosis, 

HIV 2") combination therapy has been used for sometime. The use of antimalarial 

drug combinations has been advocated in the past 21 but it has not been generally 
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implemented. Drugs used in combination should have well-matched 

pharmacokinetics and pharmacodynamics properties and no additional toxicity.—24 

Drugs with a short elimination half-life are less vulnerable to the development of 

drug resistance than the more slowly eliminated drugs. The critical factor 

determining the development of resistance is the time taken in vivo for drug 

concentrations to fall from approximately 80% to 20% of the maximum inhibitory 

concentrations. Secondly the within-patient in vivo selective pressure that occurs 

when an infection fails to be eradicated from the body encourages the 

development of resistance. As resistance potential is a function of viable parasite 

biomass,25-2(' it follows that the risk of resistant isolates emerging from a primary 

infection are greatly reduced if the parasite biomass is reduced. Therefore a 

combination of these pharmacokinetic- and pharmacodynamic characteristics 

reduces the chance that a resistant mutant will occur. Combination-regimens could 

be the cornerstone of a new strategy in order to prolong the life of the existing 

cheaper drugs and to protect any new antimalarial. 

O n the Thai Burma border, the epicentre of multidrug resistant malaria,1"-17'27 

several clinical studies showed that the combination of artesunate, one of the 

artemisinin derivatives, (4 mg/kg /day , for three days) and high dose mefloquine, 

(25 mg/kg) is highly effective.2729 The use of the combination was necessary 

because in this area, P.falciparum had developed resistance to even high dose 

mefloquine.18 The combination is the standard treatment for uncomplicated 

falciparum malaria since 1994 in the camps of displaced people living on the north

western border of Thailand. The artemisinin derivatives are the most potent 

antimalarial compounds available for human use.3" They are particularly effective 

because of the large reduction in initial parasite biomass and they have a very short 

half-life.24'31 Moreover the artemisinin derivatives have been shown to induce a 

reduction in gametocyte production.32 The artemisinin derivatives do not kill 

mature gametocytes of P.falciparum. However, they prevent gametocyte 
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development by their activity against both the young and the more mature asexual-

stage parasites (the precursors of the sexual stages) and also early (stage I-III) 

gametocytes.33 '34 If the artemisinin derivatives are used alone in the treatment of 

V.fakiparum malaria, as a short course regimen, recrudescence rates are high.35 

However used in combination with mefloquine as a 3-dav regimen, cure rates are 

approaching 100%.27'36 Moreover by combining the two drugs the chances of a 

drug resistant mutant appearing are reduced considerably, the parasites are never 

exposed to the artemisinin alone, and the second drug (mefloquine) has a small 

residual biomass to eradicate at a time of maximum blood concentrations.22 Of 

course, the use of artesunate cannot protect mefloquine from any subsequent new 

infection which is acquired later, when mefloquine levels have declined to 

subtherapeutic levels. 

There is evidence from the refugee camps on the Thai-Burmese border, that early 

detection and treatment and deployment of the combination of artesunate-

mefloquine, have augmented cure rates, have reduced gametocyte carriage rate by 

90% and consequently the incidence of falciparum has been reduced.32.37 This was 

not seen in the population surrounding the camps. Nevertheless, mefloquine 

resistance can be anticipated to increase because Plasmodium falciparum was already 

highly resistant to mefloquine when the combination was introduced 18- 27' 38 and 

the pressure for mefloquine resistance remains because of continuous use of 

'unprotected' mefloquine in populations outside the camps along the Thai-

Burmese border. Moreover the combination is expensive and has all the adverse 

effects of mefloquine. Alternative drug-combinations are urgently needed. 

The findings obtained along the Thai-Burmese border should have implications for 

the way new drugs are used. In practice this means that new treatment regimens 

should have similar properties to those described with the combination of 

artesunate-mefloquine. Even though the decline in malaria-incidence is probably 
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multi-factorial (early detection of cases, prompt treatment, use of impregnated 

bednets), there is evidence that the artemisinin derivatives have a cidal effect on the 

gametocytes and cause a rapid reduction of asexual stages e.g. preventing 

gametocytogenesis."''34 Any combination that includes an artemisinin derivative 

could therefore have an impact on transmission and the spread of drug resistant 

strains in areas with similar levels of transmission. 

There are several new antimalarials in development. Among them is lumefantrine 

(formerly known as benflumetol or C G P 56 697) an arylaminoalcohol synthesized 

by the Chinese Institute of Military Medical Sciences and currently being developed 

as a fixed combination with artemether, one of the artemisinin derivatives 

(Riamet®). 

This thesis provides details about this new antimalarial combination, artemether-

lumefantrine, its efficacy and its toxicity. It describes, also, a new approach 

rationalising the use of pharmacokinetic analysis in relation to the efficacy of the 

drug. 

Oral artesunate is the most widely used artemisinin derivative, however oral 

artemether has become increasingly available as an alternative to artesunate. Two 

trials were conducted to study whether the two oral artemisinin derivatives resulted 

in equivalent therapeutic responses in the treatment of drug resistant falciparum 

malaria.28-39 

Over a million patients have been treated with the artemisinin dervatives and thev 

have been shown to be well tolerated.4"'41 N o serious toxicity' has been reported.27-

311, 35 However in experiments with animals, high doses of intramuscular artemether 

and the closely related compound arteether, have induced a consistent, but 

unusual, selective pattern of damage to some of the brain-stem nuclei.42'4"1 The 

relevance of these findings to their use in humans is unresolved but remains a 

cause of concern. Therefore we studied the potential neuro-toxicitv in patients 

treated with multiple doses of an artemisinin derivative (chapter 9). 
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Research objectives 

Primär)' objectives: 

A. To investigate the efficacy and tolerability of artemether-lumefantrine a new-

treatment combination for uncomplicated multi-drug resistant Plasmodium 

falciparum malaria. 

B. T o define the pharmacokinetic and pharmacodynamic properties of this new 

combination 

Specific objectives: 

1. To compare the efficacy and toxicity of artemether-lumefantrine, with 

artesunate-mefioquine. 

2. T o define the optimum dose of artemether-lumefantrine in an area of multi

drug resistant Plasmodium falciparum malaria using a population 

pharmacokinetic/ pharmacodynamic approach. 

3. T o describe the pharmacokinetic and pharmacodynamic properties of 

artemether-lumefantrine. 

4. T o evaluate the potential neuro-toxicity of the artemisinin derivatives. 

5. T o assess the cardiotoxicity of high dose artemether-lumefantrine. 

Study population. The studies were conducted in MaeLa camp, 60 km north of 

Mae Sod, one of the camps for displaced persons on the Thai-Burma border. The 

displaced population (100,000), along the Thai Burmese border consists of Karen, 

Mon and Karenni ethnic minorities. Among them the Karen are the largest ethnic 

group. Since 1984 they have taken refuge in Thailand after years of civil war in 

Burma. The recent regrouping of some of the small camps has reduced the 

number of camps from 45 in 1995 to 11 in 1999. The population of MaeLa camp 

raised from 4,000 in January 1995 to 31,000 in February 1998 . International non

government organisations (NGOs) provide medical assistance and education to all 

17 



Introduction 

camps. The Burmese Border Consortium (BBC) supplies a food ration of mainly 

rice and fermented dried fish, mosquito nets, blankets and some building material. 

Médecins Sans Frontières (MSF) is the largest provider of health services to the 

refugee population. 

Study site. The area is hilly and forested. The rainy season begins in June and lasts 

until September with an average annual rain fall of 2841 m m (1995-1997) (Mae Tan 

(Tak-province)-wheather-forecast-statistics). The cold season occurs from 

November to January and the dry season from February to May. The climate in 

this area is tropical. Entomological studies determined that the predominant 

malaria vectors are: Anopheles minimus, Anopheles maculatus, with relatively few 

Anopheles dims.45 It is an area of low endemicity for falciparum and vivax 

malaria,44 which results in symptomatic infection in all age groups. Transmission 

occurs throughout the year with 2 seasonal peaks in May-August and December-

January. In 1997 the case fatality rate was 1.9 per thousand and the malaria 

mortality rate was 0.26 per thousand.46 

Shoklo Malaria Research Unit. The Shoklo Malaria Research Unit (SMRU) is a 

field station of the Hospital of Tropical Medicine, Mahidol University, Bangkok, 

and is associated with the Wellcome Mahidol University Oxford Tropical Medicine 

Research Programme. The SMRU was initially based in Shoklo camp (120 km 

north of Mae Sod) but moved to MaeLa camp in 1996. In MaeLa camp there is 

one inpatient department, four outpatient departments, antenatal clinics, a delivery 

unit, a laboratory, a computing area and staff accommodation. There is an office in 

Mae Sod which provides the logistical support and there is a well equipped 

laboratory with the capability of processing in vitro cultures, PCR and sample 

storage. Mae Sod and the MaeLa Unit are linked by radio. Since 1996 electricity is 

available. The importance of malaria, the ability to follow m the camp the patients' 

progress and the excellent cooperation of the community make the site an ideal 
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place to conduct field based studies. The projects are designed to be of direct 

benefit to the local community. The SMRU has conducted the largest ever 

communitv based studies on malaria treatment in pregnant and non-pregnant 

patients and also epidemiological studies. The SPf66 malaria vaccine trial was also 

conducted. SPf66 was immunogenic but it failed to protect Karen children against 

malaria.47-48 The SMRU also provides local expert advice (Malaria Task Force) to 

the N G O s working along the border on treatment of malaria which is in a state of 

continuous change due to constant drug pressure. Currendy (1999) more than 150 

Karen staff and 7 expatriates are working in the Unit. 

Outline of this thesis 

Chapter 1 highlights the problem of the development of drug resistance of P. 

falciparum. It gives an overview of the available antimalarials and a strategy for 

deployment of the remaining effective drugs. 

Chapter 2 presents results from a randomized trial between artesunate and 

artemether treatment for the treatment of recrudescent P. falciparum infections. 

Chapter 3 describes a randomized comparative trial on the efficacy and toxicity of 

a new antimalarial combination: artemether-lumefantrine (benflumetol) versus 

artesunate-mefloquine. 

Chapter 4 describes the pharmacokinetic- and pharmacodynamic properties 

of artemether-lumefantrine. 
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Chapter 5 discusses a randomised double-blind, two centre trial comparing 

efficacy, safety and pharmacokinetics of the standard schedule of artemether-

lumefantrine with two higher dose schedules in patients, presenting with 

uncomplicated V.falciparum to determine the optimum dosing of artemether-

lumefantrine. 

Chapter 6 describes the results of die efficacy of different regimens of artemether-

lumefantrine in relation to pharmacokinetic data. 

Chapter 7 evaluates capillary versus venous sampling to determine artemether-

lumefantrine concentrations in patients. 

Chapter 8 presents the results of a trial of the six dose regimen of artemether-

lumefantrine versus artesunate-mefloquine. 

Chapter 9 presents the evaluation of the potential neuro-toxicity in patients treated 

with multiple doses of artemisinin derivatives. 

Chapter 10 discusses cardiac effects of high dose artemether-lumefantrine. 

Chapter 11 Discussion. 

The thesis ends widi a summary of the preceding chapters. 
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Treatment of chloroquine-resistant malaria 

Since its introduction immediately after the second world war chloroquine has 

been the most important antimalarial in the world. Although chloroquine is still 

widely used throughout the tropics, increasing resistance, particularly in the 

potentially lethal malaria parasite Plasmodium falciparum, is seen widely as one of the 

most important current threats to the health of populations throughout the 

malarious tropics.1 In many ways chloroquine is an ideal antimalarial; it is cheap, 

generally well tolerated, and provides an effective treatment in the course of only 

two or three days. Chloroquine is still effective clinicallv in the majority of patients 

in areas where there is low-grade resistance. This is because background immunity 

in patients living in endemic areas contributes significantly to eradication of the 

infection despite reduced susceptibility of the infecting parasites to the drug. In this 

context treatment failures are particularly likely in young children and pregnant 

women, who have less antimalarial immunity. 

Amodiaquine: Although there is cross resistance to amodiaquine, and the related 

Mannich base amopyraquine, both are more active than chloroquine against 

parasites with low levels of resistance.2 The usual dose of amodiaquine is 30 - 35 

mg base/kg given orally in divided doses over 2 - 3 days. Amodiaquine is well 

tolerated by adults and children alike (children often find it more palatable than 

chloroquine). When it was used as a prophylactic amodiaquine was associated with 

an unacceptably high (circa 1 : 2,000) rate of serious skin or liver adverse effects, 

but the incidence of these in treatment use is almost certainly much lower 

(although precise estimates are not available).3 Amodiaquine is used instead of 

chloroquine in parts of Africa and Oceania. It can be used in adults and children. 

There is relatively little information in pregnancy. 

Pyrimethamine/sulfadoxine: The combination of pyrimethamine with a long-

acting sulphonamide (sulfadoxine or sulfalene) is more usually the drug of choice 

to replace chloroquine. It is cheap and very well tolerated. Treatment consists of 
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a single oral dose administration (1.5/90 mg/kg). The drug combination is very 

well tolerated by children, and is considered safe in pregnancy. The excellent 

activity of this combination depends on the synergy between the two components. 

As with amodiaquine prophylactic use is not recommended because of a high 

incidence of adverse reactions, again particularly skin and liver toxicity. The risks of 

these are considerably lower with treatment use. The therapeutic response to 

pyrimethamine/ sulfadoxine is usually slower than that to the aminoquinoline 

compounds.4'5 Resistance is mediated by point mutations in the target enzymes 

(DHFR and DHPS respectively) and resistance has developed rapidly in some 

areas where this drug is deployed. As the rate at which resistance develops is 

proportional to the terminal eUmination half life (pyrimethamine 3 days, 

sulfadoxine 7 days), combinations of shorter-acting anti-folates and sulphones have 

been evaluated as alternatives to which resistance is less likely to develop.6 The 

combination of chlorproguanil and dapsone is more active against parasites with 

low levels of resistance to pyrimethamine/sulfadoxine, and is eliminated more 

rapidly so resistance is likely to progress less rapidly.7 Chlorproguanil-dapsone is 

given in a three-day treatment to semi-immune patients. It is very well tolerated 

and no serious adverse effects have been reported. Approximately 20% of the 

population in East Asia cannot convert chlorproguanil or proguanil to their active 

triazine metabolites because of a genetic polymorphism in the metabolising 

enzyme (CYP 2C19).8 The drugs may be much less effective in these patients. 

Fortunately the prevalence of this genetic polymorphism is much lower in African 

and Caucasian populations. 

Multi-drug resistant falciparum malaria 

Once malaria parasites have developed significant levels of resistance to both 

chloroquine and pyrimethamine/ sulfadoxine the treatment options become 

considerably more expensive. In south-east Asia the drug most widely used for the 
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treatment of uncomplicated multi-drug resistant falciparum malaria is mefloquine. 

This is given in doses between 15 - 25mg base/kg. The lower dose may be given as 

a single administration whereas the higher is usually split into two administrations 8 

- 24 hours apart. Mefloquine is reasonably well tolerated in the treatment of acute 

malaria although nausea, vomiting, dysphoria, giddiness, sleep disturbance and 

weakness are reported more commonly than with drugs which do not affect the 

central nervous system. Upper gastrointestinal adverse effects are more common in 

children, whereas central nervous system adverse effects are reported more 

commonly by adults.9,111 Apart from vomiting infants tolerate mefloquine 

reasonably well. Serious neuropsychiatrie reactions comprising seizures, psychosis, 

or encephalopathy occur in between 1 : 200 Caucasian or African patients, and 1 : 

1,000 Asian patients treated. Mefloquine should not be used after severe malaria as 

the incidence of neuropsychiatrie reactions is as high as 1:20 in this small group of 

patients. These neuropsychiatrie reactions are self-limiting and no associated 

fatalities have been reported despite extensive use for over twelve years. 

Mefloquine has a long elimination half-life ( 2 - 3 weeks). Resistance to mefloquine 

has developed in Thailand, where the drug was first deployed. This developed 

within six years despite excellent control of prescribing. In order to protect 

mefloquine from the development of resistance, it is now generally recommended 

that the drug should not be deployed alone, but should be deployed in 

combination with an artemisinin derivative. Either artemisinin itself, or one of the 

two derivatives, artesunate or artemether, may be used. Before resistance has 

developed a single dose of the artemisinin derivative may be all that is required, but 

in areas with established mefloquine resistance, a 12mg/kg course should be given 

over three days (4mg/kg per day).11 

Although there has been some development of quinine resistance in P.faldparum, 

no highly quinine resistant malaria infections have been encountered. Quinine may 

still be relied upon as an antimalarial throughout the world. It is given two or three 

times daily. Unfortunately it is not well tolerated. The symptom complex of 
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cinchonism comprising nausea, vomiting, dysphoria, tinnitus, and high-tone 

deafness is a predictable and unpleasant accompaniment of quinine treatment. As a 

consequence few patients complete the prescribed treatment course, which should 

usually be seven days. The efficacy of quinine is improved if it is combined with 

tetracycline (or doxvcycline) or clindamycin.12'13 Tetracycline should not be given 

to children of 8 years or less, or to pregnant women. Quinine is considered safe in 

all patients although it is painful when given by intramuscular injection (which 

should always be to the anterior thighs, never the buttock) and, as for chloroquine, 

it should never be given by intravenous injection, only by rate-controlled infusion. 

The major adverse effect of quinine in malaria is hypoglycaemia resulting from 

stimulation of pancreatic insulin secretion. This is a particular problem in severe 

malaria, but may develop in pregnant women even in uncomplicated malaria. 

Halofantrine: Halofantrine is slightly more effective than mefloquine against 

resistant falciparum malaria, and is better tolerated, when used for the treatment of 

multi-drug resistant falciparum malaria.14 Unfortunately there is cross resistance of 

mefloquine, and the usually recommended single day treatment (repeated in non

immune patients one week later) is insufficient in areas with multidrug resistant 

P.fakipamm. Halofantrine is very erratically absorbed. Bioavailability is increased 

markedly by food (principally fats). Halofantrine induces predictable 

concentration-related prolongation of ventricular repolarisation (manifested by 

prolongation of the electrocardiogram Q T interval). Thus, although halofantrine is 

very well tolerated, it occasionally causes potentially lethal ventricular 

tachyarrhythmias.15 It should therefore not be used unless patients are known to 

have a normal Q T interval. This requirement for pre-treatment electrocardiograms 

has curtailed its usage. 

The artemisinin derivatives: Artemisinin and its derivatives, artemether, 

artesunate, and dihydroartemisinin are highly effective and well tolerated 
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antimalarial drugs.16 Artemisinin is approximately five times less potent than 

dihydroartemisinin and its congeners artesunate and artemether. All the drugs are 

available in oral formulations. Artesunate can also be given by intravenous or 

intramuscular injection, and artemether, in an oil-base, by intramuscular injection 

only. These drugs are all rapidly effective, ver)- well tolerated, and also reduce 

Plasmodium falciparum gametocyte carriage (i.e. transmissability). It is generally 

recommended that in the treatment of uncomplicated malaria they should not be 

used alone, unless there are no alternatives, but should be combined with a slower 

acting antimalarial compound for mutual protection against the development of 

resistance.17 The artemisinin derivatives are given once daily and in combination 

with more slowly eliminated drugs have been used in courses between one and 

five days. When combined with doxycycline they should be given over seven days. 

The total dose per treatment is usually 12mg/kg. In severe malaria the artemisinin 

derivatives are at least as effective and are simpler to use compared with 

quinine.18'19 Rectal formulations are under development which may make the 

treatment of severe malaria in rural areas more effective. Locally manufactured 

artemisinin suppositories have proved very effective in the treatment of severe 

malaria in Vietnam.2" They may cause blackwater fever but no other serious 

adverse effects have been described in man. In particular, unlike quinine, they do 

not cause local toxicity, hypotension or hypoglycaemia. 

N e w antimalarials 

Lumefantrine: Lumefantrine (benflumetol) was synthesized originally by the 

Chinese Institute of Military Medical Sciences. It is a synthetic racemic fluorene 

derivative and it conforms to the aryl amino alcohol group of antimalarials such as 

quinine, mefloquine and halofantrine. Lumefantrine has a half-life of 3 to 6 days. 

Its concentrations are influenced by diet, and as for halofantrine and atovaquone, 

its absorption is increased significantly by fat-rich food. A fixed oral combination 
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with artemether has been developed. Clinical studies in China concluded that a 1:6 

artemether to lumefantrine ratio was optimal for antimalarial activity. Each tablet 

contains 20 mg of artemether and 120 mg of lumefantrine. The dose is 1-2 m g / k g 

of artemether plus lumefantrine 6-12 mg/kg. This combination has proved very 

well tolerated and effective.21 In areas with sensitive parasites a four dose regimen 

is given over 48 hours. In multidrug resistant areas a six dose regimen is required. 

Pyronaridine: Pyronaridine is a drug synthesized as an antimalarial in China 

around 1970. In China pvronaridine has been effective against multiple drug 

resistant strains in both in vitro and in vivo studies. It has been generallv very well 

tolerated, and no serious side effects have been reported in relatively small studies 

to date.22 A 28 day cure rate of 88% was reported recently from Thailand, where 

the most drug resistant P.falciparum is prevalent, with a regimen of 1800 mg 

pyronaridine given over a five day period. At present this drug is not generally 

available, and it is envisaged that it will be deployed in combination with one of the 

artemisinin. 

Atovaquone-proguanil: Atovaquone, a hydroxynaphthoquinone, is highly 

effective against P.falciparum, but when used alone recrudescence rates were high.23 

Single-point mutations arise spontaneously in malaria parasites which confer a high 

level of resistance to atovaquone. This drug has now been developed in a fixed 

combination with proguanil (Malarone®). The total dose is 15 mg /kg /day of 

atovaquone plus 8 mg /kg /day of proguanil, given for three days. The combination 

is highly effective, and ven- well tolerated, but there are still concerns that 

resistance will limit its usefulness. The addition of an artemisinin derivative should 

prevent this, but this needs to be further investigated in controlled trials. 
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At an earlier stage of development are artelinic acid, a more water soluble 

intravenous solution than artesunate, WR 250 417, an analogue of proguanil, and 

WR 238 605 (etaquine), an 8-aminoquinoline now undergoing clinical trials. 

Antimalarial combinations 

The concept that resistance could be prevented by combining anti-infective drugs 

with different, and unrelated, loci of action was developed first for anti-tuberculous 

chemotherapy. It is now standard practice for the treatment of tuberculosis, many 

malignancies, and also for the treatment of AIDS. The same basic principles apply 

for the treatment of malaria and there is increasing agreement that in order to 

protect the few antimalarial drugs we have from the inevitable development of 

resistance, it is necessary that combinations should be deployed everywhere.17 

Combinations of artemisinin derivatives with slower acting antimalarial drugs are 

particularly effective because of the large reduction in parasite biomass induced by 

these drugs, and their effects in reducing gametocyte carriage (and therefore 

transmission). Combinations with these drugs are more rapidly and reliably 

effective. The increase in the cost of treatment is offset in the long term by the 

delay in the requirement to change to a more expensive antimalarial drug. 
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Abstract 

The therapeutic efficacy and toxicity of oral artesunate (2mg/kg/dav for 5 days, 

then l m g / k g / d a y for 2 davs: total = 12mg/kg) was compared with that of 

artemether (4mg/kg followed by 2mg/kg /day for 2days, then l m g / k g / d a y for 4 

days: total = 12mg/kg) for the treatment of recrudescent multidrug-resistant 

falciparum malaria in an open randomized trial in 443 patients living on the 

western border of Thailand. Parasite and fever clearance times were similar in both 

groups; within 48 hours 94% [95% Confidence Interval (CI) = 91-96%] of the 

treated patients were aparasitaemic and 9 3 % [95% CI = 89-96%] were afebrile. 

Symptom resolution and resolution of hepatomegaly were slightly slower in the 

artesunate group; adjusted hazards ratio = 1.5 [95% CI = 1-2.0]; p<0.01) and 2.2 

[95% CI = 1-4.8]; p=0.04) respectively. There was no significant difference in 

times to resolution or development of anemia or splenomegaly between treatment 

groups. By day 28, 3 % [95% CI = 0.3 - 5%] of the patients treated with artesunate 

and 6% of those treated with artemether [95% CI = 2 - 9%] had recurrent 

infections (p = 0.3). Both regimens were ver}' well tolerated, with no significant 

adverse effects attributable to either derivative. Overall these data suggest that the 

two oral artemisinin derivatives are safe, highly effective, and result in equivalent 

therapeutic responses in the treatment of drug-resistant falciparum malaria. 

Introduction 

On the western border of Thailand Plasmodium falciparum has developed resistance 

to nearly all the available antimalarial drugs. Mefloquine has been the treatment of 

choice for uncomplicated falciparum malaria in this region since 1985, but nearly 

50% of the patients now fail with high dose (25mg/kg) mefloquine when given 

alone.1 These recrudescent infections have a higher failure rate when retreated with 
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mefloquine again, and constitute the reservoir and driving force for drug 

resistance.2 

The artemisinin derivatives are the most potent antimalarial compounds available 

for human use.3 They have excellent efficacy against multidrug-resistant strains of 

P.faldparum and they are very well tolerated. Although more than a million people 

have now been treated with artemisinin, or one of its derivatives, there is still no 

consensus concerning the most appropriate dose, treatment regimen, or choice of 

derivative. The antimalarial efficacy of oral artesunate in uncomplicated malaria 

appears to be a function of the duration of therapy.4-5 Recrudescence rates are 

unacceptable high in patients given less than five days of treatment. Combined 

treatment with mefloquine improves efficacy and allows shorter courses of 

artesunate to be given.6'7 Since 1994 a combination regimen (MAS3) of 

mefloquine (25 mg/kg) plus a three day course of artesunate (12 mg/kg) has 

become the treatment of choice for uncomplicated falciparum malaria in this area.1 

The recrudescence rate by day 63 with this treatment is less than 10%,8 but patients 

whose infections do recur are symptomatic and their management poses a difficult 

problem. Re-treatment with mefloquine again increases the risk of severe 

neuropsychiatrie reactions.9 The combination of quinine and tetracycline over a 

seven-day period provides an alternative which remains > 8 0 % effective,1" but 

compliance is poor, and tetracycline cannot be given to young children and 

pregnant women (who comprise a significant proportion of treatment failures). 

Although oral artesunate is the most widely used of the artemisinin derivatives, an 

oral formulation of artemether is also available.3 There has been no previous large 

comparison of the two derivatives alone to establish their relative merits. We 

report a large study comparing seven-day courses of artesunate and artemether 

(total dose of 12 mg/kg) in patients with recrudescent uncomplicated multidrug-

resistant falciparum malaria. 
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Methods 

Study site. This trial was conducted from July 1993 to August 1995 in Shoklo, a 

camp for displaced persons of the Karen ethnic minority. D u e to security 

problems the study site was transferred to Maela (a larger camp 60 km from 

Shoklo) in September 1995. Both camps are situated along the Thai-Burmese 

border in areas of seasonal low transmission malaria where approximately 50% of 

infections are caused by ^.falciparum. Further details on the epidemiology of malaria 

in Shoklo have been reported elsewhere.11 Standard treatment of primary 

P.falciparum infections in this area was mefloquine (25 mg base/kg) until mid 1994, 

and thereafter mefloquine (25 mg/kg) plus artesunate 4 mg /kg /day for three days. 

Patients. Patients with slide-confirmed falciparum malaria recurring within 63 days 

of a previously documented case of falciparum malaria were considered likely to 

have a recrudescent infection and enrolled in the study if they or their parents gave 

informed consent. Pregnant women, children weighing < 5 kg, and patients with 

signs of severity or concomitant disease requiring hospital admission were all 

excluded. 

The study was approved by the Ethical committee of die Faculty of Tropical 

Medicine, Mahidol University, Bangkok, and by the Karen Refugee Committee, 

Mae Sot, Thailand. 

Study procedures. O n admission a questionnaire was completed recording details 

of symptoms and their duration, and the history of previous antimalarial 

medication (since health structures in the camp are the only source of antimalarial 

drugs in this area, the history is a reliable guide to pre-treatment). Patients were 

categorised as being symptomatic if they were febrile or reported one of the 

following: headache, feeling ill, nausea, vomiting, muscle pain or joint pain. A full 

clinical examination was done and blood was taken for parasite count, hematocrit, 
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and white blood cell count. Parasite counts were determined on Giemsa-stained 

thick films and recorded as the number of parasites per 500 white blood cells. 

Patients were examined daily thereafter until they became aparasitaemic and then 

seen weekly for nine weeks. Patients who failed to attend were traced by a home 

visitor. At each clime appointment a full physical examination was performed, the 

symptom questionnaire was completed and, at the weekly visits, blood was taken 

for hematocrit and parasite count. A brief neurological examination was also 

performed at baseline and then at each weekly clinic visit. This included tests for 

coordination (heel-toe ataxia), fine finger dexterity (ability to pick up a tablet), 

hearing (using 256 Hz tuning fork), as well as an assessment for nystagmus and 

balance (standing with feet together). 

Blood for malaria parasite cultures was taken on admission in a random selection 

of 32 patients, and in vitro antimalarial drug sensitivity profiles were determined on 

the freshly cultured isolates using the 3H-hypoxanthine uptake inhibition method.1 2 

Antimalarial drug regimens. Patients were allocated at random to receive either: 

1. As7: oral artesunate (Guilin N o l Factory, Guangxi, People's Republic of 

China) 2mg/kg /day once a day for five days followed by l m g / k g / d a y 

once a day for two days (total dose = 12 m g / k g corresponding to 31.4 

nmol/kg) 

2. Am7: oral artemether (Kunming Pharmaceutical Factory, Kunming, 

People's Republic of China) 4mg/kg on the first day, followed by 

2mg/kg /day once a day for two days and then l m g / k g / d a y once a day for 

four days (total dose = 12 m g / k g corresponding to 40.3 nmol/kg) . 

Children weighing < 20kg received the exact weight adjusted dosage as crushed 

tablets mixed with water and given immediately by spoon or with a syringe. 

Patients above this weight received the weight-adjusted dose to the nearest quarter 

tablet. Drug administration was observed in all cases and, if vomiting occurred in 

less than 30 minutes, drug administration with the full dose was repeated. If 
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vomiting occurred between 30 and 60 minutes half the dose was repeated. N o 

retreatment was given for vomiting after 60 minutes. 

Recrudescent infections. A blood smear was taken from any patient complaining 

of fever or illness during the follow-up. A treatment failure was defined as the 

presence of P.falciparum on the blood smear between days 7 and 63 of follow up. 

These patients were retreated with a standard seven day course of quinine (10 mg 

salt/kg three times a day) and tetracycline (4 m g / k g / four times each day) if they 

were more than eight years of age, or with seven days of artesunate alone (total 

dose = 12 mg/kg) if they were equal or less than eight years old. Patients 

recrudescing again following retreatment were treated with artesunate (total dose = 

12 mg/kg) to which tetracycline was added if the patient was more than eight years 

of age. 

Adjusting for reinfections. Since the study was conducted in an area of malaria 

transmission, recrudescences could not be distinguished reliably from reinfections. 

The proportion of new infections should have been the same in both treatment 

groups and does not therefore preclude comparison of failure rates. Further 

information was available from an epidemiologic survey conducted simultaneously, 

but only in the first year of study in Shoklo camp, and was not available for the 

second phase of the study in Maela. Although blood samples for parasite 

genotyping were not collected routinely on admission and at the time of 

recrudescence when the study was started, paired blood samples were available in 

10 cases of apparent recrudescence (from blood taken for parasite culture). These 

were analysed by polymerase chain reaction genotyping using primers for 

merozoite surface proteins-1 and - 2 and glutamate-rich protein as described 

previously to investigate the proportion of treatment failures attributable to true 

recrudescence.13 
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Statistical analysis. Data were analysed using SPSS for Windows (SPSS Software, 

Gorinchem, The Netherlands). Categorical data were compared by calculating the 

chi-square value with Yates' correction or by Fisher's exact test. Normally 

distributed continuous data were compared by the Student's t-test and analysis of 

variance. Data not conforming to a normal distribution were compared by the 

Mann-Whitney U test or Kruskal-Wallis analysis of variance. 

Parasite, fever, and symptom clearance times and the resolution of other signs 

(anemia [hematocrit < 30%], hepatomegaly, splenomegaly), and the risk of 

treatment failure were all evaluated by survival analysis with cumulative incidences 

calculated bv the product limit method and compared by the Mantel-Haenszel log 

rank test. Cox regression analysis was used to determine the contribution of 

different variables to recover)7. 

Results 

Between July 1993 to June 1996, 443 patients with acute uncomplicated falciparum 

malaria that had failed treatment (i.e. recrudesced following primary treatment 

within the previous 63 days) were enrolled into the trial. Thirty-two patients were 

excluded from the study: two patients in the As7 group were excluded because 

they had not received malaria treatment in the preceding 63 days (i.e. they were 

primary and not recrudescent infections), and two patients in the Am7 group were 

excluded because their admission slides contained P.vivax and not V.falciparum. An 

additional 28 patients (7%) were excluded for failing to complete a full course of 

treatment (15 in the As7 group and 13 in the Am7 group). Poor compliance was 

more likely in males compared with females (relative risk (RR) = 2.4, [95% 

confidence interval (CI) = 1.1-5.7]; p=0.04). The median (range) total doses 

administered were 425 (72-800) mg in the artesunate group and 400 (72-720) mg in 

the artemether group (p=0.7). This corresponds to 1.11 (0.1-2.09) versus 1.34 

(0.24-2.42) mmol respectively (p<0.001). 
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Table 1: Admission variables of patients. 

TREATMENT GROUP * AS7 AM7 

No. of subjects enrolled 

Males 

Age (years) 

Median (range) in years 

<5 

5-14 

>14 

Weight (kg) 

Camp 

Shoklo 

Maela 

Temperature (°C) 

Mean (SD) 

>38°C 

Hematocrit (%) 

Mean (SD) 

Hematocnt<30% 

Geometric mean (range) 
parasite count (ub1) 

Previous treatment 

Mefloquine 

Mefloquine + 3 days Artesunate 

Quinine 

Artesunate or Artemether 

Time since last treatment 

Median (range) days 

* AS7= oral artesunate, AM7= oral artemether 

<\> p=0.03 

207 

107 (52%) 

204 

112(55%) 

15(0.3-66) 15 (0.6 - 58) 

37 (18%) 32 (16%) 

66 (32%) 69 (34%) 

104 (50%) 103 (51%) 

36 (6-68) 32 (5-60) 

183 180 

24 24 

37.8(1.1) 37.8 (1.1) 

118(57%) 111 (55%) 

33.0 (6.0) 33.3 (5.8) 

60 (32%) 51 (27%) 

5341 4548 
(30 - 252,000) (24 - 208,000) 

93 85 

82 84 

20 26 

12 9 

27 (3 - 67) 29 (3 - 68) 
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Although the baseline characteristics and in vitro drug sensitivity profiles were 

similar for both treatment groups and both camps (Tables 1 and 2), 59% (123 of 

207) of the patients in the artesunate group had received treatment for their 

primary infection within the preceding 28 days compared with only 4 8 % (97 of 

204) in the artemether group (p=0.02). Recrudescences following mefloquine can 

occur up to 63 days following treatment, but new infections may also occur. 

However new second infections rarely occur within 28 days of receiving a 

therapeutic dose of mefloquine in this area. Thus 220 of the patients had definite 

recrudescent infections at enrollment, and in the remaining 223 a new second 

infection was possible. Twenty-eight (6.8%) patients had failed two or more 

treatment courses prior to enrollment (12 in the artesunate group and 16 in the 

artemether group). There was no significant difference between treatment groups 

in compliance with follow-up. 

Table 2: In vitro drug sensitivity profiles (ng/ml) of 32 parasite isolates collected 

on admission. 

Chloroquine Quinine Mefloquine I [alofantrine Dihydroartemisinin 

Median IC5 

(range) 
102 480 61 14 1.3 

(59-317) (6-1108) (8 - 169) (3 - 59) (0.26 - 7.7) 

IC51) = 500/o inhibitory concentration 

Clinical and parasitological responses . Parasite and fever clearance times were 

almost identical following treatment with As7 or Am7 (Table 3). After 48 hours, 

346 (94%) of 370 patients had cleared their initial parasitaemia and 184 (93%) of 

198 were afebrile. However, symptom clearance time was significantly longer in the 

As7 group, 42% (64/151) were asymptomatic by day 2 compared with 6 1 % 

(86/142) in the Am7 group (RR= 1.4 [95% CI= 1.1-1.8]; p<0.01). Two 
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independent risk factors were found to delay symptom clearance: an age below 5 

years of age (adjusted hazards ratio [AHR]= 2.1 [95° o CI= 1.6-2.8]; p<0.001) and a 

parasite count on admission greater than 10,000(0.1-' (AHR= 1.5 [95%CI= 1.1- 2.1]; 

p=0.008). After adjusting for these factors the AHR for delayed symptom 

clearance time in the As7 group was 1.5 [95% CI= 1.2-2.0]; p=0.01). 

The mean time for the resolution of admission anemia in the 111 patients (30%) 

with anemia (hematocrit<30%) on presentation was 21 days [95% CI= 15-26] in 

the As7 group and 14 days [95% CI= 11-18] in the Am7 group; p=0.07. Two 

patients (one in each group) required a blood transfusion. Of the 267 patients 

without anemia on admission 2 1 % (17/83) subsequently developed anemia in the 

first 2 weeks of follow up compared to 12% (11/89) in the Am7 group (p=0.15). 

Hepatomegaly was present in 18% (36/205) of the As7 group and 16% (33/202) 

of the Am7 group on admission. The time to resolution of hepatomegaly was 

significantly faster in the Am7 group with an AHR of 2.2 [95%CI = 1.01- 4.8]; 

p=0.04); Table3. There was no significant difference in the times to resolution of a 

palpable spleen (p=0.1). 

Failure rates. There was no significant difference in the failure rates between the 

As7 or Am7 groups (see Table3). The cumulative crude failure rates (not adjusted 

for reinfections) assessed at day 28 were 4.6% (8/172) for the As7 group and 7.8% 

(13/166) for the Am7 group (p>0.2). Overall the median time to recurrence of 

infection was 39 days (range= 14-66 days). After correcting for background 

reinfections in the 363 patients from Shoklo camp where concurrent malaria 

incidence data were available, the overall adjusted failure rates were 4 % [95%CI= 

2-7] by day 28, 1 1 % [95%CI= 8-15] by day 42 and 22% [95%CI= 17-28] by day 

63. Adults (age greater than 14 years) were at greater risk of recurrent infection, 

but only after day 42 (RR=2.0 [95%CI= 1.2-3.3]; p<0.01). 

Genotyping of the primary and recrudescent infections was only possible in 10 

cases. In these the median time to recurrence of the infection was 35 days (range = 
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Table 3: Treatment response. 

TREATMENT GROUP * 

recurrent infections (%) b 

Day 7 

Day 28 

Day 42 

Dav 63 

AS7 AM7 

Compliance 

Completed day 7 

Completed day 28 

Completed day 42 

Completed day 63 

Clearance Times * 

Parasite — days 

Fever - days 

Symptom — days 

Resolution of Anemia — days 

Resolution of Splenomegaly - days 

Resolution of Hepatomegaly - days 

Overall cumulative proportion of patients with 

205 (99%) 

172 (83%) 

151 (73%) 

115 (55%) 

1.7(1.6-1.8) 

1.6(1.4- 1.8) 

3.9 (3.5 - 4.4) 

21 (15-26) 

38 (26 - 50) 

40 (30 - 51) 

0% 

5% (2-8) 

14% (8-19) 

27% (19-35) 

200 (98%) 

166 (81%) 

151 (74%) 

119(58%) 

1.64(1.6-1.7) 

1.4(1.3-1.6) 

3.1 (2.7 - 3.5) 

14(11 -18) 

21 (16 - 26) 

22(15-30) 

0% 

8% (4-12) 

16% (11-23) 

31% (23-39) 

* AS7- oral artesunate, AM7= oral artemether 

•' Mean (95% Confidence Intervals); derived from group survival tables, in those with 

parameter present on admission 

b % (95% Confidence Intervals). These comprise reinfections and recrudescences. 

<t>=p<0.01 G p=0.04 
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19-63 days). True recrudescence was found to have occurred in only one case, a 

patient treated with As7 who failed at day 19. 

Since patients treated with artesunate were 1.3 [95% CI= 1.04-1.5]-fold more likely 

to have received prior treatment within the previous 28 days (p=0.02) i.e., they 

were more likelv to be true recrudescences, 2, post hoc analysis was carried out on the 

220 patients who had recrudesced within 28 days. Compared with the remainder 

(i.e. those patients with infections that recrudesced later), these patients with 

definite recrudescences were more likely to be less than 5 years of age (RR—2.1 

[95%CI= 1.3-3.5]; p=0.002), to be anaemic on presentation (RR=1.7 [95% CI= 

1.2-2.3]; p=0.003), to have a palpable spleen (RR=1.6 [95% CI= 1.04- 2.3]; 

p=0.04), and have lower parasite counts (geometric mean: 3,877/uL [95%CI= 

4,037-6,024] vs 6,490/uL [95%CI= 4,852-8,680] respectively; p=0.01). There was 

no significant difference in any of the basekne parameters between the 123 patients 

in the As7 and the 97 in the Am7 groups. 

Patients in the Am7 subgroup were more likely to have a second recrudescence 

during subsequent followup (RR= 1.1 [95%CI= 1.0-1.2]; p=0.05), but were 

quicker to recover from anaemia (12 days [95% CI= 9-16] vs 23 days [95%CI= 16 

-30] ; p=0.02), hepatomegaly (20 days [95% CI= 13-28] vs 40 days [95% CI= 29-

52]; p=0.03) and splenomegaly (18 days [95% CI= 12-24] vs 45 days [95% CI= 32-

58]; p=0.04). There was no difference in the parasite, fever or symptom clearance 

times. 

Re-treatment. Of the 68 patients who experienced an additional recrudescent or 

recurrent infection, 32 were retreated with a 7 day regimen of quinine and 

tetracycline (Q7T7) (of whom 9 failed again), 3 with quinine alone (of whom 1 

failed again), 10 with a repeat course of artesunate (AS7) (of whom 3 failed again), 

6 with a 7 day regimen of artesunate and tetracycline (AS7T7) (of whom 2 failed 

again) and 1 with mefloquine plus 3 days of artesunate (this patient failed again). 

16 could not be followed in the course of their retreatment. 
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O f the 16 patients who failed retreatment, 7 received AS7T7 (one failed again, but 

was retreated successfully with the same regimen), six were retreated with a AS7 

(of whom two failed again to be successfully treated with AS7T7), one patient was 

successfully retreated with Q7T7, and two were successfully treated with 

mefloquine plus 7 days of artesunate. 

Adverse effects. Seven of the 2,877 (0.2%) doses of artesunate and artemether 

administered were vomited within 1 hour (4 artesunate and 3 artemether). 

Vomiting occurred in 0.7% (3/3,411) on the day of admission compared to 0.2% 

(4/2,466) on the subsequent days (p=0.06). 

Minor adverse effects attributable to the drug regimen were estimated from those 

patients in whom the symptom was absent on admission, but developed during 

follow up. By day 7 when the patients completed their course of treatment, all had 

made a symptomatic recover)- from the acute malaria. At this time there was no 

significant difference between treatment groups in the incidence of dizziness (3%, 

4/129), diarrhoea (0.3%, 1/349), nausea or vomiting (3%, 5/183), anorexia (5%, 

6/126), rash or itching (2%, 6/296). These figures were not significantly different 

from the incidence of complaints reported at day 28 or day 63, suggesting that the 

symptoms were not attributable to the administration of the qinghaosu derivatives. 

During the course of drug administration (days 1-6) there were 9 reported cases of 

balance disturbance (7 patients were unable to stand with their feet together, and 2 

were unable to walk heel to toe). Two patients reported hearing loss, but this was 

present prior to receiving any medication; one recovered by day3 and in the other, 

hearing loss was reported throughout follow up. From day 7 onwards there was no 

report of neurological adverse effects. 

Two patients in the AS7 group died. One of these patients, a 17 year old man, had 

had a three month history of swollen ankles, and peripheral paraesthesia. He was 

seen on day 14 of follow-up, and was apparently well, but two days later had a 

sudden onset of dyspnoea and palpitations while digging in the forest. A post-
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mortem diagnosis of probable adult beri-beri was made. The other patient was a 35 

year old woman, who made a rapid and uneventful recovery from her malaria and 

was followed until day 35 of follow-up with no adverse sequelae. She was reported 

as having returned to Burma and died two weeks later. N o further details were 

available. 

Discuss ion 

The artemisinin derivatives are being used increasingly in the treatment of drug-

resistant malaria in Southeast Asia. Drug resistance has increased alarmingly in this 

area of the world over the past two decades.14 The artemisinin derivatives have 

proved effective against ^.falciparum resistant to mefloquine, and now, in 

combination with mefloquine, have become the treatment of choice for falciparum 

malaria in diese drug-resistant areas. We have shown recently that there is no 

significant difference between artemether and artesunate when combined with 

mefloquine for the treatment of primary infections with multi-drug resistant 

P.falciparum} In the present study, we have compared the efficacy of artesunate and 

artemether in the treatment of patients with recrudescent infections, a group with a 

particularly high failure rate. Mefloquine was not used, so this is the first large 

comparison of efficacy of the two artemisinin derivatives used alone. 

The therapeutic response to die two drugs was similar. Both were well tolerated 

and cleared fever, symptoms of disease, and peripheral parasitaemia rapidly. 

Although fever and parasite clearance rates were identical in the two large and well 

matched groups, there was a difference in the rates of symptom resolution and the 

speed with which hepatomegaly resolved. Artesunate was slightly slower in this 

regard than artemether. This is may be attributable to the differences in the dose 

regimens. Artemether recipients received 4mg /kg in the first 24 hours compared 

with 2 m g / k g in the artesunate group and in > 90% of the patients symptoms, 

signs and parasitaemia had resolved within 2 days. The maximum effect (Emax) on 
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parasite clearance with artesunate has been observed at a dose of 2mg/kg (Angus 

BJ & White NJ: unpublished observations), but these findings should be taken in 

context with the considerable inter-individual variability in plasma concentration 

profiles following the oral administration of this drug.15 Some patients receiving 

2mg/kg mav therefore have had suboptimal (i.e.less than the minimum 

parasiticidal concentration) blood concentrations in the first day of treatment. 

Furthermore artemether was given at a 2 8 % higher dose in molar terms. Thus the 

initial molar dose of artemether was 2.6 times greater than that of artesunate. 

Overall these data suggest that the two drugs have equivalent antimalarial efficacy 

and that a higher dose of artesunate (4mg/kg) on admission might facilitate a rapid 

early parasite reduction in some patients and a faster clinical response. 

Recrudescent infections are generally more difficult than primary infections to 

treat. However, it is not possible to comment on the relative efficacy of the 

artemisinin derivatives because different drug regimens are used for primary and 

recrudescent infections. 

In an area of malaria transmission, it is difficult to distinguish recrudescence of an 

infection (i.e., a treatment failure) from acquisition of a new infection. Previously, 

when assessing antimalarial efficacy in primary infections at this study site we have 

subtracted population malaria incidence rates for the period of study from the 

observed recurrence rate to estimate the true recrudescence rate. After adjusting 

for reinfection in this way, estimated recrudescence rates increased from 4% on 

day 28 to 22% by day 63. Thus 69% (47/68) of apparent 'failures' occurred after 

day 28 which could be taken to suggest that delayed recrudescence is occurring 

with these regimens. This is at variance with previous experience, which indicates 

that most recrudescences following treatment with short-acting antimalarials occur 

within a month of treatment.16 The finding that adults in this study were at greater 

risk of failure (although only after day 42) is also at variance with our previous 

studies, which have shown that children are generally more likelv to fail their 

treatment.8 '17 An alternative and more likely explanation for these observations is 
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that the true background reinfection rate assessed from the remaining population 

in this study has been underestimated. Patients who have had falciparum malaria in 

the preceding 63 days represent a high-risk sub-group who are more likely to be 

reinfected than the general population from whom the survey data was gathered.11 

This increased risk is associated with travel outside the camp into the surrounding 

malarious forest for the purpose of work, and accounts also for the greater risk of 

recurrent infection in adults rather than children. This is supported by the parasite 

genotyping in 10 cases which showed that only one of the true recurrences resulted 

from a true recrudescence. This occurred on day 19. The nine other apparent 

'failures', occurring after this time, were in fact reinfections. If all true failures are 

assumed to have occurred by day 28, then the overall cumulative failure rates 

would be nearer 4% rather than 22%. 

The mean time to resolution of anemia was slower in the artesunate treated 

patients. These drugs are known to suppress reticulocytosis, but in other studies 

this has not translated into anemia.18 Further investigations will be needed to 

determine whether there are true differences in the hematologic response to these 

two closely related compounds. 

Both artemether and artesunate were very well tolerated. All symptoms were 

attributable to malaria rather than to the drugs themselves. These two artemisinin 

derivatives are rapidly and reliably effective. Although combination therapy with 

mefloquine (or other antimalarials) would be preferable for first line treatment, 

seven days of monotherapy is satisfactory for the treatment of recrudescent 

multidrug-resistance falciparum malaria. 
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Randomised comparison of artemether-benflumetol and artesunate-mefloquine in falciparum malaria 

Summary 

An open randomized comparison of artemether-benflumetol (CGP 56 697; 

Novartis) with artesunate-mefloquine was conducted in 617 patients with acute 

uncomplicated multidrug resistant falciparum malaria on the western border of 

Thailand. Both treatments rapidly and reliably cleared fever and parasitemia, and 

there was no significant difference in the initial therapeutic response parameters. 

Parasite genotyping was used to distinguish recrudescences from new infections. 

The 63 day cure rate for artesunate-mefloquine (94%) was significantly higher than 

the cure rate of artemether-benflumetol (81%) (p<0.001). Both regimens were 

well tolerated. Nausea, vomiting, dizziness, sleep disorders, and other neurological 

side effects were between two and four times more common in the artesurtate-

mefloquine group than in the artemether-benflumetol group (p<0.001). 

Artemether-benflumetol is effective and very well tolerated in the treatment of multi

drug resistant falciparum malaria. A higher dose than that used in the present study may 

improve efficacy. 

Introduction 

Despite considerable efforts to eradicate or control malaria, the disease continues 

to be a major cause of human morbidity and mortality in the tropics. Each year 

between 1.5 million and 2.7 million people are thought to die from falciparum 

malaria.' N o effective malaria vaccine is yet available and P.falciparum has developed 

resistance to almost all of the available drugs.2 In Thailand drug resistance is 

particularly problematic; in vivo and in vitro resistance has been documented for 

chloroquine, sulfadoxine-pyrimethamine, quinine, halofantrine and mefloquine.2 6 
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For centuries an extract of the wormwood plant {Artemisia annua) has been used in 

China for the treatment of fever. The compound derived from this plant 

(artemisinin) and its derivatives, artesunate and artemether, are the most potent 

and rapidly acting anti-malarial drugs known, but when used alone these drugs are 

associated with high recrudescence rates.7 9 O n the western border of Thailand 

where the most drug-resistant parasites in the world occur, the combination of an 

artemisinin derivative with mefloquine has proved highly effective in the treatment 

of multi-drug resistant falciparum malaria,8-1"'11 retaining the benefits of rapidity of 

action while augmenting cure rates, reducing gametocyte carriage and thus 

transmission potential, and apparently slowing the development of mefloquine 

resistance.12 Nevertheless mefloquine resistance can be anticipated to worsen,13 and 

alternative drugs are needed urgently. 

Benflumetol was synthesized originally by the Academy of Military Medical 

Sciences in Beijing. It is a racemic fluorene derivative with the the chemical name 

2-dibutylamino-l-{2,7-dichloro-9-(4-chlorobenzylidene)-9H-fluoren-4-yl}-ethanol. 

It conforms structurally, physicochemically, and in mode of action to the aryl 

amino alcohol group of antimalarials including quinine, mefloquine, and 

halofantrine. In preclinical toxicology studies a 1:6 fixed combination of 

artemether and benflumetol (AB) proved well tolerated by both rats and dogs 

receiving doses over ten times higher than those used subsequently in clinical 

studies for one month.1 4 The pharmacokinetic properties of benflumetol are 

reminiscent of those of halofantrine, with variable oral bioavailabilty (augmented 

considerably by fats), and a terminal elimination half life in malaria of 

approximately 4-5 days. Clinical studies in China of AB combinations in several 

hundred patients concluded that the 1:6 artemether to benflumetol ratio was 

optimal for antimalarial activity. There was no significant toxicity. Thus these early 

studies indicated that AB was a safe, well tolerated and effective treatment for 

falciparum malaria. 
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To study the efficacy and safety of AB against highly multi-drug resistant 

V.falciparum infections, a large randomized prospective trial was conducted in adults 

and children with uncomplicated falciparum malaria along the western border of 

Thailand. The current standard therapy of AM was used as a comparator. 

Materials and methods 

Patients. The trial was conducted in Mae La, a camp for Karen displaced people. 

Mae La has a population of approximately 20,000 people and is located 60 Km 

north of Mae Sot in an area of low malaria transmission. The epidemiology of 

malaria in this area has been described in detail previously.15 The study was 

approved by the Ethics Committee of the Faculty of Tropical Medicine, Bangkok, 

and the Karen Refugee Committee, Mae Sot, Thailand. 

Clinical procedures. Patients who presented to the unit's malaria clinic with 

symptomatic microscopically confirmed falciparum malaria were enrolled in the 

study. The patients or their parents were given written information translated in 

their language. After giving written informed consent they were allocated randomly 

to receive either artemether plus benflumetol (AB) (CGP 56 697, Novartis, Basel, 

Switzerland) or a combination of artesunate ( Guilin Pharmaceutical Factor)' No.l, 

Guilin, China) and mefloquine ( Lariam®, Hoffman La Roche, Basel, Switzerland) 

(AM). The drugs were contained in identical numbered opaque packets in pre-

randomised blocks of four. Pregnant or lactating women, children under five, and 

patients with severe or complicated malaria,16 requiring parenteral treatment were 

excluded from the trial. At enrollment a medical history, a full physical 

examination, including a neurological examination, was performed and blood was 

taken for quantitative parasite counts and routine haematology. All information 

was recorded on a standard case record form. All patients were examined once 

daily until they became asymptomatic and aparasitemic and were then seen weekly 
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for 9 weeks. Patients who failed to attend were traced bv a home visitor. At each 

weekly visit a blood smear was taken and a questionnaire about possible adverse 

effects, was completed. A blood smear was also taken from any patient 

complaining of fever or symptoms compatible with malaria during the follow up 

period. Parasite counts were determined on Giemsa-stained thick and thin blood 

films. If the count on the thick film exceeded 500 parasites per 500 white blood 

cells, the thin film result (expressed as the number of infected erythrocytes per 

1,000 red blood cells) was recorded. 

Because of concerns raised by animal studies with intramuscular artemether and 

arteether which showed an unusual pattern of selective toxicity to certain brain

stem nuclei,17 a neurological examination was performed at baseline, days 3, 7, 28 

and 63. The examination included: Romberg's test, assessment of gait and balance 

(walking along a straight line heel to toe), fine finger dexterity ( ability to pick up a 

small tablet), tests of auditory and visual acuity, an assessment for nystagmus and 

behavior abnormality. Blood was taken for full blood counts at basekne and days 3, 

7, 28 and 63. 

Drug regimens. AB (Novartis) was dispensed as a fixed dose combination tablet 

in an airtight blister pack. Each AB tablet contained 20 mg of artemether and 120 

mg of benflumetol. The total dose was artemether 1-2 m g / k g plus benflumetol 6-

12 mg/kg . The minimum dose for patients weighing less than 20 kg was one tablet 

per dose. To a patient weighing between 21 and 30 kg 2 tablets / dose were given, 

to patients weighing between 31 and 40 kg 3 tablets / dose were given and to 

patients weighing more than 40 kg the usual adult dose of 4 tablets was given. 

Each dose was given at 0, 8, 24 and 48 hours. AM was given as artesunate (Guilin 

N o 1 Factory, Guangxi, PRC) in a single daily dose of 4 m g / k g for 3 days plus 

mefloquine (Roche, Basel, Switzerland) as a split dose: 15 m g / k g on day 2 and 10 

mg /kg on day 3. Drug administration was observed with all patients. If the first 
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dose of AB was vomited the whole dose was repeated. For patients receiving AM, 

if an)- of the drugs in the first dose were vomited within 30 min. the full dose was 

given again; if vomiting occurred between 30 and 60 min. half the dose was 

repeated. For vomiting after 60 min. and vomiting of the following doses in either 

one of the two groups no replacement dose was given. 

If a patient was unable to tolerate the medication because of repeated vomiting or 

the patient's medical condition deteriorated then rescue parenteral medication was 

initiated and the patient was excluded from the trial. The rescue medication 

consisted of i.m. artemether (3.2 mg/kg ; Kunming Pharmaceutical Company, 

Kunnming, PRC) followed by oral artesunate (a total dose of 12 m g / k g given over 

7 days). 

Recrudescent infections. Patients with a smear positive for ^falciparum or for a 

mixed infection including P.fakiparum, within 63 days of follow-up, were retreated 

for 7 days with artesunate (total dose 12 mg/kg) . Doxycycline (100 mg/day) for 7 

days, was also given if the patient was older than 8 years of age. 

The study end point was the time of incidence of recrudescent infections in the 

two treatment groups. However, because the patients in the study continued to kve 

in the area of transmission, re-infection during the 9 weeks follow up was also 

possible. Recrudescences were distinguished from re-infections by parasite 

genotyping by use of polymerase chain reaction (PCR). Blood samples were taken 

at baseHne (on admission to the study) and on the day of reappearance of parasites. 

Since the majority of infections in this area are with only one or two genotypes per 

infection,18 typing of three polymorphic loci (MSP1, MSP2 and GTURP), with 

allele frequencies which we have previously characterised m this population, allows 

discrimination between a new infection and a recrudescence. Population allele 

frequencies of these loci were calculated, thereby providing the baseline 
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information to calculate the probability of incidence of a new infection with a 

different or the same genotype. N o allele combination occurs with a frequency 

exceeding 5% in this population, and therefore patients with the same parasite 

PCR profiles in the first and second infections were considered to have a 

recrudescent infection [A. Broekman: unpublished observations]. 

In vitro sensitivity tests. In vitro antimalarial sensitivity tests were done on 

admission fresh isolates in a subgroup of 20 patients presenting with their primarv 

infection, and in a further 20 patients on the day of reappearance of parasites. 

F rom another 5 patients paired primary and recrudescent cryo-preserved isolates 

were analysed. Inhibitor)- concentrations were determined by the radiolabelled 

hypoxanthine uptake inhibition method.1 9 

Adverse exper i ences . Adverse experiences were checked daily for 4 days and 

then recorded weekly during the 63 days of follow up. For each possible side effect 

the investigator had to determine whether or not it could be drug related. 

Symptoms present at baseline (i.e.disease attributable symptoms) were summarized 

separately from those that started or worsened after admission. Adverse 

experiences which developed after drug treatment but before reappearance of 

parasites were considered by the investigator as possibly related to the given drug. 

Serious adverse experiences would have been reported separately, and the trial 

monitor would have been notified immediately of them. 

Monitoring. This trial was part of the phase III evaluation of C G P 56 697; the AB 

combination made by Novartis. Both the clinical conduct and the laboratory 

procedures were reviewed at regular intervals by independent monitors. 

Statistical analysis. The trial was designed to show equivalence in efficacy 

between AB and AM in terms of 28 and 63 day cure rates and parasite reduction. 
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The 63 day cure rate for the AM combination was assumed to be 85%, and that for 

the AB combination was assumed to be 80%. If the upper boundary of the 95% 

one-sided confidence limit for the difference did not exceed 15% the two 

proportions were regarded as equivalent. With a power of 90% and allowing a 20% 

drop-out rate, the sample size required was 308 patients in each treatment group. 

This sample size also had more than 80% statistical power to detect a difference in 

cure rates of 85% and 7 5 % with 95% confidence. Statistical analysis of the data 

was performed using SPSS for Windows (SPSS Software, Gorinchem, The 

Netherlands) and Epi Info (CDC). Continuous data were compared using the 

Student's T-test or Mann Whitney U Test where appropriate. Categorical data were 

analyzed by the chi-squared test with Mantel-Haenszel stratified analysis. 

Parasite - and fever clearance times, the times to resolution of other signs; anaemia 

(haematocrit < 30%), hepatomegaly, splenomegaly and the risks of treatment 

failure were all evaluated by survival analysis. Survival data were compared by use 

of Kaplan-Meier plots and the Mantel-Haenszel log rank test. The analysis of cure 

rates was performed both for all recurrent infections and for the final PCR 

genotyping adjusted failure rates on an intention-to-treat and évaluable basis. 

Results 

Between December 1995 and September 1996 a total of 617 patients were 

recruited: 309 patients in the AB group and 308 in the AM group.There were 128 

(20.7 %) children under 13 years of age. In total 139 patients (61 AB and 78 AM) 

could not be included in the final evaluation for the following reasons; incomplete 

follow-up to nine weeks (101), failure to complete trial treatment course (3), 

administrative problems (11), failure to meet protocol criteria (5), non-compliance 

(3), concomitant use of trimethoprim-sulfamethoxazole (13), self treatment with 

quinine (3), adverse experience (2) and death (1). Overall compliance was good; 

87% of the patients completed 28 days of follow up and 80% completed 63 days of 
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Table 1: Median (range) admission clinical and laboratory variables 

Treatment 
value 
All patients 
Age (years) 
Sex (males) 
Weight (kg) 
Hepatomegaly (n,%) 
Splenomegaly (n,%) 
Previous malaria infection 
within last 3 months 
Temperature ( °C) 

Geometric mean 
Parasite density (/uL) 

Hematocrit 

White cell count (109/L) 
Lymphocytes (%) 

Neutrophils (%) 

Platelets (109/L) 

Children < 13 years 
Age (years) 
Weight (kg) 
Hepatomegaly (n,%) 
Splenomegaly (n,%) 
Temperature (° C) 

Geometric mean 
Parasite density (/uL) 

AB 

n=309 
20 (5-66) 
210 (68%) 
46 (12-68) 
37 (12%) 
67 (22%) 
30 (10%) 

37.8 
(35.4-40.5) 

4,336 
(10-512,297) 
38.3 
(18-53) 

7.1 (1.3-19.6) 
39% 
(13%-82%) 
61% 
(18%-87%) 

129 (36-379) 

n=64 
9.5 (5-12) 
21 (12-34) 
14 (22%) 
28 (44%) 
37.9 
(36.3-40) 

3,905 
(49-512,297) 

AM 

n=308 
20 (5-65) 
211 (68.5%) 
46 (12-72) 
41 (13%) 
73 (24%) 
33(11%) 

Total 

n=617 
20 (5-66) 
421 (68.2%) 
46 (12-72) 
78 (13%) 
140 (23%) 
63 (10%) 

37.6 37.' 
(36-40.5) (35.4-40.5) 

4,581 
(13-235,6 
37.7 
(19-52) 

7.3 (2.6-23.5) 
40% 
(9%-89%) 
60% 
(11%-91%) 

131 (40-385) 

n=64 
8.5 (5-12) 
20.5 (12-37) 
19 (30%) 
25 (39%) 
38 
(36.1-40.3) 

7,270 
(15-177,988) 

4,456 
(10-512,297) 
38.1 
(18-53) 

7.2 (1.3-23.5) 
40% 
(9%-89%) 
60% 
(11%-91%) 

120 (36-385) 

n=128 
9.0 (5-12) 
21 (12-37) 
33 (26%) 
53 (41%) 
38 
(36.1-40.3) 

5,315 
(15-512,297) 

n.s. 
n.s. 

n.s. 
n.s. 

Unless otherwise indicated, values shown are medians, all values in parentheses are ranges. 
AB= artemether-benflumetol 
AM= artesunate-mefloquine 
n.s. = not significant 

follow up. The baseline characteristics were similar in both treatment groups 

(Table 1). Hepatomegaly was more common in children, 26% versus 9% than in 
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adults, (p<0.001). The corresponding figures for incidence of splenomegaly were 

4 1 % versus 18%, respectively (p<0.001). 

Clinical and parasitological responses. The initial responses to the two 

treatments were very similar. Four patients received rescue medication. Treatment 

of two patients on AM was discontinued because of repeated vomiting of 

mefloquine, and two patients on AB were hyperparasitemic at baseline and their 

parasitemia increased further immediately following treatment. O n admission, 322 

(52%) patients had fever (oral temperature >37.5 °C). Of these 163 (53%) in the 

AB group and 159 (52%) in the AM group defervesced in the first 24 hours after 

admission, and more than 90% of the patients in both groups were afebrile within 

72 hours. There was no difference in fever clearance times between the two 

treatment groups; median (range) fever and parasite clearance times in both groups 

were 1(1-4) and 2 (1-3) days respectively. All patients had cleared their parasitemias 

by day 3. Overall 58 (9%) patients had gametocytes detected in their peripheral 

blood smears in the first 72 hours after admission, 34 (11%) on AB, 24 (7.8%) on 

A M (p=0.17). Six of the 559 patients without gametocyte on admission 

subsequently developed gametocytemia. P. vivax parasitemia occurred in 83 

(26.5%) of the patients in the AB group and 57 (18.5%) in the AM group during 

the 63 day follow up, (relative risk [RR]=1.45; 9 5 % confidence interval [CTj= 1.08-

1.96, p=0.016). 

Treatment efficacy. In this trial V.falciparum parasites reappeared in 61 (24.6%) of 

the 248 évaluable patients treated with AB and in 28 (12.2% ) of the 230 évaluable 

patients treated with AM (RR=2.0; 9 5 % CI=1.34-3.03, p<0.001). PCR genotyping 

indicated that 36 (59%) patients treated with AB and 9 (32%) in the AM group had 

a true recrudescence of their initial infection (RR=1.84; 95% CI: 1.03-3.27, p=0.02) 

and 15 and 12 patients respectively had new infections. Paired PCR results were 

not available in the remaining 17 (10 AB, 7 AM) patients. Therefore on an 
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evaluability basis the cure rates in the two groups were 83.9% and 95.7% 

respectively (p<0.001), excluding patients with new infections, and patients with 

reappearance of parasites but no PCR results. However if the proportion of 

recrudescent and new infections in the latter group without PCR results is the 

same as in the patients with PCR results, then the adjusted failure rates become 

43/230 (18.7%) for AB and 12/214 (5.6%) for AM. The unadjusted 28-day cure 

rates were 82 .1% (224 of 273) for AB and 97.3% (257 of 264) for AM. After PCR 

adjustment for new infections, these cure rates became 85.2% for AB and 97.7% 

for AM. By a univariate analysis two factors were found to be associated with an 

increased risk of overall treatment failure in the AB group; a baseline parasite count 

of > 50.000/uL (RR=2.08; 95% CI=1.1-3.9, p=0.022) and an admission 

temperature of more or equal than 39 °C (RR=2.23; 95% CI=1.2-4.2, p=0.016). 

High baseline parasitemia was not a significant risk factor for failure independent 

of temperature (Mantel-Haenszel stratified analysis, RR=1.79; 9 5 % CI=0.8-3.3, 

p=0.062). The mean (SD) time to true recrudescence was shorter in the AB group; 

23 (±7) days than in the AM group 33 (±14) days (p=0.003). 

In vitro sensitivity. The results of the in vitro testing are summarized in table 2. 

There were no significant differences between the drug susceptibilities of the 

primary isolates and those of the recrudescent ones. 

Re-treatment. Of the 89 patients in whom parasites reappeared during the follow 

up period, 60 patients were treated with artesunate, 21 with a combination of 

artesunate plus doxycycline, 7 with artemether, and for one the treatment details 

were not recorded. Artesunate and artemether were given in 7-day regimens. Of 

the patients who received artesunate or artemether 33 (50%) could be monitored 

for 63 days, two patients (6%) treated with artesunate experienced a recrudescence 

during this follow-up period and were retreated again with artesunate an a 7-dav 

regimen. 
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Table 2: In vitro responses to five drugs of fresh unpaired isolates of P.faldparum 

before and after AB treatment and of five paired crvo-preserved isolates 

Fresh Unpaired Isolates Cryo- jreserved 
Paired Isolates 

Primary Recrudescent Primary Recrudescent 
IC 50, median IC 50, median IC 50, median IC 50, median 
(25-75 %ile) (25-75 %ile) (25-75%ile) (25-75%ile) 

Mefloquine 40 32 35 40 
(11-59) (20-74) (20-46) (14.7-48.8) 
n=24 n=26 n=5 n=5 

Artesunate 2 2.2 2.1 1.8 
(1.4-4.0) (1.5-3.7) (1.2-2.2) (1.3-3.1) 
n=26 n=26 n=5 n=5 

Artemether 7.4 7.4 2.4 3.3 
(4.3-10.9) (5.2-8.5) (1.8-3.9) (1.0-4.1) 
n=22 n=16 n=5 n=5 

Benflumetol 54 42 47 45 
(34-67) (24-74) (25-62) (26-68) 
n=18 n=14 n=5 n=5 

Quinine 333 385 185 104 
(209-568) (213-679) (145-442) (81-284) 
n=25 n=25 n=5 n=5 

Adverse effects. Both regimens were well tolerated. Nine patients (5 on AB and 4 

on AM) vomited within one hour of their first dose and this dose was replaced. 

Three patients on AB vomited dose 2 and one patient on AB vomited dose 3. In 

the AM group five patients vomited dose 2 and five patients vomited dose 3. O f 

these two patients on AM required rescue medication because of repeated 

vomiting of mefloquine. AB was generally better tolerated than AM, although there 

were no serious drug related adverse reactions recorded in either group. Overall 

177 (57 %) of the patients receiving AB and 232 (75%) of the patients receiving 

AM had minor adverse effects which could have been related to trial medications. 

AM treated patients had significantly higher rates than AB patients of dizziness 

(35% vs. 15%, RR=2.3; 95% CI=1.7-3.2, p<0.001), sleep disorders (25% vs. 12%, 

RR=2.1; 95% CI=1.4-2.9, p O . 0 0 1 ) , vomiting (13% vs. 3 .1%, RR=5.1; 95% 
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CI=2.5-10.8, p<0.001), nausea (17% vs. 6%, RR=2.6; 95% CI=1.6-4.2, p<0.001) 

and palpitations (19% vs. 10%, RR=1.9; 9 5 % CI=1.2-2.8, p=0.002). Neurological 

side effects (abnormal gait, paresthesia, tremor, nystagmus, abnormal coordination 

and ataxia) were significantly more common in the AM group than in the AB 

group (13.5% vs. 3.2%, RR=3.95; 9 5 % CI-1.6-6.2, p<0.001). There were no 

serious neuropsychiatrie reactions or other evidence of serious central nervous 

system toxicity in this study. Twelve (4%) patients in the AB group and 9 (3%) in 

the AM group experienced pruritus and /o r rash (RR=1.3; 95% CI=0.6-3.1, 

p=0.50) which could have been attributed to the drug. There was no difference 

between the two treatment groups in any of the hematological parameters 

measured during the follow-up. Anemia wTas defined as haematocrit below 30% for 

patients < 15 years, 34% for women and 35% for men. In the AB group the 

number of patients with anemia was: 63/303 (21%) on admission, 79/248 (32%) 

on day 3, 82/276 (30%) on day 7 and 40 /215 (19%) on day 28. In the AM group 

the corresponding numbers were: 65/297 (22%) on admission, 79/249 (32%) on 

day3, 102/277 (37%,) on day 7 and 29/230 (13%) on day 28. N o differences were 

observed between the two treatment groups. The single fatality in the study was a 

patient killed in a family tight. 

Discuss ion 

Both AM and AB proved effective treatments for acute uncomplicated falciparum 

malaria in this area of multi-drug resistance studied. Benflumetol has been 

evaluated only recently outside China, where it was discovered, and it clearly 

contributes significantly to the efficacy of the combination preparation with 

artemether. Treatment with three days of artemether alone at higher doses than 

used in this study is associated with nearly 100% recrudescence rate,''8 yet the 

combination of AB was effective in 8 1 % of patients. These in-vivo and in-vitro 

studies indicate significant activity against the multi-drug resistant P.falciparum 
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parasites prevalent in this area of Thailand. However overall cure rates with AB 

were not as good as those with the combination of AM. These cure rates were 

based on PCR genotvping of the primary and recurrent parasites. This approach 

can underestimate the true recrudescence rate when mixed parasite populations are 

present in the original isolate and the drug resistant genotype is present at numbers 

too low to amplify. This is more likely in areas of high transmission where 

multiple genotype infections are common. In the area of the present study the 

majority of infections are caused by one or two genotypes per infection, and thus 

differentiation between a new and recrudescent infections is less vulnerable to 

errors of interpretation.18 Recrudescences following AB treatment occurred earlier 

than those following AM treatment. The differences in both antimalarial efficacies 

and the times to recrudescence probably reflect the more rapid elimination of 

benflumetol (t1/2= 4-6 days )14 than of mefloquine (tVa =14-21 days)2", and thus 

the shorter time for which suppressive concentrations are present in the blood. 

Antimalarial efficacy for slowly eliminated drugs is a function of the time for which 

blood levels exceed inhibitor}' concentrations for the infecting parasites.13 

Obviously if a larger dose, or longer course of treatment were given then the time 

above the inhibitory level would be prolonged, and efficacy should improve. As in 

studies with mefloquine, recrudescences following benflumetol were more likely to 

occur in patients with high parasitemias.13-21 The time to eradicate the parasite 

biomass in such patients is longer because the initial burden is higher, and blood 

concentrations of the antimalarial drug may fall below inhibitor)? levels before all 

the infecting parasites are killed.13 

The results with AM were better than anticipated from the previous rate of decline 

in mefloquine sensitivity. This study differs from our previous ones in that a higher 

proportion of patients (80%) were adults, whereas in the past approximately 50% 

have been children- and children have a greater risk of treatment failure than adults 

.21 Nevertheless, with this taken into account, the treatment response to AM has 
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not changed significantly over a period of 60 months. This suggests that the 

progression of mefloquine resistance has slowed since the widespread introduction 

of artesunate in this area in 1994.12 Both drug combinations in this study gave 

rapid initial responses, attributed to the artemisinin derivatives. These ensured 

rapid recover)-, and prevented the risk of deterioration to severe malaria that 

sometimes occurs when mefloquine or other slow acting antimalarials are used 

alone. The artemisinin derivatives also reduced gametocytemia which prevents 

transmission of the infection.12 In areas of low transmission this may have a 

significant impact on malaria incidence. 

AB was better tolerated than AM. Although the majority of patients had 

complaints that could have been drug related, in most instances these were also 

features of malaria itself. However the study was not blind and a bias in the 

evaluation of drug related side effects was possible. Nevertheless there was no 

adverse effect that could be clearly related to AB, whereas AM was associated with 

a significantly increased incidence of adverse central nervous system effects, 

presumably related to the mefloquine component , an incidence two to four times 

higher, than that associated with AB. Dizziness, sleep disorder, nausea, and 

vomiting were all significantly more common in the AM group. The difference 

between the two groups probably represents the true incidence of mefloquine-

attributable neurological effects.22 All were reversible, and there was also no 

evidence of any hearing or balance abnormality attributable to the artemisinin 

derivatives. 

This large trial confirms the safety and continued efficacy of AM in the treatment 

of multi-drug resistant falciparum malaria. The new AB combination (CGP 56 697) 

was also effective, but less so than AM, and was better tolerated than AM. In 

general artemether and artesunate are considered equivalent in terms of 

antimalarial activity. The dose of artemether used in this study was half that of 
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artesunate. Both a larger dose and a longer course of AB are now being evaluated 

in the treatment of multidrug-resistant falciparum malaria and preliminary- results 

are encouraging. 

Acknowledgements 

We thank all the staff of the Shoklo Malaria Research Unit for their assistance in 

the field work. We thank Julie Simpson and Kyaw Lay Thwai for their statistical 

advice. The AB tablets were provided and the trial was supported by Novartis, 

Basle, Switzerland. We thank Suwan Sriviriyakul for her help with this study. 

M.van Vugt was supported by the Division of Infectious Diseases, Tropical 

Medicine and AIDS, Academic Medical Centre, University of Amsterdam, The 

Netherlands.This study was part of the Wellcome Mahidol University Oxford 

Tropical Medicine Research Programme funded by the Wellcome Trust of Great 

Britain. 

References 

1. Sturchler D. How much malaria is there worldwide? Parasitol Today 1989; 5:39-40. 

2. White NJ. Antimalarial drug resistance: the pace quickens. J Antimicrob Chemother 

1992;30:571-585. 

3. Looareesuwan S, Harinasuta T, and Chongsuphajaisiddhi T. Drug resistant malaria 

with special reference to Thailand. S. E. Asian J. Trop. Med. Public Health 1992; 

23:621-634. 

4. Mockenhaupt FP. Mefloquine resistance in Plasmodium falciparum. Parasitology 

Today 1995;11:248-253. 

5. Nosten F, ter Kuile FO, Chongsuphajaisiddhi T, Luxemburger C, Webster HK, 

Edstein M, Phaipun L, Lay Thew K, White NJ. Mefloquine resistant falciparum 

malaria on the Thai-Burmese border. Lancet 1991; 1140-1143. 

75 



Chapter 3 

6. Pukrittayakamee S, Supanaranond W, Looareesuwan S, Vanijanonta S, White NJ. 

Quinine in severe falciparum malaria: evidence of declining efficacy in Thailand. Trans 

R Soc Trop Med Hyg 1994; 88:488-491. 

7'. Bunnag D, Viravan C, Looareesuwan S, Karbwang J, Harinasuta T. Clinical trial of 

artesunate and artemether on multidrug resistant falciparum malaria in Thailand: a 

preliminary report. S. E. Asian J. Trop. Med. Public Health 1991; 22:380-385. 

8. Looareesuwan S. Overview of clinical studies on artemisinin derivatives in Thailand. 

Trans R Soc Trop Med Hyg 1994; 88:81:9-11. 

9. World Health Organization. The role of artemisinin and its derivatives in the current 

treatment of malaria. Report on an informal consultation convened in Geneva, 27-29 

Sept. 1993. WHO, mimeograph document WHO/MAL 94, 1067. 

10. Nosten F, Luxemburger C, ter Kuile FO, W'oodrow C, Chongsuphajaisiddhi T, White 

XJ. Treatment of multi drug resistant Plasmodium falciparum malaria with 3 day 

artesunate-mefloquine combination. J Infect Dis 1994; 170:971-977. 

11. Price RN, Nosten F, Luxemburger C, Am Kliam, Broekman A, Chongsuphajaisiddhi 

T, White NJ. Artesunate versus artemether in combination with mefloquine for the 

treatment of multidrug resistant falciparum malaria. Trans R Soc Trop Med Hvg 1995; 

89:523-527. 

12. Price RN, Nosten F, Luxemburger C, ter Kuile FO, Phaipun L, Chongsuphajaisiddhi 

T, White NJ. Effects of artemisinin derivatives on malaria transmissibility. Lancet 

1996;347:1654-1658. 

13. White NJ. Assessment of pharmacodynamic properties of the antimalarial drugs in 

vivo. Antimicrob Agents Chemother 1997; 41:1413-1422. 

14. NOYARTIS DATA BASE 

15. Luxemburger C, Kyaw Lay Thwai, White NJ, Webster HK, Kyle DE, Maelankirri L, 

Chongsuphajaisiddhi T, Nosten F. The epidemiology of malaria in a Karen population 

on the western border of Thailand. Trans R Soc Trop Med Hyg 1996; 90:105-111. 

16. World Health Organization, Division of Control of Tropical Diseases. Severe and 

complicated malaria. Trans R Soc Trop Med Hyg 1990; 84:Suppl 2:1-65. 

17. Brewer T G, Grate S J, Peggins J O, Weina P J, Petras J M, Levine B S, Heiffer M H, 

Schuster B G. Fatal neurotoxicity of arteether and artemether. Am j Trop Med Hyg 

1994;51:251-259. 

76 



Randomised comparison of aiiemether-benflumetol and artesunate-mefloquine in falciparum malaria 

18. Paul R, Hackford I, Broekman A, Muller-Graf C, Price RN, Luxemburger C, White 

NJ, Nosten F, Day KP. Transmission intensity and Plasmodium falciparum diversity in 

Shoklo camp on the Thai-Burmese border. Am J Trop Med Hvg (in press). 

19. Webster KH, Boudreau EF, Pavanand K, Yongvanitchit K, Pang LW. Antimalarial 

drug susceptibility testing of Plasmodium falciparum in Thailand using a microdilution 

radioisotope method. Am J Trop Med Hyg 1985; 34:228-235. 

20. Palmer KJ, Holliday SM, Brogden RN. Mefloquine: a review of its antmalarial activity 

pharmacokinetic properties and therapeutic efficacy. Drugs 1993; 45:430-475. 

21. ter Kuile FO, Luxemburger C, Nosten F, Phaipun L, White NJ. Predictors of 

mefloquine treatment failure: a prospective study in 1,590 patients with uncomplicated 

falciparum malaria. Trans R Soc Trop Med Hyg 1995; 89:660-664. 

22. ter Kuile FO, Nosten F, Luxemburger C, Kyle D, Teja-Isavatharm P, Phaipun L, Price 

RN, Chongsuphajaisiddhi T, White NJ. Mefloquine treatment of acute falciparum 

malaria: a prospective study of adverse effects in 3673 patients. Bull WHO 1995; 

73:631-642. 

77 



Chapter 3 

78 



T H E CLINICAL PHARMACOKINETICS A N D 
P H A R M A C O D Y N A M I C S OF A R T E M E T H E R -

L U M E F A N T R I N E 

N.J. White1 '3 '5 , M. van Vugt1 '2 '3 , F. Ezzet4 

1. Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand 
2. Shoklo Malaria Research Unit, Mae Sot, Tak Province, Thailand 
3. Department of Infectious Diseases, Tropical Medicine and AIDS, Academic 

Medical Centre, Amsterdam, The Netherlands 
4. Novartis Pharma Ag, Basel, Switzerland 
5. Centre for Tropical Mediane, Nuffield Department of Medicine, University of 

Oxford, UK 

or publication 



Chapter 4 

80 



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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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. 
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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 
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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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Efficacy of six doses of artemether-lumefantrine in treatment of falciparum malaria 

Summary 

The new oral fixed combination artemether-lumefantrine (CGP 56697) has proved 

an effective and well tolerated treatment of multi-drug resistant falciparum malaria, 

although cure rates using the four dose regimen have been lower than with the 

currently recommended alternative; artesunate-mefloquine. Two six-dose 

schedules (total adult dose 480 mg artemether and 2,880 mg of lumefantrine) were 

therefore compared with the previously used four-dose regimen (320 mg 

artemether and 1,920 mg of lumefantrine) in a double blind trial involving 359 

patients with uncomplicated multi-drug resistant falciparum malaria. There were 

no differences between the three treatment groups in parasite and fever clearance 

times, and reported adverse effects. The two six-dose regimens gave 96.9% and 

99 .1% adjusted 28 day cure rates respective!}-, compared to 83.3% for the four-

dose regimen (P<0.001). These six dose regimens of artemether-lumefantrine 

provide a highly effective and very well tolerated treatment for multidrug resistant 

falciparum malaria. 

Introduction 

Multidrug resistant falciparum malaria is a major health problem m many parts of 

South East Asia. This region harbors the most drug resistant malaria parasites in 

the world. On the western and eastern borders of Thailand, P. falciparum has now 

developed resistance to almost all available antimalarial drugs.1 The standard 

treatment for uncomplicated falciparum malaria in these border areas is a 

combination of high dose mefloquine (25 mg base/kg) and three days of 

artesunate (total dose 12 mg/kg) . 2 4 This remains over 95% effective but as 

mefloquine resistance increases, the efficacy of combination therapy is expected to 

decline. Alternative treatments are needed urgently. The combination of 
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artemether and lumefantrine, formerly named benfiumetol, was developed by the 

Chinese Academy of Military Medical Sciences and has been registered in China 

for many years. Several studies using a modified formulation (CGP 56697; 

Novartis Pharma AG) have been conducted in different areas during the last two 

years to establish the efficacy, safety, and tolerability of artemether-lumefantrine. 

The combination drug has proved very- well tolerated and effective. Two 

comparative studies were conducted recently in Thailand using an average total 

dose of 6.4 m g / k g [25-75 percentiles (5.8-7.0)] of artemether and 38.4 m g / k g [25-

75 percentiles (34.9-41.7)] of lumefantrine given in four doses over 48 hours. The 

fixed combination treatment was well tolerated, and was associated with fewer side 

effects than the standard artesunate-mefloquine comparator, but gave inferior cure 

rates. The adjusted 28 day cure rates were 85.2% compared to 97.7% with the 

mefloquine-artesunate regimen on the North Western border,5 and were 69.3% 

compared to 82.4% with mefloquine alone in Bangkok. Pharmacokinetic-

pharmacodynamic modelling of these and other data has shown that the area 

under the lumefantrine plasma concentration time curve is die major determinant 

of therapeutic outcome following artemether-lumefantrine treatment. This 

suggested that the inferior cure rates could be explained by inadequate dosing in 

this area where highly drug resistant parasites are prevalent. We have dierefore 

conducted a do se-optimisation trial with two higher dose regimens, in comparison 

with the previously used four dose regimen, in adults and children presenting with 

uncomplicated falciparum malaria living in Thailand. 

Patients and methods 

This randomized double blind trial was conducted in two different centers. Center 

1 was the Depar tment of Clinical Tropical Medicine, Faculty of Tropical Medicine, 

Mahidol University, Bangkok, Thailand. This hospital received patients mainly 
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from drug resistant malarious areas on the western border of Thailand. Center 2 

consisted of three malaria clinics in Mae La, a camp for Karen displaced people on 

the Nor th Western border of Thailand. Patients who were enrolled in the study in 

center 1 were kept as inpatients fore 28 days so that reinfection could be excluded 

confidently, and patients enrolled at center 2 were treated on an outpatient basis, 

i.e. they remained in the transmission area and reinfection could occur. This study 

was approved by the Ethical and Scientific Committees of the Faculty of Tropical 

Medicine, and Mahidol University, and also the Karen Refugee Committee. 

Treatment. Patients presenting with microscopically confirmed falciparum malaria 

were enrolled in the study. The patients or their parents were given written 

information translated in their language. If they gave written informed consent 

they were allocated randomly to receive either the four dose regimen or one of the 

two six dose regimens of artemether-lumefantrine (Novartis Pharma A G , Basel, 

Switzerland). Tablets (active or placebo) were given over five days to all patients. 

The drugs were contained in identical numbered opaque packets and the patients 

and investigators were 'blind' to their contents. An identical placebo was used to 

replace the active drug at the relevant doses (Table 1). Randomisation was in 

blocks of six treatments. Pregnant or lactating women, children under two, and 

patients with severe or complicated malaria,6 requiring parenteral treatment were 

excluded from the trial. At enrollment (Day 0), a medical history was obtained and 

a full physical examination was performed, and blood was taken for quantitative 

parasite counts and routine hematology. The same screening procedures were used 

for patients presenting in center 1 and center 2. Food-intake was recorded for each 

drug administration from the nursing record (center 1) or by questioning the 

patients (center 2). All information was recorded on a standard case record form. 
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Table 1: Dosage of different drug regimens (adult dose). 

Day 1 Day 2 Day 3 Day 4 Day 5 
Time ' 0 

Hrs 
8 
Hrs 

24 

Hrs 
36 
Hrs 

48 
Hrs 

60 
Hrs 

7 0 

Hrs 
96 
Hrs 

REGIMEN 1 D D D P D P P P 
REGIMEN 2 D D D D D D P P 
REGIMEN 3 D D D P D P D D 

D - Dose, P= Placebo-tablets 
* Times of administration were approximate, corresponding to morning and afternoon. 

The dosage was adjusted according to patient's body weight as follows: 

< 15 kg 1 Tablet per dose 

15-25 kg 2 Tablets per dose 

25-35 kg 3 Tablets per dose 

> 35 kg 4 Tablets per dose 

Each tablet contains: 20 mg artemether and 120 mg lumefantrine. 

Patients presenting at center 1 had blood smears and oral temperature recorded 12 

hourly for the first 72 hours. Thereafter temperature was measured and recorded 

every 12 hours and blood microscopy performed once daily until day 7. Each 

patient was then seen daily between day 7 and day 28 and blood smears and 

temperatures were checked weekly. Blood was taken for complete hematology and 

biochemistry at baseline, days 3, 5, 7 and 28. Electrocardiograms were performed 

at baseline and days 2, 3, 4, 7 and 28. The E K G ' s were taken 4-6 hours after 

dosing on days 2, 3, and 4 and the time was recorded. These were interpreted, with 

special emphasis on QTc duration, by an independent cardiologist who did not 

know of the treatment allocation. 
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Patients presenting in center 2 were treated as outpatients. All patients were 

examined and blood smears were taken daily until they became asymptomatic and 

aparasitemic, and they were then seen weekly for at least four weeks, and then if 

possible for a further five weeks. Where possible a home visitor traced patients 

who failed to attend. At each weekly visit a blood smear was taken and a 

questionnaire about possible adverse effects, was completed. A neurological 

examination was perfonned at baseline, days 3, 7, 28 and 63. This included: 

Romberg's test, assessment of gait and balance (walking along a straight line heel to 

toe), fine finger dexterity (ability to pick up a small tablet), tests of auditory and 

visual acuity, an assessment for nystagmus, and documentation of any behavior 

abnormality. Blood was taken for full blood counts at baseline and days 3, 7, and 

28. 

In both centres serious adverse experiences were reported separately and notified 

to the trial monitor immediately. A blood smear was also taken from any patient 

complaining of fever or symptoms compatible with malaria during the follow up 

period. Parasite counts were determined on Giemsa-stained thick and thin blood 

films. If the count on the thick film exceeded 500 parasites per 500 white blood 

cells, the thin film result (expressed as the number of infected erythrocytes per 

1000 red blood cells) was recorded. The time to parasite clearance was defined as 

the time from the first treatment dose until the first of the two consecutive slides 

were negative for P. falciparum. Time to fever clearance was calculated for patients 

with an admission axillary temperature >37.5°C and defined as the time until the 

temperature fell below and remained below 37.5°C for at least 2 days. 

Drug regimens. Artemether-lumefantrine is dispensed as a fixed dose 

combination tablet. Each tablet contains 20 mg of artemether and 120 mg of 

lumefantrine. The number of tablets was given according to the patient weight 
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(Table 1). The minimum dosage for patients weighing less than 15 kg was one 

tablet per dose, and for adults >35kg four tablets per dose were given. Regimen 1 

is the four dose regimen, regimen 2 the six dose regimen given over three days 

twice daily, and in regimen 3 the six dose regimen given over five days. Drug 

administration was observed in all cases. The exact time for each dosage was 

recorded in the case report form. If the first dose was vomited during the first 

hour after intake the whole dose was repeated. If a patient was unable to tolerate 

the medication because of repeated vomiting, or the patient's medical condition 

deteriorated, then rescue parenteral medication was initiated and the patient was 

excluded from the trial. The rescue medication for center 1 consisted of 

intravenous artesunate (120 mg, stat followed by 60 mg daily) and for center 2 

consisted of intramuscular artemether (3.2 mg/kg) followed by oral artesunate (12 

mg/kg total dose given over 7 days). 

Recrudescent infections. Patients whose parasitemia cleared within 7 days but 

whose smear became positive again during the follow up period (days 7-28) for 

either for P. falciparum, or a mixed infection including P. falciparum, were defined 

as treatment failures. In center 2 the follow-up period was extended to 63 days. 

Treatment failures in center 1 were retreated with artesunate (4 mg/kg for 4 days) 

plus mefloquine (25 mg/kg) or quinine (300 mg three times daily for 7 days) and 

tetracycline (250 mg three times daily for 7 days). In center 2, recrudescent 

infections were retreated with seven days of artesunate (12 mg/kg total dose). 

Doxycycline (4 mg/kg/day) for seven days, was added if the patient was older than 

8 years of age and not pregnant. 

PCR adjustment for reinfections. The study primär)' end point was the 

incidence of reappearance of parasites within 28 days in the three treatment 

groups. Because the patients from centre 2 (Mae La) continued to live in the area 
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of malaria transmission, re-infection during the follow up period was possible. 

Blood samples on filter paper were therefore taken on admission to the study and 

on the day of reappearance of parasites. Recrudescences were distinguished from 

re-infections by parasite genotyping of three polymorphic loci (MSP, MSP2 

GLURP) using polymerase chain reaction (PCR) (A. Broekman: unpublished 

observations). Genotyping was performed blinded to the clinical details of the 

patients. Although the patients from center 1 were hospitalised during 28 days the 

same procedure was also performed to validate the genotyping methodology. 

In vitro sensitivity tests. In vitro antimalarial sensitivity tests were done on 

admission in center 2, using fresh isolates in a subgroup of 50 patients, and were 

performed for all patients on the day of reappearance of parasites. Inhibitory 

concentrations were determined by the radiolabelled hypoxanthine uptake 

inhibition method7. 

Monitoring. This trial was part of the phase III evaluation of artemether-

lumefantrine (CGP 56 697) as a new antimalarial drug. Both the clinical conduct 

and the laborator)' procedures were reviewed at regular intervals by the sponsor's 

monitors. 

Statistical analysis. The trial was designed to show improvement in efficacy 

between the four dose regimen and the two higher dose regimens of artemether-

lumefantrine in terms of the 28 day cure rate. The four dose (regimen 1) was 

tested against both of the six dose regimens separately (a = 2.5%). Assuming a 

80% cure rate for regimen 1 and a 95% cure rate for regimen 2 and 3 and allowing 

for a drop-out of 15% before day 28, the number of patients required in each 

treatment arm was 122 patients, a total of 366 patients ( 61 complete blocks of 6 

patients). Categorical data were analyzed by the chi-squared test. The 28 day cure 
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rates were analysed using the Cochran-Mantel-Haenszel test controlling for center. 

The analysis of the 28-day cure rate was performed both for the intention-to-treat 

and for the évaluable patient populations. An adjusted analysis was conducted 

using logistic regression. Parasite and fever clearance times were all evaluated by 

survival analysis using the log rank test with Kaplan Meier estimates of the survival 

function and Cox regression analysis. 

Results 

Between September 1996 and February 1997 359 patients were recruited to the two 

centers, 100 patients in center 1 and 259 in center 2. 120 patients received the 

regimen 1, 118 the regimen 2, and 121 the regimen 3. A total of 53 patients were 

excluded for the évaluable patient population analysis for the following reasons: did 

not meet protocol criteria (1), non-compliance (1), administrative problems (1), lost 

to follow-up (43) deaths (2), and concomitant use of trimethoprim-

sulphamethoxazole (5). Thus, 85.2% (306/359) of the patients could be assessed for 

the 28-day cure rate. Patients who received the four dose regimen (regimen 1) 

received a median of 6.4 m g / k g total dose of artemether (25-75th percentiles 

[5.8,7.1]) and a median of 38.4 m g / k g total dose of lumefantrine (25-75th percentiles 

[34.9, 42.7]). Patients who received the six dose regimen 2 or 3 had a median of 9.6 

mg /kg [8.7, 10.7] and 9.8 m g / k g [8.9, 10.9] of artemether and 57.9 m g / k g [52.4, 64] 

and 58.8 m g / k g [53.3, 65.5] of lumefantrine respectively. Overall 309 out of 359 

(86.1%) patients could be followed until day 28 (although not all of these were 

évaluable). The proportions of patients lost to follow-up were similar in the three 

treatment groups. In center 2, 96 (37%) of patients were followed for 42 days, and 

73 (28%) of the patients were followed for 63 days. Baseline characteristics of 

patients in the three different treatment groups were similar (Table 2). O f the 259 
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Table 2: Baseline characteristics of the patients 

All patients 
Regimen 1 
N= 120 

Regimen 2 
n= 118 

Regimen 3 
n= 121 

dotal 
u= 359 

Sex (males) 
N (%) 

83 (69%) 86 (73%) 81 (67%) 250 (70%) 

Age (years) 
Median (range) 

24 
3-75 

23 
3-62 

21 
5-60 

23 
3-75 

Weight (kg) 
Median (range) 

49.5 
12.5-92 

49.3 
10-90 

48 
12-76 

49 
10-92 

I Iematocrit (%) 
Median (range) 

37.7 
19.8-56 

37.4 
18.8-51 

37.5 
18-50.8 

37.5 
18-56 

Hepatomegaly 
N (%) 

21 (18%) 22 (19%) 23 (19%) 66(18%) 

Splenomegaly 
N (%) 

28 (23%) 24 (20%) 24 (20%) 76 (21%) 

Temperature 
Median (range) 

37.6 
36-40.8 

37.6 
36-40.8 

38 
36-41.5 

37.8 
36-41.5 

Parasite density 

(/[iL) * 

10,273 
381-199,980 

9,260 
415-195,735 

10,153 
290-464,880 

9,889 
290-464,880 

Parasite density 

(/(JT)* Center 1 

16,110 
552-158,360 

12,113 
512-189,740 

17,536 
612-464,880 

15,135 
512-464,880 

Parasite density 

(/]XL) * Center 2 

8,599 
381-199,980 

8,380 
413-195,735 

8,201 
290-151,112 

8,391 
290-199,980 

Geometric mean (range) 

Children < 12 years 
Regimen 1 
n= 12 

Regimen 2 
n= 18 

Regimen 3 
n=' 13 

Total 
n= 43 

Sex (males) 
N (%) 

8 (67%) 9 (50%) 9 (69%) 26 (60%) 

Age (years) 
Median (range) 

6 
3-12 

8 
3-12 

10 
5-12 

8 
3-12 

Weight (kg) 
Median (range) 

15 
12.5-35 

18.5 
10-26 

22 
12-32 

18 
10-35 

I Iematocrit (%) 
Median (range) 

31.1 
24.1-43.4 

35.8 
24.2-40.2 

33.3 
30.7-43.2 

33.9 
24.1-43.4 

1 lepatomegaly 
N (%) 

2(17%) 5 (28%) 5 (38%) 12(28%) 

Splenomegalv 
N (%) 

6 (50%) 9 (50%) 8 (62%) 23 (53%) 
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patients recruited at center 2, 43 (16.6%) were children under 12 years of age. 

Children presented more often than adults with hepatomegaly (28% vs. 18%, 

RR=1.52; 95% CI=0.90-2.57, P=0.136) and splenomegaly (53% vs. 21%, 

RR=2.53; 95% CI=1.79-3.56, P<0.001). Parasitemias were higher in center 1 with 

a median of 16,500uL (25-75th percentiles 4,830-44,080) compared to 5,450/uL 

(1,611-45,593) in center 2; P=0.008. 

Clinical and parasitological responses. There was no difference in fever 

clearance times between the three treatment groups (P=0.38, Table 3). The 

patients in center 2 defervesced earlier than patients in center 1: 21 (20-43) versus 

36 (32-60) hours respectively (P<0.001). All patients cleared their peripheral 

Table 3: Parasite and fever clearance times 

Regimen 1 Regimen 2 Regimen 3 

Parasite clearance time 
(median and 25-75th percentiles) 
( )\ erall study population n= 120 

44 [34,511 hours 
n= 118 
44 |22,47] hours 

n= 121 
44 [40,471 hours 

Center 1, Bangkok n = 3 4 
52 [41,59] hours 

n = 3 2 
53 [44,65] hours 

n= 34 
50 |42,63] hours 

Center 2, MaeLa n = 8 6 
44 [21,45] hours 

n= 86 
43 [21,45| hours 

n= 87 
43 [22,45] hours 

1 'ever clearance time 
(median and 25-"5th percentiles) 
( )verall study population n= 61 

23 [20,44] hours 
n= 59 
35 |20,46] hours 

n = 8 0 
22 [20,44] hours 

(-enter 1, Bangkok n= 17 
36 [35,58] hours 

n= 18 
38 [24,47] hours 

n= 20 
36 |23,60] hours 

Center 2, MaeLa n = 4 4 
21 [20,431 hours 

n=41 
22 |20,45| hours 

n = 6 0 
21 [20,42] hours 
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parasitemia rapidly. Overall there was no difference in parasite clearance times 

between the three treatment groups. The median time to parasite clearance time 

(PCT) was 44 hours for all the three regimen (P=0.96, Wilcoxon, Table 3). 

However parasite clearance was faster in center 2 than in center 1; 43 hours (25-

75th percentiles (21-45) compared with 52 (42-64) hours, P<0.001, Table 3, 

presumably because of their lower baseline parasite counts. High admission 

parasitemia was a risk factor for delayed parasite clearance time, (P<0.001). All 

patients with mixed infections cleared their admission P.vivax parasitemias rapidly. 

Gametocyte carnage. In total 18.4% (66/359) of the patients had gametocytes 

detected during the first 72 hours of treatment. Gametocytes were seen more 

frequently in center 1; 38/100 (38%) than in center 2; 28/259 (10.8%), RR= 3.5 

[2.3, 5.4] (P<0.001). The median gametocyte clearance time in center 2 was 

shorter than the gametocyte clearance time in center 1, 69 hours (25-75th 

percentiles:[43,164] hours) versus 159 hours (25-75th percentiles:[92-281] hours), 

respectively P=0.0032. There was no difference between the treatment regimens 

in gametocyte clearance times (P=0.5). 

Treatment efficacy. During the 28 day follow up, 8.2% (25/306) of the évaluable 

patients had reappearance of parasites: 19.2% (20/104) in regimen 1, 3 .1% (3/96) in 

regimen 2 and 1.9% (2/106) in regimen 3 (P<0.001). O f these, 24 cases were 

evaluated by PCR genotyping. As expected there were no reinfections among the 13 

recurrent infections in center 1, but four of the 11 recurrent malaria episodes were 

new infections in center 2. The adjusted 28 days cure rates, excluding patients with 

reinfections, were therefore 83.3% for regimen 1, 96.9% for regimen 2, and 99 .1% for 

regimen 3 (PO.001) . Cure rates assessed on day 28, for the intention-to-treat 

population and for the évaluable patients (adjusted using the PCR results) are shown 

in Table 4 and Table 5. These are compared with those of the previous trials at 
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Table 4: 28 day cure rates for the intention-to-treat population (counting all patients 

who could not be followed for 28 days as failures, and not adjusting for PCR results) 

28 day cure rates (95% CI) 

lntcntion-to-rrr.it population 
( K'crall study population 

Center 1, Bangkok 

Center 2, MaeLa 

Regimen 1 

n= 120 
70.8 |61.8,78.8| % 

n= 34 
58.8 [40.7,75.4] % 

n= 86 
75.6 [65.1,84.2) % 

Regimen '. 

n= 118 
81.4 [73.1,87.9] % 

n= 32 
84.4 [67.2,94.7] % 

n= 86 
80.2 [70.2,88.0] % 

Regimen 3 

n= 121 
86.0 [78.5,91.6] % 

n = 3 4 
88.2 [72.5,96.7] % 

85.1 (75.8,91.8] % 

Table 5: Adjusted 28 day cure rates for the évaluable patient population (excluding 
patients without follow-up at 28 days as well as patients with new infections based 

on PCR results) 

28 day cure rates (95% CI) Regimen 1 Regimen 2 Regimen 3 
Evaluable patients 

( )verall study population n= 102 
83.3 [74.7,90.0] % 

n = 9 6 
96.9 [91.1,99.4] % 

n= 106 
99.1 [94.9,99.1] % 

(.enter 1, Bangkok n = 3 0 
66.7 [47.2,82.7] % 

n= 29 
93.1 [77.2,99.2] % 

n=31 
96.8 |83.3,99.9) % 

Center 2, MaeLa n= 72 
90.3 (81.0,96.0] % 

n= 67 
98.5 [92.0,100] % 

n= 75 
100 195.2,100] % 

these same study sites in Table 6. Both of the six dose regimens gave significantly 

better 28 day cure rates than the four dose regimen (P<0.001). The adjusted 

analysis of 28 day cure rates indicated a significant difference between the two 

centers (OR= 2.77; 95" o CI=1.08-7.08, P=0.03 , Table 4). After adjusting for all 
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confounders (parasite density, temperature, age, sex, weight, previous infection, 

food intake and center) both the six dose regimens remained significantly superior 

to the four dose regimen (P<0.001). The odds ratios for cure with regimens 2 or 3 

compared with regimen 1 were 9.62 (95% CI=2.58-35.88) and 16.10 (95% 

CI=3.45-75.11), respectively. 

Table 6: Adjusted 28 day cure rates (95%CI) for the évaluable patient population in 
three different trials in Thailand (excluding patients without follow-up at 28 days and 

patients with PCR confirmed new infections) 

Bangkok Mae La 
Evaluable patients 
Artemether-lumefantrine: 
Four dose regimen 

Four dose regimen 
(previous trials)! 

Six dose regimen (3 davs) 

Six dose regimen (5 davs) 

66.7% [47.2,82.7] % 

69.3% [60.0,77.6] % 

90.3% [81.0,96.0] % 

85.2% [80.3,89.2] % 

Artemether-lumefantrine: 
Four dose regimen 

Four dose regimen 
(previous trials)! 

Six dose regimen (3 davs) 

Six dose regimen (5 davs) 

93.1% [77.2,99.2] % 

96.8% [83.3,99.9] % 

98.5% [92.0,100] % 

100% [95.2,100] % 

Mefloquine (previous trial)f 82.4% [74.3,88.7] % -

Artesunate and mefloquine 

(previous trial)'' 

97.7% [95.1,99.2] % 

The double-blind study versus mefloquine m Bangkok (1995-96) included 252 
patients 
(233 évaluable patients, 114 on artemether-lumefantrine, 119 on mefloquine) 
The study versus artesunate-mefloquine in MaeLa (1996) included 617 patients 
(263 évaluable patients in each group)3 
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O f the patients who were followed after the four-week follow-up until day 63 in 

center 2, only 6 (2 in each treatment group) patients presented with reappearance 

of parasites. Of these two were recrudescent infections (1 on day 36 in regimen 1 

and 1 on day 43 in regimen 3) and four were newly acquired infections. During the 

study, 54 patients (11 in center 1, 43 in center 2) had an intercurrent P. vivax 

infection and were treated with chloroqume. The median time to reappearance of 

P. vivax was 29 (23-30) days for regimen 1, 29 (26-36) days for regimen 2 and 37 

(29-43) days for regimen 3, (P=0.028) 

P. falciparum in-vitro sensitivity. The geometric mean I C 5 0 of primary 

infections was 43 n g / m L (95% CI: 36-52, n=29) for lumefantrine and 5.5 n g / m L 

(95% CI: 4.5-6.8, n=37) for artemether. The I C 5 0 values in the recrudescent 

isolates were very similar; the geometric mean 34 n g / L (95% CI: 25-47, n=13) for 

lumefantrine and 5.4 n g / L (95% CI: 6.3-7.3, n=13) for artemether. All these values 

are within the range of full sensitivity. 

Re-treatment. The 25 patients with reappearance of parasites during the 28 day 

follow up were retreated with either artesunate plus mefloquine (10 patients in 

center 1), quinine plus tetracycline (3 patients in center 1), artesunate plus 

doxycycline (11 patients center 2), or artesunate alone (1 patient center 2). 

Another 6 patients in center 2 had reappearance of parasites after day 28 but 

before day 63. These patients received artesunate plus doxycycline (5 patients) and 

one patient received artesunate plus mefloquine. In center 2, 84% of the patients 

with reappearance of parasites were followed for another 63 days. One patient 

(treated with artesunate plus doxycycline ) had a further recrudescence of parasites 

during this period and was successfully retreated with a repeat course of artesunate 

and doxvcYcline. 
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Adverse effects. Only four patients vomited the first dose, and this was 

readministered. Thereafter only one patient vomited dose 2, one dose 3, and 

another dose 4. More than 60% of the patients in each treatment group presented 

with symptoms, attributed to malaria: headache (>90%), anorexia (>75%), asthenia 

(>66%) arthralgia (>60%), myalgia (>59%) and dizziness (58%). These 

symptoms, which were present on admission, disappeared rapidly with treatment 

in all groups. Overall, a similar percentage of patients in each treatment group 

presented with adverse experiences (mainly within the first week) which could 

possibly have been related to the trial drug: 16.7% (20 patients) in regimen 1, 

16.1% (19 patients) in regimen 2 and 14.9% (18 patients) in regimen 3. All related 

adverse experiences were mild or moderate in severity and could also have been 

attributed to malaria. There were no significant adverse cardiovascular effects 

during the trial. 

In center 2 regular neurological examinations were performed. Four patients had 

neurological abnormalities on admission considered to be malaria related, 

(abnormal gait, tremor, positive Romberg test). These resolved after the 

antimalarial treatment. One patient who received regimen 1 had transient hearing 

loss on dav 7, which resolved at day 28 follow-up. N o other neurological 

symptoms based on these examinations •were recorded. 

O n admission 37% (42/113) of patients who had received regimen 1, 3 3 % 

(38/115) who received regimen 2, and 38% (45/120) who received regimen 3 had 

a hematocrit below the normal range (30%). After three days there was an 

expected fall in hematocrit to below the normal range in all the groups; 49% for 

regimen 1, 54% for regimen 2, and 5 5 % for regimen 3 respectively. By day 7 these 

has begun to rise again, and in four weeks most patients' hematocrits had 

recovered to baseline. At this time 3 5 % of the patients who had received regimen 
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1, 24% who received regimen 2, and 2 1 % who received regimen 3 still had a 

hematocrit below the normal range. Thus there were no differences in 

hematological responses between the three regimens. 

Five serious adverse events were reported during the trial, four in the regimen 1 

group and one in the regimen 3 group. These were considered unrelated to 

treatment. One patient in center 1 with a baseline paraskaemia of 67.650/uL had 

high levels of serum bilirubin, creatinine and urea at baseline. He deteriorated 

within 9 hours, was transferred to ICU, and rescue medication with intravenous 

artesunate was given. The patient recovered and was discharged. Two other 

patients m center 2 died accidentally, one was shot, and the other one stepped on a 

landmine and died directly afterwards. The two other patients developed hepatitis 

and typhoid fever respectivelv. 

Electrocardiographic results. Electrocardiographic monitoring was only 

performed in center 1 at baseline and on days 2, 3, 4, 7 and 28. EKG's were 

reviewed by an independent cardiologist at the end of the studv. On admission 

fever related tachycardia was noted. Defervescence during treatment was 

associated with a normalisation of the heart rate. N o changes in QRS duration and 

PR interval were noted during treatment. Three patients had a baseline QTc of 

566, 582 and 512 msec but after treatment their QTc values normalised. After 

baseline no patient had an absolute QTc-value measured by the reviewer of more 

than 500 msec. In total 13 patients had an increase in Q T c of >30msec after 

baseline, with the consequence that the QTc exceeded the normal limit of 430 

msec (male) or 450 msec (female). O f those patients an increase in QTc of more 

than 60 msec was seen in only two patients (one patient treated with regimen 2, 

and one patient treated with regimen 3). The mean and median QTc values were 

not affected bv the three different treatments. 
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Discus s ion 

Studies with the new fixed antimalarial combination tablet of artemether and 

lumefantrine, conducted in China, Europe, Africa and South East Asia have shown 

good antimalarial efficacy with an excellent profile of safety.5-*.'-1 The two 

components of the fixed combination are mutually complementary. Oral 

artemether is absorbed rapidly, has potent intrinsic antimalarial activity, but is 

eliminated quickly with a biological half life for both artemether, and its active 

metabolite dihydroartemisinin, of approximately one hour.1" A three day regimen 

with oral artemether covers two asexual parasite life cycles, and this reduces the 

8 
malaria parasite biomass by approximately 10 fold.11 Oral lumefantrine is 

absorbed slowly (oral bioavailability is influenced considerably by concomitant 

intake of food-particularly fats) and it is intrinsically less active in terms of parasite 

clearance. In patients with uncomplicated malaria the mean terminal elimination 

half life of lumefantrine is between 3 and 4 days.12 Thus artemether reduces the 

parasite biomass substantially, and then the more slowly eliminated lumefantrine 

eliminates the small proportion of residual parasites. 

In two trials in Thailand, the combination of die four dose regimen of artemether 

(median total dose; 6.4 mg/kg) and lumefantrine (median total dose; 38.4 mg/kg) 

was effective against multi-drug resistant falciparum malaria, but cure rates were 

inferior to those with the standard artesunate-mefloquine combination regimen 

now used generally for the treatment of uncomplicated falciparum malaria in the 

area. Pharmacokinetic-pharmacodynamic analysis indicated that the principle 

pharmacokinetic determinant of the efficacy of the combination was the area 

under the lumefantrine plasma concentration-time curve.I2-13 Furthermore the dose 

of artemether used in this fixed combination was lower than that used in 

combination regimens with mefloquine4-5 (although parasite clearance rates were 
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similar). For oral artesunate (which gives very' similar therapeutic responses to oral 

artemether) optimum treatment for uncomplicated falciparum malaria in adults 

and children consists of a three day course with a total dose of 12 mg/kg of 

artesunate, plus a total dose of 25 mg/kg of mefloquine.11 These data suggested 

that the inferior 28 day cure rates could be attributed to the relatively short course 

and low doses of either artemether or lumefantrine. Thus die use of a higher dose 

or a longer course of artemether-lumefantrine was expected to improve the 

efficacy of this combination. 

This trial demonstrated that these predictions are correct; the fixed combination of 

artemether and lumefantrine given as six doses over three or five days produced a 

significandy higher cure rate than the lower doses in the four dose regimen. The 

recrudescence rate with the four dose regimen in this trial is similar to that which 

we have reported previously in a comparable group of patients. However, both six 

dose regimens produced nearly 100% cure rates and these are similar or better than 

those reported currently for the standard mefloquine-artesunate combination. 

There were differences in the speed of fever and parasite clearance times between 

the two study centers. These were explained by differences in admission parasite 

counts Patients admitted to center 1 were often non immune adults presenting 

later to medical attention whereas those in center 2 were partly-immunes living in 

an endemic area with immediate access to malaria diagnosis and treatment. 

Patients in center 1 had significantly higher admission parasitaemias, a known 

determinant of therapeutic response, and lower cure rates than at center 2. 

The rapid therapeutic responses associated with artemether indicate that relatively 

few parasites are exposed to lumefantrine alone (i.e. after the artemether has been 

eliminated). Assuming maximum activity of artemether, and a constant fractional 
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reduction in parasitaemia per cycle, then the three day regimen would be expected 

to leave a maximum of 100,000 parasites, and the five day regimen 10 to 100 

parasites for lumefantrine to remove alone. Furthermore no parasites are exposed 

to artemether alone. Thus the two drugs are mutually protective, and indeed there 

was no in-vitro evidence for the development of resistance in die small number of 

recrudescent isolates. As they have different mechanisms of action, the chances 

that drug resistant parasite mutants would survive are reduced considerably.14 The 

residual 'tail' of lumefantrine concentrations that persists after elimination of 

artemether does provide a potential selective pressure to the development of 

resistance if new infections are aquired during this period. However the terminal 

elimination half-life of 3-4 days ensures that this is considerably less than for 

mefloquine (t i/2=2-3 weeks) although comparable to halofantrine and 

pyrimethamine. The selective pressure from newly aquired infections is less than 

that provided by the primary symptomatic infection because the number of 

parasites at the onset of malaria is much lower than that when symptoms occur. 

Artemether has the additional benefit of lowering transmission of the infection by 

inhibiting gametocyte development.15 In this trial no patient developed 

gametocvtemia following treatment. This can reduce the dissemination of resistant 

parasites, and in areas of low malaria transmission areas, could have an important 

effect on the incidence of malaria. 

Pharmacokinetic data will be required to determine whether the improved efficacy 

of the three day artemether-lumefantrine regimen resulted from higher blood 

levels of artemether of lumefantrine. These higher doses were not associated with 

any significant toxicity. There was no evidence of neurotoxicity or cardiotoxicity. 

Vomiting rates were low: only 1% of patients reported vomiting in relation to the 

trial drug in the current investigation, compared with our previous study in which 

3 % vomited with the four dose regimen, and 13% with artesunate-mefloquine 
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treatment* Other upper gastrointestinal side-effects were generally mild, and could 

not be distinguished from those related to acute malaria. Indeed it was not possible 

to attribute any adverse affect to this drug with certainty. Artemether-lumefantrine 

given in a six dose regimen over three or five days is as effective as the best 

treatment currently available for multi-drug resistant falciparum malaria, but has 

the advantage of being better tolerated than regimens which contain mefloquine. 

Further trials with these higher dose regimens are now in progress, and if these 

confirm the results of the present study, this combination antimalarial should 

become more widely available m the near future. 
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Lumefantrine pharmacokinetics and pharmacodynamics 

Abs t rac t 

Artemether-lumefantrine is a new and well tolerated oral antimalarial combination 

active against multi-drug resistant falciparum malaria. In a prospective population 

pharmacokinetic and pharmacodynamic evaluation, three combination regimens 

containing an average adult lumefantrine dose of A; 1920mg over 3 days (4 doses), 

B; 2780mg over 3 days (6 doses), and C 2780mg over 5 days (6 doses), were given 

to 266 patients with acute falciparum malaria in Thailand. The population 

absorption half life was 4.5 hours. The model based median (5th and 95 lh 

percentile) peak plasma lumefantrine concentrations were A: 6.2 (0.25, 14.8) 

Ug/mL, B: 9.0 (1.1, 19.8) ug /mL, and C: 8 (1.4, 17.4) ug /mL. During acute malaria 

the fraction of drug absorbed varied markedly between patients (coefficient of 

variation 150%). With clinical recovery the fraction increased considerably, and 

variability fell, largely because food intake was resumed; taking a normal meal close 

to drug administration increased oral bioavailability by 108% (90% CI= 64-164; p 

= 0.0001). The higher dose regimens gave 60 and 100% higher AUCs respectively, 

and longer durations for which plasma lumefantrine exceeded the putative in-vivo 

MIC of 280ng/mL; B: median 252 hrs, C: 298 hrs, compared to A 204 hrs (p = 

0.0001), and higher cure rates. There was no evidence that lumefantrine prolonged 

the E K G QTc interval. 

Lumefantrine oral bioavailability is very dependent on food, and is consequently 

poor m acute malaria, but improves markedly with recovery. The high cure rates 

with six dose regimens result from increased AUC values and increased time above 

the in-vivo MIC. 
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Introduction 

The combination of the artemisinin derivative artemether, and lumefantrine 

(previously called benflumetol) in a 1:6 ratio is a new, effective, and well tolerated 

antimalarial.1.2 Trials, first in China (where the drugs were discovered), and 

subsequently in Asia and Africa have shown that this combination is active even 

against multi-drug resistant falciparum malaria, and was not associated with any 

serious toxicity. Lumefantrine was synthesized originallv by the Academy of 

Military Medical Sciences in Beijing. It is a racemic fluorene derivative with the 

chemical name 2-dibutylamino-l- {2,7-dichloro-9-(4-chlorobenzylidene)-9H-

fluoren-4-yl}-ethanol. It conforms structurally, physicochemically, and in mode of 

action to the aryl amino alcohol group of antimalarials including quinine, 

mefloquine, and halofantrine. Preliminary studies of the pharmacokinetic 

properties of lumefantrine gave results reminiscent of those of halofantrine,3 with 

variable oral bioavailability (augmented considerably by fats), a large apparent 

volume of distribution, and a terminal elimination half life in malaria estimated 

initially at approximately 4-5 days.4 A four dose regimen of artemether-

lumefantrine has proved highly effective in studies conducted in Africa, India and 

China, but in Thailand, which harbours the most drug resistant ^.falciparum in the 

world, cure rates were inferior to those with the three day artesunate-mefloquine 

combination.5 Previous dose finding studies had suggested that the area under the 

lumefantrine plasma-concentration time curve was the principal determinant of 

cure, and it was predicted that an increase in dose should improve efficacy.4 These 

studies also suggested an increase in oral bioavailability with time, but were 

confined only to four dose schedules. Blinded dose-optimisation trials to test these 

predictions were therefore conducted in which patients with acute uncomplicated 

multi-drug resistant falciparum malaria were randomised to receive one of two six 

dose regimens of this combination or the conventional four dose regimen.2 This 

study combined a conventional in-patient pharmacokinetic study in adults widi a 

146 



Lumefantrine pharmacokinetics and pharmacodynamics 

population based community study of patients of all ages in which recently 

validated capillary blood sampling was used.6 The objective of die 

pharmacokinetic- investigation was to characterise the factors which affect blood 

concentrations of lumefantrine, and thus dierapeutic response. The higher dose 

regimens were designed to provide more sustained blood concentrations of 

lumefantrine and thus improve cure rates in patients receiving six dose schedules. 

Methods 

This study took place in two locations: the Bangkok Hospital for Tropical 

Diseases, and in the malaria research facility at Mae-La, a camp for displaced 

persons of the Karen ethnic minority located on the western border of Thailand. 

Patients were recruited to the study if they had acute uncomplicated falciparum 

malaria, were aged more than two years, (in Bangkok only adults were recruited), 

and had received no artemisinin derivatives within the previous seven days. 

Pregnant women and patients with signs of severe malaria were excluded. All 

patients, or their attendant guardians or relatives, gave fully informed consent. The 

clinical results of this study will be published elsewhere. This study was approved 

by the Ethical and Scientific Committees of the Faculty of Tropical Medicine, and 

Mahidol University, and also the Karen Refugee Committee. 

Procedures. Patients were enrolled after a thin or thick blood smear showed 

asexual forms of P. falciparum. On enrollment a full clinical examination was 

performed and a blood sample taken for hematocrit and quantitative parasite 

count. Artemether-lumefantrine is dispensed as a fixed dose combination tablet. 

Each tablet contains 20 mg of artemether and 120 mg of lumefantrine. The 

minimum dosage for patients weighing less than 15 kg was one tablet per dose, and 

for adults >35 kg four tablets per dose were given. This study was a double blind 

comparison of three dose regimens A, B, and C. Regimen A is the four dose 
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regimen given at 0, 8 , 24, and 48 hours, regimen B is a six dose regimen given over 

three days at 0, 8, 24 , 36, 48 and 60 hours, and regimen C, another six dose 

regimen given over five days at 0, 8, 24 , 48, 72 and 96 hours. The exact time for 

each dosage was recorded in the case report form. Drug administration was 

observed in all cases. If the first dose was vomited during the first hour after intake 

the whole dose was repeated. All patients received either active drug or placebo 

such that the tablet numbers were the same and neither the patient nor the 

investigators were aware of the randomisation. Patients were seen daily for 

recording of temperature, subjective adverse effects, and a neurological 

examination. All patients were seen daily for five days, and were then seen on days 

7, 14, 21, 28, 35, 42, 49, 56 and 63. Recrudescent infections were documented as an 

infection which recurred within the period of observation. In order to distinguish 

recrudescent from newly acquired infections the parasite genotype(s) of the 

admission and the recrudescent isolates were compared using a validated PCR 

method as described previously '. Recrudescences were defined as a pair of 

identical genotypes. 

Pharmacokinetics . In Bangkok, samples of venous blood (7mL) were obtained. 

Blood was withdrawn by venepuncture into heparinized tubes and centrifuged 

without delay at 1000 g for 15 minutes. Thereafter, the plasma was transferred 

immediately into polypropylene tubes and stored at -70°C until shipment. In order 

to characterise the lumefantrine concentration profile accurately in the different 

dosage regimens whilst maintaining blindness, each treatment was dispensed with 

a predefined printed sampling schedule as follows: 

Regimen A: baseline, 4, 8, 24, 28, 32, 44, 48, 60, 72, 80, 120, 168 and 240h. 

Regimen B: baseline, 8, 24, 36, 44, 48, 60, 64, 72, 96, 108, 120, 168 and 240h. 

Regimen C: baseline, 8, 24, 32, 48, 52, 64, 72, 80, 96, 108, 120, 168 and 240h. 

Deviations from the above sampling times by ± l h were allowed. Those taking the 

blood samples were not involved in patient management. 
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At Mae La, up to 4 capillary blood samples were taken from all patients on days 4, 

5 and 6, 7 or 8 for the evaluation of lumefantrine. Additionally, from a subset of 26 

patients, 91 pairs of capillar}' and venous blood samples were collected to test for 

differences in concentration due to the method of blood sampling 15. Venous 

blood samples of 4 m L each were withdrawn bv venipuncture into heparinized 

tubes and centrifuged without delay at 1000 g for 15 minutes. Thereafter, the 

plasma was transferred immediately into polypropylene tubes and stored at -70°C 

until shipment. 

Plasma lumefantrine assay. Lumefantrine was measured in plasma using an 

HPLC method with UV detection.7 The following minor modifications m the 

procedure were made: a centrifugation step of the extracts prior to injection was 

included and the UV wavelength was fixed at 335 nm instead of 215 nm. For 

plasma, inter-assay coefficient of variation for prepared plasma samples at 

concentrations of 57, 83, 138, 220, 608, 1223, 2000, and 2340 n g / m L were 21 .1%, 

10.3%, 3.2%, 7.2%, 4.8%, 4.6%, 4%, and 3.7%, respectively. The limit of 

quantification was therefore set to 57 n g / m L . For capillar}', inter-assay coefficient 

of variation at concentrations of 35, 195, 578, and 1185 n g / m l were 19%, 16%, 

10%, and 9%, respectively. The limit of quantification was therefore set to 35 

n g / m L . 

Pharmacokinetic modell ing. As sampling schedules differed, and in the 

community study only sparse data were available, a population approach to 

pharmacokinetic modelling was taken. Pharmacokinetic modelling was carried out 

using the statistical package S-plus.8 Nonlinear mixed-effects models (NLME) 

were created as described previously. 4>9>10 The characterisation of the 

pharmacokinetics of lumefantrine was carried out in three steps: 
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A two compartment model " was fitted to the venous concentration-time data 

('dense data'). The model was refitted and modified using both venous and 

("'parse') capillar)- data. Pooling of capillary and venous blood sample data was 

considered appropriate as there is no significant difference between capillary 

lumefantrine and venous lumefantrine concentrations. 6 The effects of the 

demographic and clinical characteristics and the measures of disease status (e.g. 

parasite count at baseline) on the pharmacokinetic parameters of the fitted model 

were then explored. A lag time of 2 hours between oral administration and the 

onset of absorption was assumed in estimation of the absorption rate of 

lumefantrine. This estimate of lag time was obtained from previous studies in acute 

malaria which provided more concentration data during the absorption phase. 

Plasma concentrations were modeled as: 

C,(t) = Cprcd,,(t) + e,(t), 

where Q(t) and Cprcd,j(t) are the measured and predicted concentration for the f' 

patient at time t, respectively. The intra-patient variability in plasma concentrations, 

including measurement and assay error £,(t), was assumed to come from a normal 

distribution (with mean 0 and variance (72
E). The inter-patient variabilis in the 

pharmacokinetic parameters was modeled as a proportionality term. For instance 

clearance (CL) for t he / ' ' patient was defined as: 

CL, = CL . exp(T|j,cx). 

CL, as a fixed effect, is the population estimate and exp(TLa.) is the deviation in 

CL for t h e / 7 , patient. The random effects T^ci. were assumed to come from a 

normal distribution (with mean 0 and variance C2a.). The inter-patient CV in CL is 

thus approximated by the estimate of Ca.. Patient characteristics, e.g. body weight 

(BWT), as a fixed effect, was incorporated in the model for clearance as: 

CL, = [CL + G . (BWT)] . expOl,,,:,.), 

where G is the coefficient of BWT. Observed body weight and the other 

continuous covariates were centered by their median values so that the population 
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estimates would represent those of an average patient. The T|'s for the different 

parameters were assumed to be independent of each other. Since volume of 

distribution of the central compartment (V) and the bioavailability fraction (F) 

cannot be estimated simultaneously, F (fraction of the first dose) was fixed equal 

to one to allow estimation of the relative volume (V/f). The bioavailability 

fractions of the subsequent doses (F ..., F ), where n = 8 , could then be estimated 

relative to F in order to estimate changes in bioavailability over time assuming 

constant volume of distribution. F F „ F and F are common for all dose 

regimens. F and F are specific to regimen B, and F and F are specific to regimen 

C. Under this parameter specification, the estimated inter-patient variability in F; is 

the combined variability in F, and in V. The terminal slope, ß, and the transfer rate 

constant from the peripheral compartment to the central compartment, K21, did 

not vary significantly between patients, therefore their variance terms, G2ß and 

<72i<2i, respectively, were set to zero. 

The likelihood ratio test was used to test for the significance of fixed effects. A 

new model was preferred to another if the change in - 2 log likelihood was greater 

than X2, where OC (=0.05) is the significance level and V is the number of additional 

parameters in the new model. Models with different covariance structures, e.g. 

having different number of random effects, were compared using Akaike's 

Information Criterion' (AIC). A model having the largest AIC was considered 

better. Distribution assumptions were examined for validity using normality tests 

and graphical methods. Model goodness-of-fit was assessed using analysis of 

residuals. 

Data on food intake were analyzed to assess the influence of food on the 

pharmacokinetics of lumefantrine. The type of food intake was recorded 

prospectively as either none, liquids only, light meal or normal meal. The exact 

time of food intake was not recorded, only information on the type and whether it 
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was taken prior to dosing was collected. Using the estimated Fi-Fs, a mixed effect 

model was fitted using the procedure M I X E D of the statistical package SAS (SAS 

Institute Inc., Can', NC). Patient-specific effects were considered as random, while 

type of food and the time of intake as fixed effects 

Electrocardiographic correlates. For the 51 adult patients at Bangkok, E K G 

recordings were taken prior to treatment and 3, 4, 5, 8, and 29 days after treatment. 

Standard electrocardiographic (EKG) intervals were recorded automatically at a 

paper speed of 50mm/sec with manual checking of machine estimates. The Q T 

interval was corrected using Bazett's formula QTc = QT/RR"-5. Repeated QTc 

measures were evaluated using a mixed effects model. The effect of age, gender, 

body weight, initial parasite count, baseline QTc, heart rate, day of E K G 

recording, and log lumefantrine were considered as fixed, while patient effect was 

considered as random. Variables on the continuous scale were centered by their 

median values before analysis. A total of 238 pairs of QTc-concentration data were 

available for evaluation. QTc data on day 4 were also evaluated using a fixed effect 

model (without patient effect) with model estimated lumefantrine log AUC (from 

baseline until the 0-time of the E K G recording) as the main independent variable. 

This was done to take into account any possible cumulative effect or asynchrony 

between changes in plasma concentrations and pharmacodynamic effect. 

Results 

Clinical response. In total 266 patients were recruited in the pharmacokinetic 

studies (51 in Bangkok and 215 in Mae La). All patients made an uncomplicated 

recovery from their malaria infection. Treatment with artemether- lumefantrine 

was ven* well tolerated and there were no serious drug attributable adverse effects. 

The median parasite clearance times were the same in each of the three treatment 

groups; 44 hours. The median fever clearance time was 37 hours in Bangkok and 
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21 hours in Mae La. Thus the acute responses to treatment were ven- similar in the 

three treatment groups. Overall cure rates, adjusted for reinfection by PCR parasite 

genotyping, and assessed at 28 days were 8 3 % in the four dose regimen, and 97% 

and 99% with the two high dose regimens (P<0.01). Full clinical details will be 

published elsewhere.2 

Dos ing . Dosing in Bangkok was according to a fixed schedule, i.e. at 0, 8, 24, 36, 

48, 60, 72 and 96 h from start of treatment. Median clock times were 14, 19, 14, 

04, 14, 04, 14, and 14h, respectively. Median dosing times in Mae La from the start 

of treatment were at 0, 8, 20, 27, 44, 51, 68 and 92h. Median clock times were 13, 

21, 09, 16, 09, 16, 09, and 09h, respectively. 

Pharmacokinetics . Approximately fourteen venous samples per patient were 

obtained from 51 patients in Bangkok, giving a total of 655 samples (excluding 

baseline samples). At Mae La, 793 capillar}' samples were obtained from 215 

patients (on average four each). These were collected at approximately 69h 

(N=212), 93h (N=209), 116h (N=104), 140h (N=91), 165h (N=170), and at other 

unscheduled times (N=7). The final pharmacokinetic model selected is shown in 

Table 1; this is a two-compartment open model with first order absorption and 

with élimination from the central compartment. 
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Table 1: Lumefantrine: parameter estimates of the pharmacokinetic model 

derived from 266 Thai patients with acute falciparum malaria. 

Parameter Estimate SE CV (%) 
Ka [h1] 0.17 0.024 72 

a [h '] 0.114 0.012 40 

ß PV] 0.009 0.0013 (not significant)* 

K21 M 0.015 0.002 (not significant)*' 

V[L] 103 13 (confounded with Fj) 

Fl 1.0 (fixed parameter) 149 
F 2 - F l -0.49 0.11 149 

F 3 - F 1 0.49 0.11 94 

F 4 - F 1 -0.49 0.11 102 

F 5 - F 1 1.54 0.31 53 

F 6 - F i 56 

Mae La 
Bangkok 

0.68 
0.1 

0.34 
0.24 

F 7 - F l 
Mae La 

Bangkok 

1.1 
2.0 

0.28 
0.43 

51 

F 8 - F l 56 

Mae La 
Bangkok 

1.1 
2.0 

0.28 
0.43 

G£ [|Ig/mL] 0.69 

Ka: first order absorption rate constant , œ'distribution' rate constant ß ̂ elimination' rate 

constant K-2\: intercompartmental rate constant,Y apparent volume of the central 

compartment, F: bioavailability fraction (compared to first dose = 1), C£ random 

lumefantrine measurement error term. 

Figures la and l b give two plots of the estimated population profile for the three 

dosage regimens, at Bangkok and Mae La, respectively. Figure 2, is a plot of the 

model profile for regimen B at Bangkok, superimposed on a box plot of the 

observed lumefantrine concentrations. Residual plots indicated no bias in 

estimation and that patient specific profiles were characterised adequately (Figures 

not shown). 
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Figure 1: Plasma lumefantrine concentration [|Ig/ml] profiles for Regimen A 

(4x480mg, 48h) solid line, regimen B (6x480mg, 60h) dotted line, and regimen C 

(6x480mg, 96h) dashed line. Top: Bangkok, bottom: Mae La 

Plasma lumefantrine [|a,g/ml] Bangkok 

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 

Time [h] 

Plasma lumefantrine [|ag/ml] Mae La 

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 

Time [h] 
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Figure 2: Plasma lumefantrine concentration [|ig/ml] profiles for regimen B 

(Bangkok data), superimposed on a box plot of observed concentrations. Box 

encompasses 25% to 75% of observations. 
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The population absorption half-life was 4.5 h, 90% Confidence Interval (3.5 to 

4.9). Peak plasma lumefantrine concentrations varied considerably. The model 

based median (lower and upper 5th percentiles) of maximum plasma 

concentrations for the three dose regimens were 6.2 jlg/mL (0.25 and 14.8) for 

regimen A, 9.0 |ig/mL (1.1 and 19.8) for regimen B, and 8.0 (J.g/mL (1.4 and 17.4) 

for regimen C. The corresponding median (lower and upper 5th percentiles) time 

to maximum plasma concentrations were estimated to be 50 hours (29 and 66), 54 

hours (41 and 66), and 53 hours (26 and 114) following first dosing. The estimated 
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a half-life was 6.1h, 90% CI (5.2 to7.4), and the terminal (ß) elimination half-life 

was 3.2 days, 90% CI (2.6 to 4.1). The inter-patient variability in Ka, CL, and the 

bioavailability fractions in the acute phase of the disease was high. The variability 

in the fraction of drug absorbed declined with subsequent doses such that the CY 

for Fj was 150% while those of F F_ and F were about 50%. Compared to the 

fraction absorbed of the first dose administered (F=l ) , the fraction of the second 

dose (8h) and 4th dose (36h) absorbed, fell by 50%. Apparent bioavailabilitx 

increased at other doses rising by 50% for the 3rd dose (24) and by 154% for the 

5th dose (48h). For doses 6 (60h), 7 (72h) and 8 (96h), the fractions were found to 

differ between the two centres. Fe was similar to that of the first dose in Bangkok, 

but it was 68% higher in Mae La. For doses 7 and 8 the fraction of the dose 

absorbed was 110% higher in Mae La and 200% higher in Bangkok. Because the 

fraction of the dose absorbed by each patient changed considerably over time, 

accurate individual, and thus population, estimates of oral clearance and volume of 

distribution could not be obtained. 

Using patient estimates derived from the study at Bangkok, where more detailed 

sampling was undertaken, increasing baseline parasite counts were associated with 

progressive decreases in F , F , , F, and in F but not in F . -F (Figure 3); for 

example a parasite count of 26,000/pL, was associated with an F value 20% lower 

than a count of 13,000/(J.L, the median count in this group. The decrease in F F, , 

and F4 was 15%, 10% and 10%, respectively. A similar effect on F was observed 

for basekne body temperature (Figure 4). Based on estimates from all patients, age, 

body weight and gender had no effects on any of the main pharmacokinetic 

parameters (Ka, CL, or F - F^), for example, Figure 5 plots T\a, against age. 

157 



Chapter 6 

Figure 3: Relationship between the fraction of the first lumefantrine dose absorbed 

(Fl) and the baseline log parasite count [/|J.L]. 

Figure 3: r| of dosel 
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Figure 4: Relationship between the fraction of the first lumefantrine dose absorbed 

(Fl) and the body temperature [°C]. 

Figure 4: r\ of dosel 
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Figure 5: Relationship between relative lumefantrine clearance and age (years) 

Figure 5: X\ of CL 

0 10 20 30 40 50 60 70 80 

Age [years] 

Area under the plasma concentration-time curve. Based on the population 

estimated pharmacokinetic model and patient specific deviations from it, AUC(0-

°°) was calculated for each individual dose and for all doses combined. The 

correlation estimates indicated that AUC for the initial doses (1, 2, & 3), varied 

substantially within each patient, but this variation decreased with subsequent 

doses. The correlation (r) between doses 2 and 3 was 0.13, between doses 3 and 5 

was 0.56, and rose to 0.87 for doses 7 and 8. Thus there was substantial intra-

patient variability in the fraction of the drug absorbed in the acute phase of the 

disease which declined with recovery. Median AUC (lower and upper 5th 

percentiles) for regimens A, B and C were estimated to be 356 (215, 973), 561 
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(231, 1668) and 712 (393, 1560)|lg/rnL.hrs respectively. This corresponds to a 

greater bioavailability by approximately 60% and 100% with regimens B and C, 

respectively compared to that of regimen A. 

Effect of food intake on the pharmacokinetics of lumefantrine. The estimated 

mean increase in oral bioavailability as a result of taking a light meal close to the 

time of antimalarial treatment was 4 8 % (p = 0.007), 90% CI (16% to 84), and for a 

normal meal was 108% (p = 0.0001), 90% CI (64% to 164%), compared with 

liquids alone. A normal meal was associated with a 42%, 90% CI (17% to 72%) 

increase in bioavailability compared with a light meal (p = 0.003). After 24-48 

hours of treatment the majority of patients were eating normally; two-thirds of the 

meals were of the normal type. The estimated increase in oral bioavailability 

associated with intake of a normal meal compared to that of liquids only prior to 

the first dose was 336%, (p=0.0001), 90% CI (156%, 640%). 

Time until plasma concentrations of lumefantrine fell be low 280 n g / m l . In 

an earker dose ranging study, in which lower doses of artemether-lumefantrine 

were used, a plasma lumefantrine concentration of 280 ng /ml seven days from the 

start of treatment was found to provide a useful cut-off value for determining the 

risk of therapeutic failure (i.e. recrudescence). 4 In that study, 7 5 % of patients with 

day 7 lumefantrine levels higher than this threshold were cured compared to only 

5 1 % of the patients with lower lumefantrine levels. Further modelling of predicted 

parasite clearance profiles (F. Ezzet & N.J. White: unpublished observations) also 

suggests that this total plasma lumefantrine concentration value may be close to 

the in-vivo MIC. Thus the longer the time before plasma lumefantrine 

concentrations fall below this value, the less kkely the chance of recrudescence. In 

this study, the median time required for plasma lumefantrine concentrations to fall 

below 280 ng /ml was estimated to be 204, 252 and 298h for regimens A, B and C, 

respectively (p=0.0001). Figure 6 plots basekne [log] parasite count, against time 
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\h] for which plasma concentration of lumefantrine exceeded 280 ng/ml . Twelve 

out of the 15 cases of recrudescence were in patients with the highest baseline 

parasite counts and shortest times to fall below this cut-off point. 

Figure 6: Relationship of baseline log parasite count [/[iL] and the time Pi] to fall 

to a plasma lumefantrine concentration of 280 ng /mL. 
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Electrocardiographic findings (effects on the QTc-interval). The rate 

corrected Q T interval (QTc) were estimated to have median (SD) values of 418 

(30) msec a t baseline and 410 (31)msec at 52h, 417 (26) msec at 76h, 413 (23) 

msec at 100h, 408 (22) msec at 163h, and 412 (20) msec at 667 hours after starting 

treatment respectively. Two mixed effects models (I and II) were compared, both 
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of which included the covariates QTc at baseline, heart rate, age, and center, but 

they differed depending on whether they included the variable day of E K G 

recording or plasma lumefantrine concentration. The corresponding values of - 2 

log likelihood were 2019.7 and 2038.6,( p = 0.0003), hence model I was preferred. 

A third model was then investigated that included both of the variables, day of 

E K G and plasma lumefantrine concentration. The value of - 2 log likelihood was 

2016.3, - not statistically different from model I, (p-value=0.065). The results of 

the fit of model I is shown in Table 2. The variables age, gender , and dosage 

regimen were not found to be significant contributors and thus were dropped 

from the model. The QTc at baseline and heart rate correlated positively with 

QTc, indicating inadequate rate correction with Bazettt's formula , while body 

weight correlated negatively. The estimates derived from this model gives the 

multiplication factor for every unit increase, e.g. 0.63 ms increase in QTc interval 

for an increase in heart rate by one beat.per minute. Model I gave an estimated 

increase in QTc of about 10 ms at day 4. The QTc data on this day alone (49 

patient observations) were examined to test for differences in QTc as a result of 

differences in plasma lumefantrine concentrations. 

Table 2: Parameter estimates of the QTc model 

Effect Estimate SE P value 

Intercept 418.8 3.23 0.0001 

Baseline QTc 0.36 0.07 0.0001 
(sec) 

Heart rate (/min) 0.63 0.11 0.0001 

Body weight (kg) -0.71 0.26 0.008 

Day 3 5.5 3.3 0.09 

4 9.8 3.3 0.004 

5 8.8 3.3 0.009 

8 3.3 3.3 0.3 
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Model based concentrations and AUC values calculated from the start of treatment 

until the E K G recording of day 4 were used in this evaluation. Lumefantnne 

concentration and AUC were found to have no effect on QTc, (p=0.9), while the 

effects of QTc at baseline, heart rate and body weight were found to be similar to 

those of model I. Figure 7 provides a scatter plot of QTc against the estimated 

plasma lumefantrine concentrations. Taken together these data all indicate that 

lumefantrine does not prolong the QTc interval. 

Figure 7: Relationship of electrocardiogram QTc-interval and the estimated plasma 

concentrations of lumefantrine (days 3-29). 
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Adverse Experiences . Symptoms or signs which could have been adverse drug 

effects were examined. Since regimens A, B and C were of different duration, 

namely 48h, 60h and 96h, respectively, Potential adverse drug effects started 

between days 2-4, 2-5 and 2-6, respectively were considered for analysis. Only 13 
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potential adverse drug effects in total were reported from the 51 patients in 

Bangkok. All were mild, and only six of these involved the nervous or 

gastrointestinal systems. In the larger community study it was not possible to 

associate any potential adverse effect with the drug; all were attributed to malaria in 

that they resolved coincident with the infection. Thus this trial shows that patients 

with high plasma lumefantrine concentrations or high lumefantrine AUC(0-°°) 

reported no potential adverse drug effects. 

Discuss ion 

The fixed combination of artemisinin and lumefantrine achieves its antimalarial 

effect through the sequential large initial reduction in parasite biomass by 

artemether, and the subsequent removal of all of the remaining viable parasites by 

the intrinsically less active but more slowly eliminated lumefantrine.12 Artemether 

probably achieves fractional parasite biomass reduction of up to 10 4 per cycle, so 

treatment regimens involving five days of artemether cover three asexual cycles and 

leave relatively few viable parasites for lumefantrine to remove. The combination 

also provides mutual protection of the two antimalarial drugs from the 

development of resistance as parasites are never exposed to artemether alone and 

relatively few are exposed to lumefantrine unprotected by the artemisinin 

derivative.11 In clinical practice the combination is well tolerated and rapidly and 

reliably effective. However overall cure depends on there being sufficient 

lumefantrine to remove the residual parasite biomass left by artemether, and this in 

turn depends on adequate oral bioavailability. 

The oral bioavailability of lumefantrine varies considerably between individual 

doses, and between patients, and is reduced significantly in the acute phase of 

malaria. This large intra-patient variability in the fraction of drug absorbed between 

165 



Chapter 6 

doses confounds estimation of conventional pharmacokinetic parameters such as 

clearance and apparent volume of distribution. The reduction in oral bioavailability 

may result either from disease induced changes in the intestinal absorption of this 

poorly water soluble drug,14 or the lack of concomitant food intake, and therefore 

the absence of fats which have been shown to augment oral bioavailability 

significantly. Lumefantrme is a highly lipophilic substance; oral bioavailability 

increases substantially if administered after a meal rich in fat. In an earlier volunteer 

trial this increase was estimated to be approximately 16 fold (Novartis: 

unpublished). Therefore the differences in overall availability between patients and 

between doses could be explained largely by differences in food intake and the type 

of food taken. Patients with acute malaria are reluctant to eat, and often vomit. The 

more severe the infection the less likely it is that the patient will eat, and the longer 

will be the period of fasting. This compromises the efficacy of poorly absorbed 

drugs, although administration of other poorly bioavailable compounds such as 

halofantrine, together with fats, has been feasible in clinical practice.15 Indeed in 

the phase III studies of atovaquone/proguanil (another poorly bioavailable, highly 

lipophilic compound) the drug was always taken with food or milk.16 Whether this 

would be an effective approach for administration of lumefantrine is not known, 

although these data suggest that it would. As patients recover from malaria, 

splanchnic blood flow and gut motility return to normal and they begin to eat 

normally.14 This both improves lumefantrine absorption and also reduces the 

variability in oral bioavailability between doses. Differences in the bioavailability of 

the final two doses observed between Bangkok and Mae La can be attributed to 

the timing of meals; in Bangkok the drugs were administered shortly after the 

midday meal whereas in Mae La this was several hours after the small morning meal. 

The consistent therapeutic response to the artemether component of the 

antimalarial combination 12-'7- l s ensures rapid clinical recovery and this results in a 

rapid improvement m lumefantrine absorption. As a consequence of the poor 
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initial oral bioavailability in acute malaria, the absorption profiles following the later 

treatment administrations become disproportionately important in determining the 

terminal elimination profile, and thus anti-parasitic effect. Previous studies have 

shown that the area under the plasma concentration time curve is the principal 

determinant of antimalarial activity.4 .The importance of the improved absorption 

in the recover}' period is illustrated by the difference in lumefantrine AUCs 

between the three day and five day regimens. Whereas a 50% increase in dose 

given over three days gave a corresponding 60% increase in AUC, when this same 

higher dose was given over five days, the increase in AUC was nearly 100%. Thus 

five day treatment regimens with tins combination provide more reliable 

lumefantrine bioavailability, as at least three days of the treatment course are given 

with the patient in a recovered clinical state. In previous studies a plasma 

lumefantrine concentration of 280 n g / m l 7 days from the start of treatment was 

found to provide a useful cut-off value for determining the risk of therapeutic 

failure. Modelling of parasite clearance kinetics also suggests that this value lies 

close to the average in-vivo minimum inhibitor)' concentration (White and Ezzet: 

unpublished observations). The higher dose regimens in this study increased the 

duration for which plasma levels remained above this value by approximately 2 5 % 

for the three day regimen and 50% for the five dose regimen. In this trial the risk 

of therapeutic failure was related to baseline parasite count and rapid fall in 

lumefantrine concentrations below 280 ng/ml . The excellent clinical results 

obtained with the higher dose regimens in clinical trials compared with the lower 

dose three dav regimen probably do result from the increased lumefantrine AUCs, 

or time for which MIC values are exceeded. But the increased dose of artemether 

given may also contribute. There are few data on oral artemether dose-response 

relationships17 and it remains possible that 1.3 m g / k g per dose does not give a 

maximum parasiticidal effect. However there is extensive evidence that five day 

regimens with artemisinin or its derivatives alone give considerably higher overall 

cure rates than three day regimens. This is because three asexual life cycles are 

167 



Chapter 6 

affected rather than two-and parasite biomass is reduced by an additional 10,000 

fold. These data argue in favor of administration of five day regimens to patients 

with little or no background immunity both to maximise the benefit from the 

artemether component and to provide as wide a margin of safety in ensuring that 

plasma lumefantnne levels exceed the MIC value for as long as possible. 

Artemether-lumefantnne was very well tolerated in this and previous studies. 

Indeed there were no adverse effects that could be ascribed unequivocally to the 

drug. The cardiotoxic potential for the arylaminoalcohol class of antimalarials is 

well known. Marked ventricular repolarisation delay manifested by prolongation of 

the electrocardiograph QTc interval, is associated with qmmdine, and halofantrine19 

- a drug which shares lumefantrine's highly variable and fat dependent oral 

bioavailability3 Electrocardiographic studies in malaria commonly reveal temporal 

changes in the QTc interval which are variously ascribed to drug or disease 

effects.211 These and other data from this site suggest that the rate correction 

provided by Bazett's formula does not eliminate the effect of heart rate completely 

(Price & White: unpublished observations). Empirically, a power constant between 

0.4-0.45, instead of 0.5, provides a better correction. However, the inclusion of 

heart rate as a covanate in the analysis of the Bazett based QTc in a mixed effects 

model, as was done here, would compensate for the inadequacy of the correction. 

The data in this study clearly showed that lumefantrine has little or no effect on 

ventricular repolarisation. Therefore, there is no a-priori reason to withhold this 

drug from patients with long QTc intervals or any other cardiac abnormalities. 

In many endemic areas background immunity synergises with antimalarial 

chemotherapy and treatment responses (in terms of cure rates) are always better 

than those achieved in non-immune subjects or in young children n. The excellent 

clinical results obtained with the higher dose three day regimen in this study 

suggest that this would be a satisfactory regimen for most endemic areas, as the 
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population studied on the western border of Thailand has relatively little 

background immunity compared to the majority of the malarious tropics. This is an 

area of relatively low and unstable transmission (previously termed hypoendemic) 

and patients have on average one falciparum malaria infection every two years. 

Elsewhere in the tropics infection rates may range up to two infectious bites every 

day and at high levels of transmission three day regimens should offer a 

considerable margin of safety. The overall plasma concentration profile of 

lumefantrine might be improved further by co-administration of the drug with fats, 

although this is unlikely to prove practicable in most rural areas of the tropics. 
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Capillary and venous concentrations of lumefantrine 

Lumefantrine (benflumetol) is a recently introduced antimalarial drug dispensed 

for oral administration in a fixed combination with artemether (CGP 56 697). The 

combination has proved highly effective and well tolerated in the treatment of 

uncomplicated multi-drug resistant falciparum malaria.1 Lumefantrine is a 

hydrophobic lipophilic compound with low intrinsic clearance and very variable 

oral bioavailability. This presumably relates to the low or absent fat intake by 

acutely ill patients. The terminal elimination half-life in acute malaria is 

approximatelv four days. Blood concentrations following antimalarial treatment 

therefore van ' considerably between patients. The area under the lumefantrine 

plasma concentration time-curve is the most important pharmacokinetic 

determinant of the therapeutic response (cure rate) following artemether-

lumefantrine treatment, and day 7 levels below 280ng /mL a useful cut-off for 

predicting a high risk of recrudescence.2 But venous blood sampling, is often 

impractical in the rural tropics, particularly from children who represent the 

majority of malaria cases worldwide. Finger prick blood samples are easier to 

obtain and more acceptable in children. We report here on the relationship 

between venous and capillary blood levels of lumefantrine. This comparison was 

performed as part of a dose-finding study of artemether-lumefantrine in the 

treatment of multi-drug resistant falciparum malaria in Thailand which will be 

reported elsewhere. This study was approved by the Ethics Committee of Mahidol 

University, Bangkok and also the Karen Refugee Committee, Mae Sot. Patients 

presenting with uncomplicated falciparum malaria were enrolled in the study if 

they or their parents gave written consent. They were then allocated randomly to 

receive either four doses of artemether-lumefantrine (Novartis Pharma A G , Basel, 

Switzerland) or two six dose regimens (i.e. three or five days treatment. Tablets 

(active or placebo) were given over five days to all patients. Artemether-

lumefantrine is dispensed as a fixed dose combination containing 20 mg of 

artemether and 120 mg of lumefantrine per tablet. The number of tablets was 

given according to the patient weight; the average adult (>35kg) was given four 
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tablets per dose and the minimum for patients weighing less than 15 kg was one 

tablet per dose. Adults and children aged two years or more presenting with P. 

falciparum parasitaemia above 500 / L I L were eligible for the study. Pregnant or 

lactating women, children under two, and patients with severe or complicated 

malaria,3 requiring parenteral treatment were excluded from the trial. The median 

(range) age of the patients was 26.5 (15 to 75) years and weight was 52 (34 to 61) 

kg. The median temperature was 38 (36.5 to 40.8)°C and the median parasite 

density was 10,233 (443 to 195,284) / uL . All made a rapid and uncomplicated 

recovery. Venous blood samples (4mL) were obtained from adults, on day 3, day 4 

and at random on day 5 or day 6 and on day 7. Samples were taken into 

hcpannised tubes and centrifuged immediately. At the same time, capillary blood 

(200 uL) was also taken from a finger prick into four heparimsed 50 uL capillary 

tubes, and centrifuged without delay for 3 min at a speed of 1500 RPM. The 

venous or capillary plasma was separated and immediately frozen at -20°C for later 

lumefantrine assay. A total of 91 pairs of venous and capillary samples were 

obtained simultaneously from 26 patients. The plasma lumefantrine 

concentrations were measured using HPLC with UV detection.4 The standard 

assay on venous plasma used 0.5 ml of plasma. The limit of detection was set to 

35 ng/ml . The coefficient of variation for spiked concentrations of 35, 195, 578 

and 1185 n g / m l were 19%, 16%, 10% and 9%, respectively. 

To test the null hypothesis that capillary concentrations were similar to venous 

concentrations, a linear regression model was fitted taking the capillary 

concentration as the dependent variable (y-axis) with the venous concentration as 

the independent variable (x-axis). Since variability increased at higher drug 

concentrations, these were transformed logarithmically to the natural base prior 

to analysis. Under the null hypothesis, the intercept and slope should be found not 

significantly different from zero and one, respectively. The capillary and venous 

lumefantrine concentrations correlated significantly (Figure 1). 
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Figure 1 : Relationship between simultaneously sampled capillary and log1- venous 

plasma concentrations of lumefantrine. Concentrations (ng/mL) are plotted as 

natural logarithms. 
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The fitted regression model gave the following estimate: 

log (capillary) lumefantrine concentration = 0.52 + 0.95 log (venous) lumefantrine 

concentration. 
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The difference from zero of the intercept was of borderline significance (p=0.06), 

while the slope was not significantly different from one, (p=0.2). The 95% 

Confidence Intervals (CI) for the intercept and the slope were -0.01 to 1.06 and 

0.87 to 1.03, respectively. Using a similar analysis but with the intercept set to 

zero, the estimate of the slope was 1.02; (95% CI=1.01 - 1.04). 

Lumefantrine shares several of the pharmacokinetic properties of other recently 

introduced antimalarials (notably mefloquine and halofantrme) which are active 

against multi-drug resistant falciparum malaria. It has very variable oral 

bioavailability, and is eliminated slowly. Thus there are considerable inter-

individual differences in plasma concentration profiles, and these contribute to 

variability in the therapeutic response. Blood concentrations of antimalarial drugs 

must remain above inhibitor}' levels until all the infecting parasites have been 

eliminated.5 This presumably explains why the area under the lumefantrine plasma 

concentration- time curve is one of the principal pharmacokinetic determinants of 

therapeutic efficacy for this drug combination. Although there was a good 

correlation between the two types of samples, there was not complete agreement. 

The sources of error relate to the variable admixture of interstitial fluid in capillary 

blood samples and the variance of the drug assay. 

Artemether-lumefantrine is a very well tolerated and highly effective treatment of 

falciparum malaria. It is likely that it will be used widely, and that a significant 

proport ion of recipients will be children. Venous blood sampling is often 

impractical in the rural tropics. These data indicate that capillary sampling will be a 

suitable alternative and will allow therapeutic and pharmacokinetic studies to be 

conducted across a broad age range. 
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Abstract 

The efficacy and safety of the six dose regimen of artemether-lumefantrine were 

assessed in an open trial in children and adults presenting with acute, 

uncomplicated Pfalciparum malaria in Thailand. A total of 200 patients were 

enrolled in two centres :150 received artemether-lumefantrine (i.e. median [range] 

of 9.6 m g / k g [8.7, 10.7] of artemether and 57.9 m g / k g [52.4, 64] of lumefantrine), 

and 50 a combination of artesunate [12 m g / k g over 3 days] and mefloquine [25 

mg/kg] . All patients had rapid initial clinical and parasitological responses. Both 

combinations also reduced gametocyte carriage and the cure rates were high: 

97.7% (95% CI 93.5, 99.5%) for artemether-lumefantrine and 100% (95% CI 92.5, 

100%) for artesunate-mefloquine. The six dose regimen of artemether-

lumefantrine was well tolerated and as effective as the current standard treatment 

in an area of multi-drug resistant ^falciparum malaria. 

Introduction 

Multi drug resistance of V.falciparum is a major health problem in the tropics. O n 

the Thai-Burmese border 'P.falciparum is highly resistant to almost all available 

antimalarials 1_3 and the only efficacious treatment is a combination of artesunate 

plus mefloquine.4-6 There is an urgent need for alternative therapy. The new 

antimalarial combination artemether-lumefantrine (AL) (Riamet®) was evaluated 

for the treatment of uncomplicated ^falciparum infections in adults and children in 

Thailand. The 4-dose regimen of artemether-lumefantrine was well tolerated but 

gave a significant lower cure rate than the current standard combination of 

mefloquine (25 mg/kg) plus artesunate (12 mg/kg) (AM), 83.9% and 95.7% 

respectivelv.7 We also found that the most important factor determining 

parasitological clearance was the area under the plasma concentration curve of 

lumefantrine.8 T o investigate whether the cure rates of artemether-lumefantrine 
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would indeed be improved by using a larger dose, a dose optimisation trial was 

conducted. The 4-dose regimen was compared with a 6-dose regimen given either 

over 3 days or 5 days. In this second trial, the 4-dose regimen gave a cure rate of 

83.3% whereas the regimens with 6 doses over 3 and 5 days had 28 day cure rates 

of 96.6% and 99 .1% respectively.9 As the 28 day cure rates were similar for both 6-

dose regimens, a treatment course of 6 doses given over 3 days was chosen for 

further evaluation, as it is likely that the compliance would be better with this 

shorter regimen. The trial presented here was conducted to confirm the efficacy 

and safety of the six-dose regimen given over three davs. 

Patients and methods 

This was an open trial conducted in two different centers. Center 1 was the 

Department of Clinical Tropical Medicine, Faculty of Tropical Medicine, Mahidol 

University, Bangkok, Thailand. Center 2 was in Mae La, a camp for Karen 

displaced people on the North Western border of Thailand. Patients who were 

enrolled in the study in center 1 were admitted for in-patient observation for the 

28 day trial period, and patients enrolled at center 2 were treated as outpatients. 

This study was approved by the Ethical and Scientific Committees of the Faculty 

of Tropical Medicine, and Mahidol University, and also the Karen Refugee 

Committee. 

Procedures. Patients presenting with microscopically confirmed falciparum 

malaria with a P.falciparum parasitaemia above 500 per uL were enrolled in the 

study. The patients or their parents were given written information translated in 

their language. If they gave written informed consent, they were allocated 

randomly to receive either the six dose regimen of artemether-lumefantnne (AL) 

(Novartis Pharma AG, Basel, Swit2erland) or mefloquine (Lariam®, Hoffman-La 

Roche, Basel, Switzerland) plus artesunate (AM)(Guilin Pharmaceutical Factory 
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N o . l , Guilin, China). Pregnant or lactating women, children under two, and 

patients with severe or complicated malaria,1" requiring parenteral treatment were 

excluded from the trial. At enrollment (Day 0), a medical history was obtained, a 

full physical examination was performed and blood was taken for quantitative 

parasite counts and routine hematology. All information was recorded on a 

standard case record form. 

All patients were examined and blood smears were taken daily until they became 

asymptomatic and aparasitemic, and they were then seen weekly for at least four 

weeks. At each weekly visit a blood smear was taken and a questionnaire about 

adverse effects was completed. A neurological examination was performed at 

baseline, days 3, 7, and 28. This included: Romberg's test, assessment of gait and 

balance (walking along a straight line heel to toe), fine finger dexterity (ability to 

pick up a small tablet), tests of auditor}- and visual acuity, an assessment for 

nystagmus, and questions on behavior abnormality. Venous blood was taken for 

complete hematology and biochemistry (in centre 1) at baseline, days 3,7 and 28. 

In both centres serious adverse experiences were reported separately and notified 

to the trial monitor immediately. A blood smear was also taken from any patient 

complaining of fever or symptoms compatible with malaria during the follow up 

period. Parasite counts were determined on Giemsa-stained thick and thin blood 

films. If the count on the thick film exceeded 500 parasites per 500 white blood 

cells, the thin film result (expressed as the number of infected erythrocytes per 

1000 red blood cells) was recorded. 

Drug regimens. Patients allocated to artemether-lumefantrine received the tablets 

at 0 and 8 hours, and twice daily for the following 2 days. Artemether-lumefantrine 

was dispensed as a fixed dose combination tablet. Each tablet contained 20 mg of 

artemether and 120 mg of lumefantrine. The number of tablets was given 

according to the patients body weight. The minimum dosage for patients weighing 

less than 15 kg was one tablet per dose, for patients with 15 - <25 kg two tablets, 
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25 - < 35 kg three tablets and for adults more or equal than 35kg four tablets per 

dose were given This corresponded to a median [range] of 9.6 m g / k g [8.7, 10.7] of 

artemether and 57.9 m g / k g [52.4, 64] of lumefantrme. Drug administration was 

observed in all cases. The exact time for each dosage was recorded in the case 

report form. If the first dose was vomited during the first hour after intake the 

whole dose was repeated. Patients allocated to artesunate-mefloquine received 

their medication as described previously.7 

Recrudescent infections. A treatment failure was defined by the persistence of 

the initial parasitemia by day 3 or by the re-appearance of 'P.falciparum before day 

28. Patients with treatment failures in center 1 were retreated with quinine (300 mg 

three times daily for 7 days) and tetracycline (250 mg three times daily for 7 days). 

In center 2, recurrent infections were retreated with seven days of artesunate (12 

m g / k g total dose). Doxycycline (4 mg/kg/day) for seven days, was added to 

artesunate if the patient was older than 8 years of age and not pregnant. 

PCR adjustment for re-infections. As the patients from centre 2 (Mae La) 

remained in the area of malaria transmission, re-infection during the follow up 

period was possible. Blood samples on filter paper were taken on admission and 

on the day of reappearance of parasites. Recrudescences were distinguished from 

re-infections by parasite genotyping of three polymorphic loci (MSP, MSP2 

GLURP) using polymerase chain reaction (PCR).11 

Electrocardiographs. Electrocardiographic monitoring was performed at 

baseline, day 7 and day 28 for all the patients in both treatment groups. In the 

group treated with artemether-lumefantrine a further 4 ECGs were performed on 

day 0 or day 1 (prior to dose 2 or dose 3), on day 1 or day 2 (within 4 hours of 

dose 4 or prior to dose 5), on day 2 (within 4 hours of dose 6) and on day 3 (8-16 
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hours after dose 6) and for patients on artesunate-mefloquine a further 3 E C G s 

were taken on day 1, 2 (one hour after treatment) and on day 3. 

Statistical analysis. The trial was designed to detect a 28 day cure rate of > 90% 

with the 6-dose regimen of artemether-lumefantrine given over three days. The 

number of patients required was 120 patients (power=95%, at p=0.97, a lpha=5% 

one-sided) and to allow for a 20% drop-out rate before day 28, 150 patients were 

recruited. In addition, 50 patients were randomised to artesunate-mefloquine and 

the efficacy in this group was compared with previous trials at this site. The 

analysis of the 28-day cure rate was performed both on an intention-to-treat and 

for the évaluable patient populations. 9 5 % Confidence intervals on the cure rates 

were calculated by using exact Pearson-Clopper limits. Categorical data were 

analysed using Fisher's Exact Test 

Results 

Two hundred patients were enrolled between November 1997 and March 1998. 

Basehne characteristics were similar in both treatment groups (Table 1). The 

children had higher parasite density at baseline compared to the adults. As in our 

previous trials, the parasite density (geometric mean) in centre 1 was higher than 

the one in centre 2: 12,392/uL versus 8,517/uL, although this difference was not 

statisticallv significant (Table 2). 

Clinical and parasitological responses. The initial responses to the two 

treatment groups were similar. None of the patients required rescue medication 

with other antimalarials within the first week. On admission, 58% (87/150) of the 

patients on AL and 66% (33/50) of the patients in the AM group had a 

temperature > 37.5 °C. All except 2 patients had a normal temperature on day 3. 

There was no difference in fever clearance times between the two treatment 
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Table 1: Demographic and baseline characteristics 

Children 12 years Adults > 12 years 

AR AM AI, AM 
n = 25 n = 9 n = 125 n = 41 

Sex (Males) N (%) 16 (64%) 5 (56%) 94 (75%) 32 (78%) 

Age (years) Median 9 "7 / 23 25 
Range 2 - 12 3 - 1 2 1 3 - 6 3 1 3 - 6 1 

Weight (kg) Median 23 16 51 50 
Range 8 - 4 0 1 1 - 3 0 3 0 - 8 1 3 8 - 6 6 

Haematocrit (%) Median 31.6 32.5 38.8 39.3 
Range 18.7-38.1 27 .6 -39 25.1 -50 .9 25.1 - 60.8 

r Iepatomegaly N (%) 14(56%) 5 (56%) 37 (30%) 4(10%) 

Splenomegaly N (%) 15 (60%) 5 (56%) 25 (20%) 8 (20%) 

Temperature (°C) Median 37.8 38 37.7 38 
Range 36.8 - 40.2 36.5-39.9 35 .6 -40 36-39.9 

37.5 C 9 (36%) 3 (33%) 54 (43%) 14 (34%) 

>37.5DC-<39 C 8 (32%) 3 (33%) 55 (44%) 17 (41%) 

39 C 8 (32%) 3 (33%) 16(13%) 10 (24%) 

Parasite densit\' Geometric mean 12,056 20,117 8,669 6,987 

(/^L) lange 1,300-121,707 3,564-177,840 264-254,490 625-111,930 
< 5,000 9 (36%) 2 (22%) 57 (47%) 20 (49%) 

5,000-15,000 4(16%) 2 (22%) 11 (9%) 5 (12%) 

15,000-50,000 7 (28%) 1 (11%) 33 (26%) 13 (32%) 

I 50,000 5 (20%) 4 (44%) 23 (18%) 3 (7%) 

Table 2: Parasite density by centre 

AL AM Total 

Bangkok Patients 

Geometric mean 
Range 

N = 2 1 

12.121 
510-254.490 

N = 7 

13.245 
1.425-177.840 

N=28 

12.392 
510-254.490 

Mae La Patients 

Geometric mean 
Range 

N= 129 

8.751 
264- 165.189 

N = 4 3 

7.856 
625- 127.032 

N= 172 

8.517 
264-165.189 
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groups ( Figure 1) Parasite clearance times were short (Figure 2) and all patients 

cleared their parasitaemia. Parasite clearance was faster in centre 2 than in centre 1 

and this was attributed to the lower initial parasite count on admission. 

Figure 1: Percentage of padents witii fever (temperature > 37.5 C) 

• artemether-lumefantrine 

D artesunate-mefloquine 

0.7 2.1 

Day 0 Day 1 Day 2 Day 3 
(baseline) 

Figure 2: Percentage of patients with positive slide for asexual ^.falciparum forms 

100 100 

DayO 
(baseline) 

Day 1 

• artemether-lumefantrine 

D artesunate-mefloquine 

2.0 

Day 2 Day 3 

Efficacy. Thirteen patients (8.7%) in the artemether-lumefantrine group were lost 

to follow-up, 1 patient was excluded because of self-treatment of i.V. quinine, 1 
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patient did not comply and 1 patient did not meet the protocol criteria. Therefore 

134 patients were évaluable for the 28 day cure rate in the artemether-lumefantrine 

group. In the artesunate-mefloquine group, 3 patients were lost to follow-up, thus 

47 patients were included in the final analysis. Four patients receiving artemether-

lumefantrine had reappearance of P.falciparum within 28 days. Therefore the 28 day 

cure rate unadjusted for re-infections was 97.0% (95% CI= 92.5- 99.2%). Of these 

4 patients, two had recrudescences confirmed by PCR and one patient from 

centre 1 was not tested but assumed to be recrudescence as there is no malaria 

transmission in Bangkok. Therefore the PCR adjusted 28 day cure rates were 

97.7% ( 95% CI= 93.5- 99.5) m the artemether-lumefantnne and 100% (95% CI= 

92.5- 100%) in the artesunate-mefloquine group (Table 3) 

Table 3: 28 day cure rate (évaluable patients) 

AT, AM 

No. of patients enrolled 150 50 

No. of patients without follow-up 
evaluation after 28 days 

16 3 

No. of patients without 
reappearance of parasites 

130 47 

No. of patients with 
recrudescence 

3 0 

No. of patients with reinfection 
(PCR) 

1 0 

28 day cure rate 
95% CI 

130/134 = 97.0% 
[92.5, 99.2J % 

47/47 = 100% 
[92.5,100] % 

28 day cure rate (adjusted using 
PCR)' 
95% CI 

130/133 = 97.7% 
[93.5, 99.51 % 

47/47 = 100% 
[92.5,100] % 

28 day cure rate (adjusted using 
PCR) by centre: 

Bangkok 

MacLa 

95.0% [75.1,99.9] % 

98.2% [95.1,100] % 

100% [54.1, 100] % 

100% [91.4, 100] % 
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Gametocytes . Seventeen patients (11.3%) in the artemether-lumefantrine group, 

and 4 (8%) in the artesunate-mefloquine group had gametocytes detected during 

the first 72 hours. All 4 patients receiving AM cleared gametocytes within 3 days 

after start of treatment, but only 8 (47.1%) of the 17 patients receiving AL did so. 

Adverse events. Both treatment regimen were well tolerated. 4/150(2.7%) of the 

patients vomited one or more doses of medication in the AL group and 

5/50(10O/'o) of the AM treated patients. Most adverse events considered to be drug 

related were mild or moderate. Overall, 33/150 ( 22%) patients had adverse events 

possibly drug related in the AL group, and 23 /50 (46%) in the AM recipients. In 

the AL 

group 6% of patients had nervous system related symptoms: dizziness, sleep 

disorder and headache and this was 34% in the AM group. Anorexia, nausea, 

abdominal pain, hepatomegaly and vomiting were more frequent in the AM group 

(26%) than m the AL group (12.7%) (Figure 3). 

Figure 3: Adverse events 

Adverse events 

palpitation 

sleep disorder 

percentag 
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During follow up there was one case of tremor on Day 1 and two cases of 

hypoesthesia (numbness) on Day 8, all in the artemether-lumefantrine group. N o 

other abnormalities were detected by the neurological examination. The 

proportions of anaemic patients (haematocnt < 30%) on admission were 10% and 

6% in the AM and AL group respectively. By day 3, these proportions w e r e l l . 6 % 

and 10.2%. By day 28 only 2.4% of the patients on AM and 2.3 % of the patients 

on AL had a haematocrit value below 30%. 

Two serious adverse events were reported during the trial. One patient on AL 

experienced a febrile coma (lasting four days), 12 days after dosing. This patient 

had been seen at the follow-up visit on day 7 and was feeling well, no adverse 

events were recorded and laboratory values were unremarkable. This coma could 

not be attributed to any cause (febrile coma of unknown origin). The other patient 

received AM and developed a generalised urticaria on day 1 with pruritus, possibly 

due to hypersensitivity of mefloquine or artesunate. Mefloquine was stopped and 

this patient was excluded from the trial. Both patients completely recovered 

without sequellae. 

Electrocardiographs. N o electrocardiographic abnormalities were found in any 

of the patients recruited. Details of this study will be reported elsewhere. 

Discuss ion 

The most multidrug resistant isolates of P.falciparum are found in Thailand and 

especially along the North-Western border. Mefloquine in combination with 

artesunate is the standard treatment regimen for uncomplicated but highly multi

drug resistant P.falciparum infections in this area. A new antimalarial drug-

combination: artemether plus lumefantrine (Riamet®) was developed by Novartis 

in collaboration with the Academy of Military Medical Sciences in Beijing. In 
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Thailand several trials were conducted with this combination. The standard dose 

(4-dose regimen) which was effective elsewhere 12>13 proved to be less efficacious in 

this area but better tolerated than the combination artesunate plus mefloquine.' 

Improved cure rates were obtained with 6-dose regimens.9 This trial presented 

here was conducted to confirm the efficacy and safety of the 6-dose regimen of 

artemether-lumefantrine given over three days. Both treatments in this study 

cleared fever and parasitaemia rapidly and reliably. Both treatments were highly 

effective, resulting in 28 day cure rates (adjusted by PCR) of 97.7% and 100° o for 

artemether-lumefantrine and artesunate-mefloquine respectively. Overall both 

treatment were well tolerated. These results are consistent with the findings of 

previous randomised studies and indicate that AL is associated with less side 

effects than AM. 

The artemether-lumefantrine combination offers the advantage of avoiding the 

fast emergence of resistance to the new chemical entity lumefantrine via the fast 

parasite reduction obtained by artemether.14 Furthermore no parasites are exposed 

to artemether alone, thus the two drugs are mutually protective. In addition 

artemether could lower transmission of the infection in certain endemic areas, 

through the impact on gametocyte development, as observed with artesunate.15-16 

The fixed combination tablet, allows for a simple dosing schedule which will 

improve compliance in the field setting. In an area where there is widespread 

multidrug resistant malaria, artemether-lumefantrine as 6-dose regimen given over 

three days is an effective and well tolerated combination treatment. 
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Auditoiy evaluation of artemisinin derivatives 

Summary 

The artemisinin derivatives are now used widely in areas with multidrug resistant 

falciparum malaria such as South East Asia, but concerns remain over their 

potential for neurotoxicity. Mice, rats, dogs, and monkeys treated with high doses 

of intramuscular artemether or arteether, develop an unusual pattern of focal 

damage to brain stem nuclei (particularly those involved in auditor)- processing). In 

order to investigate whether a similar toxic effect occurs in patients treated with 

these compounds clinical neurological evaluation, audiometry and early latency 

auditory evoked responses were measured in 79 patients who had been treated 

with > 2 courses of oral artemether or artesunate within the previous 3 years, and 

79 age and sex matched controls living in a malaria endemic area on the Nor th 

Western border of Thailand . There were no significant differences in any of these 

tests between the cases and controls. This study failed to detect any evidence of 

significant neurotoxicity in patients treated with oral artemether or artesunate. 

Introduction 

Artemisinin deri\ratives are now used widely for the treatment of falciparum 

malaria in South East Asia. On the western border of Thailand where P. falciparum 

has developed resistance to nearly all antimalarials, the combination of mefloquine 

and artesunate was introduced in 1994 as first line treatment.1 Over 3000 patients 

with uncomplicated falciparum malaria have been recruited subsequently in 

prospective studies to optimize antimalarial treatment. Detailed prospective follow 

up of these patients, including simple neurological examinations, have failed to 

identify any serious adverse effects associated with the two most widely used 

compounds oral artesunate or artemether.2 But animal studies have raised concerns 

about the potential neurotoxicity of some of the artemisinin dérivatives.3-8 These 

studies showed that rodents, dogs and monkeys treated with intramuscular 
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arteether or artemether (the two oil soluble derivatives) develop dose dependent 

damage to certain brain-stem nuclei. Neurological findings included gait 

disturbance, loss of spinal, brain stem and pain responses and, eventually, death. 

Pathological changes in these experimental animals can be found even in the 

absence of any detectable neurobehavioural symptoms.4.5 The neuropathological 

lesions were unusual in that they were confined to the neuronal cells of certain 

bram stem nuclei, whereas adjacent nuclei were often unaffected. The nuclei 

affected included those in the auditory relay/'.7 Despite the lack of reported toxicity 

in extensive clinical studies to date,2.9 it remains possible that the artemisinm 

compounds produce a similar pattern of neurotoxicity in humans. In order to 

assess possible toxic effects on the brainstem in patients treated with repeated 

courses of artemether/artesunate, brainstem auditory evoked responses (BAER) 

were measured in a case control study. BAER have been used to detect 

neurotoxicity in situations1" as diverse as subclmincal mercury poisoning" and 

interferon toxicity.12 BAER should be particularly useful when the auditory 

pathways or cochlea are involved specifically as in the case for artemisinin animal 

neurotoxicity. 

Patients and methods 

This study was conducted in 1997 at the Shoklo Malaria Research Unit located on 

the western border of Thailand. Karen subjects who had received oral antimalarial 

treatment with either artemether or artesunate on at least two occasions during the 

previous three years were eligible for the study provided that they gave fully 

informed consent. Patients with previous severe or cerebral malaria13 or a history 

of chronic ear-pathology or head-trauma were excluded. A complete medical 

history was taken and all previous antimalarial treatments were checked against the 

medical records. Control subjects were selected from the community providing 

200 



Auditory evaluation of artemisinin derivatives 

that they had never received an artemisinin derivative, and had no ear-pathology or 

previous head-trauma, and also gave informed consent. These subjects were 

matched for age and sex with the cases.14 All subjects were assessed initially for 

concurrent illness on the day of testing, and if healthy, underwent a full otological 

and neurological examination. Audiometry was then performed and auditor}' 

evoked responses recorded. 

Neurological test. A clinical assessment for neurotoxicity was performed which 

included the following: Romberg's test, assessment of gait and balance (tandem 

gait), fine finger dexterity (ability to pick up a small tablet), tests of clinical 

assessment for hearing acuity (using a 256 Hz tuning fork) and assessment of eye 

movements , nystagmus, and behaviour abnormality. This has been a standard 

procedure in all drug trials conducted at this site since 1994. 15 

Audiometry test. Both right and left ears were tested using a portable Kampex™ 

AS7 screening audiometer. The starting point was 40 dBnHl with a frequency of 

250 Hz. This was increased gradually to 500 Hz, 750 Hz, 1000 Hz, 1500 Hz, 2000 

Hz, 3000 Hz, 4000 Hz, 6000 Hz until 8000 Hz. 

Auditory Evoked Response test. The BAER test was performed using a 

portable computerized system (Bio-logic Traveller Express E Auditory Evoked 

Potential Analyser). A g / AgCl surface electrodes were appked to the vertex (ex

position) and to both mastoids and the ground cable was applied to the forehead. 

Patients lay on a flat couch and were allowed to relax before testing. Electrode 

impedance was checked for each individual and was maintained <10kOhm for all 

electrodes. A rarefaction click-stimulus delivered by headphones was used to elicit 

the auditory evoked potentials. The duration of one click was 100 y.s and the clicks 

were presented monoaurally in a rate of 11.1/sec with an intensity of 80 dBnHL. 

The contra-lateral ear was masked using white noise at 40 dBnHL. A total of 1024 
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sweeps were recorded by the computer and averaged. Two replications were made 

to determine reliability. This procedure was performed for both ears separately. 

The wave-forms were labeled I, II, III, IV, V for the ipsilateral recording (i.e. the 

test-ear) and III', V ' for the contralateral recording (masked-ear) by an investigator 

unaware of the volunteer status (case or control). The wave form analysis was 

performed by the AER-technician and then reviewed by a clinical neuro-

physiologist unaware of the patient allocation. The latencies for each of these 

waves were established and the inter-peak times determined (I to III, III to V and I 

to V). The auditor)' evoked response test represents the auditory pathway up to the 

midbrain. The five vertex-positive potentials (I-V) relate to different levels in the 

auditory system: cochlea and acoustic nerve (I), medulla (II), caudal pons (III), 

rostral pons (IV) and midbrain (V). 

Drug regimen. In this study the cases were patients who had been recruited to 

antimalarial drug studies between 1991 and 1997 '• 15"18. They were treated under 

supervision with oral artesunate (Guilin Pharmaceutical Factory N o . l , Guilin, 

China) or artemether (Kunming Pharmaceutical factor)', Kunming, People's 

Republic of China) either alone or in combination with mefloquine (Lariam®, 

Hoffman-La Roche, Basel, Switzerland), or lumefantrine (Novartis, Basel, 

Switzerland) or tetracyclines (Table 2), and followed up prospectively for 42-63 

days to establish the efficacy of the various regimens. 

As all antimalarial treatments are recorded in this site. Unrecorded administration 

of an artemisinin derivative outside the health structure wTould not have been 

possible in this setting. 

Statistical analysis. Continuous notmally distributed data were described by the mean 

(standard deviation, range) and non-normally distributed data by the median (range). 

Percentages were given for categorical data. The Student's paired t test was performed 

to determine whether there were significant differences between cases and controls for 
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the I to III, I to V and III to V inter-peak latencies identified prospectively as being the 

most likely to show abnormalities if any were present. The Spearman's rank correlation 

coefficient was used to assess the association between the inter-peak latencies and total 

amount of drug the patient received. Data were analysed using SPSS for Windows 

(SPSS Inc, Chicago, Illinois, USA). 

Results 

In May 1997, 79 patients and 79 age and sex matched controls were tested. 

Overall 56 pairs (70.9%) were males. The median age was 15 years (range 3 to 53 

years). Two cases (2.5%) were under five, 37 cases (47%) were 5-14 years old, and 

40 cases (51%) were over 14 years of age. Sixteen pairs (20.2%) differed by one 

year of age. There were no significant differences in height and weight between 

cases and the controls (Table 1). 

Table 1: Baseline characteristics of the 79 tested pairs 

Cases Controls P-value 
N = 7 9 N= 79 

P= 0.263 

Height 

Mean (sd) 
Range 

140 (22) 
91- 176 

141 (20) 
95- 174 

Weight 
Mean (sd) 
Range 

39.8 (15.4) 
12.5- 68.5 

39.6 (14.67) 
13- 69.5 

Audiometry N = 7 9 N = 7 9 
R 4000-< 30 41 (52%) 49 (62%) 

35-45 
50-55 

31 (39%) 
5 

25 (32%) 
3 

>60 1 1 

L 4000-< 30 47 (60%) 42 (66%) 
35- 45 
50-55 

26 (33%) 
2 

22 (28%) 
3 

>60 4 1 

P= 0.962 
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The cases had received a mean (SD) dose of 38.9 m g / k g (16.3) with a range of 24 

to 108 m g / k g of an oral artemisinin derivative (either artesunate and /o r 

artemether). The number of exposures per case ranged from two to nine. In 51 

cases (64.6%) the first treatment received was a combination of an oral artesunate 

plus mefloquine, and in 16 cases (20.3%) the treatment consisted of a combination 

of an oral artemether plus lumefantrine (co-artemether) for three days. 

Table 2: Different drug regimens given to the patients 

MAS3 Mefloquine 25 mg/kg + Artesunate 12 mg/kg total for three days 

MAS7 Mefloquine 25 mg/kg + Artesunate 12 mg/kg total for seven days 

MA Mefloquine 15 mg/kg + Artesunate 10 mg/kg (3 doses in 1 day) 

MAM3 Mefloquine 25 mg/kg + Artemether 12 mg/kg total for three days 

AS5 Artesunate 12 mg/kg total for five days 

AS7 Artesunate 12 mg/kg total for seven days 

AM7 Artemether 12 mg/kg total for seven days 

CO-AM Artemether 1-2 mg/kg + Benflumetol 6-12 mg/kg total/dose four times 

AS7TET7 Artesunate 12 mg/kg total + Tetracycline 250 mg t.i.d. for seven days 

AS7DOX7 Artesunate 12 mg/kg total + Doxycycline 100 mg o.d. for seven days 

All the other cases received a different regimen of an artemisinin derivative alone, 

or in combination, with doxycycline or tetracycline (Table 2). Two thirds (67.1%) 

of the cases studied received three different artemisinin regimens. Patients who 

were treated twice had a median (range) time of 69 (6-969) days between their first 

and second exposures to an artemisinin derivative. Patients who were treated three 

times had a median (range) time of 77 (21-516) days between their second and 

their third exposures. 

All the neurological examinations were normal except for the hearing tests in one 

case and in two controls. The case could not hear with the left ear while testing the 
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hearing acuity, and had hearing loss on die left side at 8000 Hz. There were no 

abnormalities found while testing the hearing acuity for the right ear and there was 

no hearing loss on the right side. The corresponding AER did not give 

reproducible waveforms for both right and left side due either to profound hearing 

loss or technical problems. The two controls could not hear with tiieir left ear 

while testing hearing acuity-, but both audiometry-tests were in the normal range. 

The corresponding AER for one control did not give reproducible waveforms for 

right and left ears, and for the other control there were no waveforms on the left, 

possibly due to profound hearing loss. A E R tests with no reproducible waveforms 

were regarded as missing in the final analysis. N o abnormalities were seen in the 

Romberg's test, and in assessments of tandem gait, fine finger dexterity, visual 

acuity, eye movements and behaviour. Audiometry at 4000 Hz for both the right 

and left ears was similar for the cases and controls (Table 1). 

The auditor}' evoked responses (AER's) are summarised in Table 3. There was no 

significant difference between cases and controls for the interpeak latencies (IPL) 

I-V and III-V in either left or right sides of the brainstem. 

Table 3: Mean IPLs (SD) for the cases and controls 

Inter-peak latencies Cases Controls P- value* 

Right I-III n= 69 2.14(0.19) 2.08 (0.19) 0.049 

Right I-V n= 69 3.97 (0.21) 3.91 (0.21) 0.079 

Right III-V n = 7 1 1.83 (0.15) 1.84(0.18) 0.720 

Left I-III n = 7 0 2.14 (0.25) 2.10(0.17) 0.275 

Left I-Y n=70 3.95 (0.23) 3.93 (0.23) 0.603 

Left III-Y n = 7 1 1.81 (0.20) 1.83 (0.18) 0.519 

Student's paired t test 
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There was a very small but significant difference between cases and controls for 

the interpeak latency I-III, but only on the right side. No correlation was observed 

between the total dose (mg/kg) of artemisinin administered and the left or right 

IPLs. The patients given the highest cumulative doses of artemisinin derivatives, 

[90th percentile; total dose of more than 60 mg/kg (n=9)], showed no significant 

differences in any of the IPLs compared with their controls . 

Discussion 

The artemisinin derivatives are an essential component of antimalarial treatment in 

areas where multidrug resistant Plasmodium falciparum is prevalent, and their use is 

likely to increase with the more widespread introduction of combinations to 

combat resistance. No toxicity has been seen in clinical trials which have included 

more than 5000 patients.2 However concerns have been raised by the consistent 

findings of neurotoxicity in animals following parenteral administration of the oil 

based derivatives arteether and artemether. Central nervous system 

neuropathological changes, seen in rats, dogs and monkeys are usually limited to 

certain brain stem nuclei, notably those involved in hearing and sound localisation. 

The toxicity described in animals is dependent upon dose, route of administration, 

and time. No neurological abnormalities were observed following administration 

of 25 or 30 mg/kg/day of parenteral arteether for six or eight days to rats, but 

neurological abnormakties were observed following administration of 50 

mg/kg/day for five to six days.7 High doses of arteether or artemether, [20 

mg/kg/day IM for eight days] are lethal in dogs, causing a progressive syndrome 

of clinical neurologic defects culminating in cardiorespiratory collapse.6 Route of 

administration influences the toxicity: oral intermittent dosing of the same drugs is 

considerably less toxic.19 Administration of the kpid soluble intramuscular 

artemether and arteether is more toxic than intramuscular or intravenous water-

soluble artesunate 2" (TG Brewer: personal communication). Pharmacokinetic 

differences between the different formulations and routes of administration 
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provide a plausible explanation for this observation. Artesunate is absorbed and 

eliminated very rapidly whether given orally or parenterally. Oral artemether is 

also absorbed rapidly. In contrast artemether and arteether are both absorbed 

slowly and erratically from an intramuscular depot giving sustained blood 

concentrations. Neurotoxicity seems to result from these sustained blood 

concentrations. W'esche et al. have compared the neurotoxicity of the artemisinin 

analogs in vitro.8. Dihydroartemisinin, the common metabolite of the artemisinin 

derivatives, has the most potent antimalarial activity, and it is also the most toxic of 

analogues tested. The precise cause of neuronal damage remains unknown 

although it is known to be potentiated by haem. Indeed neurotoxicity cannot be 

dissociated from antimalarial activity suggesting a common mechanism of 

action.21-22 

Along the Thai-Burmese border the artemisinin derivatives have been used since 

1994 in combination with mefloquine as the standard treatment for multidrug 

resistant Plasmodium falciparum malaria. This study is the first detailed attempt to 

assess neurotoxicity beyond standard clinical examination in this population. 

Patients who received multiple doses of an artemisinin derivative (during a period 

of three years) were included and matched for age and sex with controls. Data 

were not recorded in the acute phase after intake of an artemisinin derivative as 

interpretation would be difficult since fever 23 and illness cause changes acutely in 

the BAER24. The neurological tests and audiometry in these healthy subjects 

showed no significant difference between the cases and the controls. The auditory 

evoked response test represents the auditory pathway up to the midbrain allowing 

identification of the level at which abnormalities occur. Based on the animal 

studies, it was considered prospectively that the III to V latency would be the most 

likely to be affected by toxicity. There was no significant difference between cases 

and controls in the interpeak-latencies I-V and III-V, for both right and left ears. 

There was a small but significant prolongation of the interpeak-latency I-III in the 

cases, but this was only on the right side (no difference was seen on the left side). 
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Any toxicity related to a cumulative drug effect would have been expected to 

produce bilateral prolongation of the mterpeak-latency, (especially of waves III to 

V). Furthermore the difference was of borderline significance (p=0.049). 

Furthermore there was no evidence of dose related toxicity. In die nine cases who 

received the highest doses of artesunate (more than 60 mg/kg) , no difference 

between cases and controls was seen for the three different tests. Mefloquine, 

which is known to produce adverse neurological effects 25, was also used in many 

patients but no persistent abnormalities related to this drug were found either. 

These results are encouraging but not definitive. In this study the artemisinin doses 

were given over a prolonged time in divided doses. The total dose administered in 

our patient-population might be below that associated with toxicity. Alternatively 

reversible toxicity might have occurred, although there was no evidence of this in 

the acute clinical evaluations.26 

We conclude from this study that there is no evidence of residual clinical 

brains tern-pathology detectable with the auditor)' evoked response test, after 

administration of multiple doses of oral artemisinin derivatives. Temporo-spatial 

sound discrimination, which is thought to be related to the middle and late latency 

evoked potentials ie higher thalamic and auditory cortical functions, could be more 

sensitive for the detection of neuropathology caused by the artemisinin derivatives. 

The development of sensitive physiological tests in experimental animals which 

correlate with neuropathological changes is needed. It may never be possible to be 

absolutely sure that currently used treatment regimens with artemisinin derivatives 

cause no neuronal damage. Loss of a few neurones would be impossible to detect. 

Nevertheless with increasing negative evidence from detailed electrophysiological 

studies such as this, and reassuring information on the safety of the oral 

compounds m animal models, it seems likely that there is a significant margin of 

safety. More studies are needed, but concerns of neurological toxicitv should not 

limit appropriate use of these valuable antimalarials. 
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Artemether-lumefantrine cardiac effects 

Summary 

Artemether-lumefantrine is a new fixed antimalarial combination effective against 

multi-drug resistant falciparum malaria. A prospective electrocardiographic study 

was conducted in 150 patients receiving artemether-lumefantrine and 50 treated 

with artesunate-mefloquine. There was no evidence for clinically significant 

changes in the electrocardiographic intervals and in particular no relationship 

between plasma concentrations of lumefantrine and Q T c prolongation. 

Artemether-lumefantrine does not have significant cardiac effects at therapeutic 

doses. 

Introduction 

Artemether and lumefantrine (benflumetol) is a new combination effective against 

multi drug resistant falciparum malaria. Lumefantrine is a racemic fluorene 

derivative with the chemical name 2-dibutvlamino-l-[2,7-dichloro-9-(4-

chlorobenzylidene)-9H-fluoren-4-)i]-ethanol. It conforms structurally, to the aryl-

amino alcohol group of antimalarials including quinine, mefloquine and 

halofantrine. Other antimalarials notably quinine, and to a greater extent quinidine 

and halofantrine, are known to prolong the QTc-interval at therapeutic dosages,1 '2 

and halofantrine has been associated with sudden death. Artemether is a methyl-

ether derivative of dihydroartemisinin, derived from artemisinin (Qinghaosu). 

Artemether, and the closely related compound arteether, given in high doses by 

intramuscular injection prolong the QTc-interval in rats and dogs,3 which has 

given rise to concern that similar effects could occur in clinical use, but there is no 

evidence from large prospective clinical studies of any cardiotoxicity with this 

compound in man.4. 5 Artemether-lumefantrine has usually been given in a four 

dose regimen comprising 320 mg artemether and 1920 mg lumefantrine for adults. 

In Thailand two studies were conducted with a 6-dose regimen which has proved 
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highly effective and well tolerated/'. 7 These large dose optimizing studies with 

higher dose regimens provided the opportunity to conduct detailed 

electrocardiographic studies and to relate any changes observed to the plasma 

concentrations of lumefantrine. 

Methods 

Electrocardiographic monitoring and measurement of plasma lumefantrine 

concentrations was part of a randomized, two-center trial, conducted in adults and 

children more than two years old presenting with uncomplicated falciparum 

malaria in Bangkok or in a camp for displaced persons living on the Western 

border of Thailand.7 After giving informed consent patients were allocated 

randomly to receive either artemether-lumefantrine, adult dose: 4 tablets twice 

daily for three days (each tablet contains 20 mg artemether and 120 mg 

lumefantrine) or artesunate-mefloquine; artesunate in a single dose of 4 

mg/kg/day for three days plus mefloquine in a split dose, i.e., 15 mg/kg on day 2 

and 10 mg/kg on day 3, the current standard treatment." Blood microscopy was 

performed daily until two negative results, then weekly. Axillary temperature was 

measured daily until day 3. 

Five venous blood samples were withdrawn from all patients treated with 

artemether-lumefantrine. To optimize information, sampling times were 

chosen according to one of two randomized schedules: before dose 2 (or 3), 

before dose 4 (or 5), before dose 6, 8-16 hours after dose 6, and at day 7 

(the schedules were only different for the first two sampling times). At each 

time point 4 mL of blood was collected into heparinized tubes and 

centrifuged at 1000 rpm for 15 mm before freezing at -70°C. Plasma 

concentrations of lumefantrine were measured using HPLC with UV 
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detec t ion . T h e limit of quant i ta t ion was set to 100 n g / m L (interassay 

coefficient o f var ia t ion < 1 0 % ) . 

E l e c t r o c a r d i o g r a m s . Electrocardiographic monitoring (Autocardiner FCP-2155, 

Fukuda Denshi Co., LTD, Tokyo Japan) was performed at baseline, day 7, and day 

28 for all the patients. In the group treated with artemether-lumefantrine, a further 

four electrocardiograms were performed within the first week at the same time as 

blood sampling for antimalarial drug levels. For patients on artesunate-mefloquine 

a further three ECGs were taken, about one hour after the first and second dose of 

mefloquine, respectively day 1 and day 2, and again about 24 hours after the 

second dose of mefloquine. 

Electrocardiographic intervals were measured automatically by the machine and 

their absolute and percentage changes from baseline were summarized. The Q T 

interval and heart rate (HR) were used to calculate the QTc interval using Bazett's 

formula, Q T c = Q T / V(RR). 

Q T c interval as the response variable was compared between treatments. Times of 

E C G recordings were similar but not identical for all subjects, they were thus 

classified as E C G numbers 1 to 6 (days 0 (after baseline), 1, 2, 3, 7 and 28). A 

statistical model was fitted including Q T c values at baseline (day 0), age, heart rate, 

center, and E C G number, as secondary covariates and treatment as the main 

effect. T o account for the grouping of Q T c values within an individual, patient 

effect was added to the model as a random effect. Changes in mean estimates of 

Q T c at different time points were considered in reference to the mean estimate of 

day 28 (ECG number 6), when malaria effects were expected to have disappeared. 

Within the group treated with artemether-lumefantrine a similar model was fitted 

except that lumefantrine concentration was used as the mam effect. N o plasma 

samples were taken at day 28, however since at day 28 lumefantrine concentrations 

are expected to be ven- low (near zero), lumefantrine concentrations at this time 

were set equal to zero. T o eliminate time effects the relationship of the plasma 
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lumefantrine concentration to the QTc interval at ECG number 4 (when 

lumefantrine levels were near maximum) was also investigated. The procedure 

MIXED of the statistical package SAS, version 6.12 was used for these analyses. 

Results 

Full clinical details of this study will be reported elsewhere.7 Clinical baseline 

characteristics were similar in both groups (Table 1). The median (range) age and 

body weight were 22 years (2-63) and 50 kg (8-81), respectively. 

Table 1: Demographic and baseline characteristics 

AL AM Total 

N=150 N = 5 0 N = 2 0 0 

Sex (Males) N(%) ' 110 (73%) 37 (74%) 147(74%) 

Age (years) Median 22 25 22 

Range 2-63 3-61 2-63 

Weight (kg) Median 50 50 50 

Range 8-81 11-66 8-81 

Height (cm) Median 155 158 156 

Range 77-175 84-172 77-175 

Previous malaria N (%) 6 (4%) 0 6 (3%) 

the last 3 months 

Hematocrit (%) Median 37.0 38.8 37.1 

Range 18.7- 50.9 25.1-60.8 18.7-60.8 

Temperature (C) Median 37.7 38.0 37.8 

Range 35.6- 40.2 36.0- 39.9 35.6- 40.2 

Parasite density Geometric 9.162 8.452 8.978 

C/HJL) mean 

Range 

264- 254.490 625- 177.840 264- 254.490 

A T - artemether-lumefantrine; AM= artesunate-mefloquine 

21! 



Artemether-lumefantrine cardiac effects 

Electrocardiographic findings. Electrocardiographic data were available from in 

total 199 patients, (150 treated with artemether-lumefantrine and 49 treated with 

artesunate-mefloquine) including 34 children <12 years old. The median (range) 

heart rate at baseline was 89 (54-162) bpm. This decreased during the course of the 

treatment. The median baseline PR interval was 138 (99-247) msec and the QRS 

interval was 92 (30-116 ms). Both remained unchanged following treatment. At 

baseline the median (range) QTc was 412 ms (354- 484). Excluding baseline 

measurements, a total of 1085 Q T c measurements were available, 859 from 

patients treated with artemether-lumefantrine, and 226 from patients treated with 

artesunate-mefloquine. A total of 711 observations were available for the 

evaluation of the effect of lumefantrine concentration on QTc interval, in which 

there were detectable plasma lumefantrine concentrations. The day 28 intervals 

were considered to represent the normal values for the individual as plasma 

lumefantrine concentrations are below the level of detection by this time; setting 

these values to zero drug effect resulted in an additional 128 observations; a total 

of 839 observations. 

Fitting the mixed effect model, Q T c at baseline, age, heart rate, center and E C G 

number were each found to have statistically significant effects on the QTc 

interval. There was no evidence of a treattnent effect on the QTc interval (Table 

2). The greatest increase in QTc during treatment, compared to day 28 was 

estimated to be 8 ms (p <0.0001) at the fourth E C G , around 67 hours from the 

start of the treatment. In order to examine the QTc patterns over time for each 

treatment, a separate QTc evaluation was carried out for each treatment group. 

The greatest increase in QTc, compared to that of day 28, was 7.1 ms (p <0.0001) 

for artemether-lumefantrine and 11.6 ms (p=0.001) for artesunate-mefloquine, 

both on E C G number 4, i.e. day 3, (results not shown). 
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Table 2: Multivariate analysis of the factors affecting the QTc interval 

Effect Estimate Standard Error p value 

Baseline QTc [ms] 0.560) .042 <0.0001 

Age [year] 0.26« 0.08 0.001 

Heart rate [/min] 0.30) 0.04 <0.0001 

Center -8.7P) 2.7 0.001 

EKG number 1 -5.30) 2.0 0.009 

2 -0.60« 1.5 0.70 

3 4.5« 1.4 0.001 

4 8.07,0) 1.5 <0.0001 

5 4.030) 1.49 0.007 

Ó 421« 2.3 <0.0001 

Treatment 0.82 2.25 0.71 

(1) Estimated effect in ms for every unit increase 

(2) Estimated center effect (Bangkok v Mae La) on QTc [ms] 

(3) Estimated mean difference in QTc [ms] using ECG number 6 (day 28) 

reference 

(4)Estimated mean QTc [ms] at ECG number 6 (day 28) 

In the artemether-lumefantrine group, the relationship between the QTc interval 

and plasma lumefantrine concentrations (839 observations) was investigated 

(Figure 1). The likelihood ratio test showed that the best fit was achieved with a 

model taking into account the E C G number (i.e. time effect) rather than the 
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lumefantrine concentration. T o exclude this time effect, the subset of Q T c data 

collected at the fourth E C G were evaluated to examine differences between 

patients as a result of differences in plasma lumefantrine concentrations. Again 

baseline QTc and heart rate had a statistically significant effect on the QTc 

interval, while plasma lumefantrine concentration had none, (Table 3), despite the 

wide range of lumefantrine levels 442-30605 ng /ml (median 5996 ng/ml) 

(N=141). 

Table 3: Effect of lumefantrine on QTc on the fourth E K G recorded 

Effect Estimate Standard Error p value 

Intercept [ms] 427 3.35 <0.0001 

Baseline Qtc [ms] 0.56") .07 <0.0001 

Age [year] 0.16« 0.14 0.3 

Heart rate [bpm] 0.36"! 0.11 0.001 

Center -8.0P) 4.4 0.07 

Lumefantrine [ng/ml] 0.000140) 0.00033 0.68 

(1) Estimated effect in ms for even- unit increase 

(2) Estimated center effect (Bangkok v Mae La) on QTc [ms] 

Only two patients showed an increase of more than 25% in the machine read QTc 

interval compared to their baseline values: one patient on AL had an increase from 

355 ms to 453 (at 38 hrs) and one patient on AM had an increase from 397 ms to 

527 ms (at 47 hrs); the only patient in the series with a QTc value above 500 ms. 

The manual readings at these times bv an external cardiologist were 376 ms in the 

first case and 351 ms in the second case indicatino; machine errors. Manually read 
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ECG's were therefore carried out for all patients (N=41) with QTc increases 

compared to baseline greater than 30 ms. From about 250 ECG's it was found that 

machine calculated QTc were generally higher than the manually read.1'1 The 

difference was greater at high QTc values, e.g. for machine readings greater than 

450 ms the manually read values were lower by an average of 25 ms (N=49). 

Discussion 

There has been natural concern over the cardiotoxic potential of newly introduced 

antimalarial drugs since the unexpected discovery of the marked effects of 

halofantrine on ventricular repolarization, well after it had been introduced in 

clinical practice.2'11-12 QT prolongation is a well known risk factor for 

proarrhythmic events, including sudden death. Lumefantrine is an aryl-amino 

alcohol antimalarial with some structural similarities to halofantrine. It is also, like 

halofantrine, lipophilic and hydrophobic, with very variable oral bioavailability 

leading to considerable inter-individual variability in plasma concentrations. But, 

unlike halofantrine, it proved to have no detectable cardiac effects over a wide 

range of plasma concentrations. In this study there was no change in the 

electrocardiographic PR and QRS intervals after starting antimalarial treatment. 

Generally small changes in QTc interval were noted, but they were similar to those 

reported in malaria treated with other antimalarial drugs (and much less than those 

recorded after treatment with drugs known to prolong the QT interval), and they 

were unrelated to the plasma concentrations of lumefantrine. If lumefantrine has 

any significant effect on cardiac conduction or repolarization then there should be 

a relationship between concentration and effect, but none was found in this 

relatively large and detailed study (Figure 1). Clear concentration-effect 

relationships are evident with halofantrine and quinidine, which have the greatest 

repolarization effects in this class of antimalarials,1.2 and can also be demonstrated 

for quinine (the L-diastereomer of quinidine) which has less effect on the QT 
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Figure 1: Relationship of electrocardiographic QTc interval with plasma 

lumefantrine concentration, |: patients >5 years, • patients between 2-5 years of 

age. The horizontal line is the median QTc value 418 ms. 
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interval.1 There has been debate recently whether malaria itself affects ventricular 

repolarization. Small but significant differences have been observed in the QT 

interval corrected by Bazett's formula between acute malaria and convalescence.13 

These are associated with a decline in heart rate associated with defervescence. 

Dividing the QT interval by the square root of the R-R interval does not 

adequately correct for changes in heart rate as heart rate and Q T / V R R remain 

correlated significantly.14 Thus the apparent 'malaria' effect on ventricular 

223 



Chapter 10 

repolarization may simply reflect heart rate changes. In any case the effects are 

very small. In this study there was a small but statistically significant difference in 

QTc interval at the third day (after end of treatment), but this was similar for the 

two drugs suggesting that it was related to recovery from malaria and not the 

antimalarial drugs themselves. Mefloquine has also been investigated in detail 

before15 and is considered not to have clinically important effects on ventricular 

repolarization. Patients with pre existing repolarization abnormalities may be more 

vulnerable to factors which prolong the Q T interval. In tins series there was no 

relationship between baseline Q T c interval and the fractional increase. Overall 

these data provide strong evidence against a systematic effect of therapeutic doses 

of lumefantrine on cardiac conduction or repolarization. 
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Multi-drug resistance of Plasmodium falciparum is an increasing threat to people 

living in or going to the tropics. Despite enormous efforts to control malaria the 

emergence of plasmodia that are drug resistant is probably one of the major 

factors that has led to the persistence, and indeed resurgence of malaria.' The 

most drug-resistant parasites in the world are found on the borders of Thailand 

and these regions have acted as harbingers of resistance patterns elsewhere in the 

tropics.2 4 

By the late 1950's and early 1960's reports of chloroquine resistant strains of 

plasmodium falciparum began to appear in Colombia and Brazil 5 and 

subsequently in South-East Asia, Cambodia,6 South Vietnam and Thailand.7 

Strains resistant not only to chloroquine but also to dihvdrofolate reductase 

inhibitors (pyrimethamine, proguanil), and even to potentiating combinations of 

these with sulphonamides or sulphones, are appearing in ever larger geographical 

areas which now include South-East Asia, South America, tropical Africa and 

India.1 The emergence of resistance causes an increase in malaria mortality and 

morbidity.'15-9 Moreover once the malaria parasites have developed significant levels 

of resistance to both chloroquine and sulfadoxine/pyrimethamine the treatment 

options become considerably more expensive."' 

Only a few effective and affordable drugs are available (chapter 1) and there is also 

a need to develop a strategy in order to overcome the problem presented by 

malaria parasite-resistance worldwide. 

The development of drug resistance to the different antimalarials is based on 

different underlying mechanisms; spontaneous chromosomal single or double-

point mutations( pyrimethamine, sulphonamides and atovaquone) or multigenic 

changes (arylaminoalcohol group of antimalarials).n>i2 Also, more resistant 

mutants are more likely to occur under drug pressure i.e. with the use of 

antimalarials.13 Factors such as indiscriminate and uncontrolled large scale 
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antimalarial drug use, presumptive treatments, inadequate dosing and use of drugs 

that are eliminated slowly,3 all contribute to the selection of resistant mutants. 

Moreover there is evidence from the field that the more the strains are resistant 

the more likely they are to be transmitted because the rate of gametocyte carriage 

increases with the decline in antimalarial efficacy.14.15 

Because its effectiveness in the treatment of multi-drug resistant infections, the 

use of combination therapies is well accepted for the treatment of tuberculosis and 

AIDS. In malaria combinations have been advocated 16 and used but mainly for 

their synergistic effects not to delay or prevent the emergence of resistance. In 

Thailand, an attempt to prevent mefloquine resistance was made, by combining 

mefloquine with sulfadoxine/pyrimethamine (MSP), but by the time MSP was 

introduced, high grade resistance to sulfadoxine/pyrimethamine was widespread 

and furthermore the pharmacokinetic properties of the three drugs were not well 

matched. Sulfadoxine and pyrimethamine are eliminated more rapidly than 

mefloquine, therefore low blood concentrations of mefloquine persist for long 

periods 'unprotected'.17 

The Chinese pharmacopoeia includes among other compounds the artemisinin 

derivatives. Artemisinin is the name given to the active principle of qinghaosu, an 

extract of the Chinese medicinal plant qinghao (Artemisia annua L.). Qinghaosu 

was used for over a thousand years in China as a herbal remedy for fever. In 1972, 

Chinese scientists characterized the structure of artemisinin. The artemisinin 

derivatives, artesunate or artemether are the most active antimalarial compounds 

available for human use.18 They are now in widespread use throughout South East 

Asia and are used increasingly elsewhere in the tropical world for the treatment of 

both uncomplicated and severe malaria.1922 The artemisinin derivatives have a 

rapid onset of therapeutic effect, a single dose can reduce the parasite biomass by 

a factor of approximately 104 and they have a very short half-life.23 Moreover the 

artemisinin derivatives have shown to induce a reduction on the gametocyte 

production.15 If the artemisinin derivatives are used alone in the treatment of 
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P.falciparum malaria, as a short course regimen, recrudescence rates are high.22 

However used in combination with mefloquine as a 3-day regimen, cure rates 

approach 100%.19-24 Moreover by combining the two drugs the chances of a drug 

resistant mutant appearing are reduced considerably, the parasites are never 

exposed to the artemisinin alone, and the second drug has a small residual biomass 

to eradicate at a time of maximum blood concentrations.25 

The western border of Thailand is an area of multi-drug resistant P.falciparum. 

Several clinical trials have been conducted in camps of displaced persons since 

1994 with the combination artesunate-mefloquine.19>26 There is evidence from data 

collected in SMRU (Shoklo-camp) that early detection and treatment and the use 

of the combination mefloquine-artesunate has reduced the incidence rates of 

Plasmodium falciparum, but not the incidence of Plasmodium vivax. The climate 

conditions did not change during this period and entomological surveys indicated 

that vectors were present in the camp (Anopheles minimus, Anopheles maculatus 

and Anopheles dims) however sporozoite rates were extremely low.27 The decline 

in P.falciparum was not seen in the surroundings of the camps where the 

combination is not used as first line treatment.27 '28 Beside the impact on the 

transmission, the combination artesunate-mefloquine has augmented cure rates 

considerably compared with the use of mefloquine monotherapy.24 '29 This could 

be due to artesunate alone, however there has been no further decline in 

mefloquine sensitivity in vitro after artesunate plus mefloquine was introduced.'" 

Although the observed trend is probably multi-factorial, there is evidence that 

early detection reduces the incidence of falciparum malaria and that the use of the 

supervised treatment-combination, artesunate-mefloquine, reduces selection and 

transmission of strains resistant to mefloquine.15-27 So in this epidemiological 

context mefloquine-artesunate, a combination treatment including an artemisinin, 

has an impact on transmission of Plasmodium falciparum and the spread of drug 
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resistant strams. Combination therapy is a rational approach to delay the 

emergence of resistance, but more information on the effects of antimalarial 

combination treatments and assessments of the cost and feasability from areas 

with different transmission patterns are needed. 

In view of the combination-strategy, the new antimalarial combination artemether-

lumefantrine (benflumetol) (Riamet®) might be an alternative m the treatment of 

multi-drug resistant malaria. This new combination has the same characteristics as 

the combination artesunate-mefioquine; artemether is responsible for a large 

reduction in initial parasite biomass and has a cidal effect on early stages of 

gametocyte development, while lumefantrine has a longer half life and is 

responsible for the elimination of the remaining parasites at a time of maximum 

blood concentrations. Absorption of lumefantrine varies in patients with malaria, 

and is influenced by fat intake. Co-administration with fat improves remarkably 

the bioavailability of lumefantrine. Artemether-lumefantrine could be an 

alternative to mefloqumc-artesunate when mefloquine resistance is too high and to 

avoid the adverse effects of mefloquine, which are quite common.3 1 Therefore we 

studied artemether-lumefantrine for its efficacy, toxicity and its pharmacokinetic-

and pharmacodynamic properties. 

Efficacy 

The combination artemether-lumefantrine was compared in an open randomized 

trial with the combination artesunate-mefioquine for the treatment of patients 

presenting with acute uncomplicated multi-drug resistant falciparum malaria.24 

Clinical studies in China, confirmed by a Phase II trial in a chloroquine-resistance 

area m China, concluded that the 1:6 artemether to lumefantrine ratio was optimal 

for antimalarial activity. Per dose this resulted in 1 to 2 m g / k g of artemether plus 

6 to 12 m g / k g of lumefantrine and adult dosage was four doses given over a 48 
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hour period.32 In this first study at this site, the new artemether-lumefantrine 

combination was effective, but less so than artesunate-mefloquine. The 28 day 

cure rates were 82% and 97% respectively, however co-artemether was better 

tolerated than artesunate-mefloquine (chapter 3). This difference in efficacy 

probably reflects the more rapid elimination of lumefantrine (half-life= 4-5 days) 

than of mefloquine (half-life = 14-21 days) and thus the shorter time for which 

suppressive concentrations are present in the blood. In general artesunate and 

artemether are considered equivalent in terms of antimalarial activity (chapter 

2);26,33 however in this study the dose of artemether (in the artemether-

lumefantrine combination) was half the dose of artesunate (in the artesunate-

mefloquine combination). If a larger dose or a longer course of treatment were 

given, then the time for which blood levels of lumefantrine would exceed the 

minimum parasiticidal concentration would be prolonged, and artemether would 

be present in a higher dose and therefore efficacy would improve (next 

paragraph). We used a population pharmacokinetic- and pharmacodynamic 

approach as the basis for dose optimisation. It was found that the most important 

factor determining parasitological clearance was the area under the lumefantrine 

plasma concentration curve (chapter 6).34 T o investigate whether the cure rates of 

artemether-lumefantrine would indeed be improved in vivo by using a larger dose, 

a dose optimisation trial was conducted. A randomized double-blind trial, 

comparing efficacy, safety and pharmacokinetics of the four dose (standard) 

schedule of artemether-lumefantrine with two higher 6-dose schedules, given over 

three or five days, (chapter 5) was carried out.35 Both six dose regimens produced 

high cure rates. The higher doses were not associated with any significant clinical 

toxicity. The high efficacy of the six-dose regimen of artemether-lumefantrine, 

given over three days, was confirmed in a more recent trial. 
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Artemether-lumefantrine rapidly and reliably cleared fever and parasitaemia. The 

combination has die additional benefit, due to artemether, of lowering 

transmission of the infection by inhibiting gametocyte development. 

Toxicity 

Neurotoxicity. The artemisinin derivatives are now the most important new class 

of antimalarials and although there has been no clinical evidence of neurotoxicity 

there have been worrying reports of an unusual pattern of damage to specific 

brain stem nuclei in animals.36 The case-control study presented in chapter 9 failed 

to detect any evidence of neurotoxicity in patients treated with multiple doses of 

an artemisinin derivative. Neurotoxicity, which occurred after high dose of 

intramuscular artemether and arteether in animals seems to be the result of 

sustained blood concentrations, however oral artesunate and artemether are 

absorbed and eliminated very rapidly and these were used as antimalarial 

treatments in this study. Route of administration influences the toxicity: oral 

intermittent dosing of the same drugs is not toxic.37 The results of this study are 

encouraging but not definitive. The artemisinin doses were given over a prolonged 

time in divided doses and the total dose administered might be below that 

associated with toxicity. It may never be possible to be absolutely sure that the 

artemisinin derivatives cause no neuronal damage. The loss of a few neurones is 

impossible to detect, nevertheless it seems likely that there is a significant margin 

of safety. 

In the trials conducted with high dose artemether-lumefantrine there was no 

evidence of acute clinical neurotoxicity after treatment 

Cardiotoxicity. Lumefantrine is an aryl-amino alcohol antimalarial with some 

structural similarities to halofantrine. It is also, like halofantrine, lipophilic and 
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hydrophobic, with very variable oral bioavailability leading to considerable inter-

individual variability in plasma concentrations. Clear concentration-effect 

relationships are evident with halofantrine and quinidine, which have the greatest 

repolarization effects of the drugs in this class of antimalarials.38'39 This 

repolarization effect can also be demonstrated for quinine (the L-diastereomer of 

quinidine) but its less.39 QT prolongation is a well known risk factor for 

arrhythmic events, including sudden death. However, unlike halofantrine, 

lumefantrine proved to have no detectable cardiac effects over a wide range of 

plasma concentrations. If lumefantrine has any significant effect on cardiac 

conduction or repolarization effects then there should be a relationship between 

concentration and effect, but none was found (chapter 10). Overall these data 

provide strong evidence against the existence of a systematic effect of therapeutic 

doses of lumefantrine on cardiac conduction or repolarization. Artemether is not 

known to be cardiotoxic.411 

Pharmacokinetic- and pharmacodynamic properties 

Characterisation of the pharmacokinetic-pharmacodynamic relationships of 

artemether-lumefantrine provided the basis for dose optimisation (chapter 4). The 

artemether component causes a rapid reduction in the initial parasite biomass and 

consequently rapid resolution of symptoms. Lumefantrine is eliminated more 

slowly. The pharmacokinetic properties of lumefantrine are similar to those of 

halofantrine, with variable oral bioavailability, augmented considerably by fat-

intake, thus increasing with recovery of appetite, and a terminal elimination half-

life in patients with malaria of approximately 4-5days. To investigate whether the 

improved efficacy of the six dose regimens resulted from higher blood levels of 

artemether and lumefantrine, pharmacokinetic data were obtained. The higher 

dose regimens gave higher areas under the plasma concentration curve (AUCs), 

235 



Chapter 11 

and the duration of the plasma lumefantrine levels increased as well, exceeding the 

in vivo MIC of 280 ng/ml . The plasma lumefantrine AUG has indeed proved an 

important determinant of the therapeutic response, as was predicted (chapter 4). 

For the detection of lumefantrine blood-levels, capillary and venous lumefantrine 

concentrations correlated significantly (chapter 7).41 Capillar}' sampling will be a 

suitable alternative and will allow therapeutic and pharmacokinetic studies to be 

conducted across a broad age range. 

Conclusion 

Artemether-lumefantrine (Riamet®) given in a six dose regimen over three or five 

days is as effective as the best treatment currently available for multi-drug resistant 

falciparum malaria, but has the advantage of being better tolerated than regimens 

which contain mefloquine. There was no evidence of neurotoxicity and 

cardiotoxicity. In general a three day regimen has the advantage of better 

compliance than a regimen given over five days. Moreover by inhibiting 

gametocyte development, malaria transmission could be interrupted in areas of 

low transmission malaria. Also in view of the combination-strategy, artemether-

lumefantrine is a good alternative treatment to artesunate-mefloquine. 

Artemether-lumefantrine should become more widely available at an affordable 

price to the populations living continuously with the threat of multi-drug resistant 

Plasmodium faldpamm malaria. 

T o reduce the risk that resistance develops when artemether-lumefantrine 

becomes available, strict control should be exerted over its use and the response 

of the parasites should be monitored by in vitro testing as well as by clinical 

reporting. It might be that the combination artemether-lumefantrine will play a 

role in malaria control, however the future of malaria control lies in the planning 

of integrated measures that adapt whatever means are best suited to the local 

epidemiological and economic situations of the areas concerned. 
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Lume fan trine, in combination with artemether (Riamet®) has been developed by 

the Chinese Academy of Military Medical Sciences and Novartis, Basel, 

Switzerland. The new antimalarial combination: artemether-lumefantrine, has 

proved effective and well tolerated in an area of multi-drug resistant Plasmodium 

falciparum malaria. Moreover an impact on gametocyte development of falciparum 

malaria could be observed with this new antimalarial combination. The use of this 

drug combination may delay the emergence of drug resistance. 

Chapter 1 gives an overview of the different available antimalarials in the 

treatment of chloroquine-resistant malaria. Chloroquine is still clinically effective 

in some areas where there is low-grade resistance. However, once malaria parasites 

have developed levels of resistance to chloroquine, the number of drugs available, 

effective and affordable is ver}' limited. 

Along the Thai-Burmese border, P.falciparum has developed resistance to nearly all 

available antimalarials. Artesunate and high dose mefloquine has become the 

standard treatment combination for P.falciparum infections (Nosten 1994). Oral 

artesunate is the most widely used, however oral artemether has become 

increasingly available as an alternative to artesunate. The artesunate and 

artemether regimens in combination with mefloquine gave very similar clinical and 

parasitological responses, and were both well tolerated (Price 1995). Another trial 

was performed to study artesunate versus artemether for the treatment of 

recrudescent falciparum malaria. This was an open randomised trial in 443 

patients. Parasite and fever clearance times were similar in both groups. By day 28, 

3 % of the patients treated with artesunate and 6% of those treated with 

artemether had recurrent infections. Both regimens were very well tolerated. In 

general we can conclude from the previous described trials (Price 1995, Price 

1999) that artesunate and artemether are safe, highly effective and considered 

equivalent in terms of antimalarial activity (Chapter 2). 
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In the search for new antimalarials , Chinese research showed promising results 

with a new antimalarial combination of artemether plus lumefantrine 

(benflumetol). To study whether the combination: artemether-lumefantrine was 

effective in an area of multi-drug resistant P.falciparum malaria in Thailand, an open 

randomized trial was conducted to compare the efficacy and safety of the 

combination artesunate-mefloquine versus the new combination artemether-

lumefantrine . Chapter 3 reveals the results of this trial which was conducted in 

617 patients presenting with acute uncomplicated multidrug resistant falciparum 

malaria. Both treatments rapidly and reliably cleared fever and parasitaemia, and 

there was no significant difference in the initial therapeutic response. The 63 day 

cure rate for artesunate-mefloquine was 94% this was significantly higher than that 

of artemether-benflumetol, 81% (p<0.001). The 28 day cure rate was 97% and 

82%, respectively for artesunate-mefloquine and artemether-lumefantrine.Both 

regimens were well tolerated, no serious adverse effects were reported but nausea, 

vomiting, dizziness, sleep disorder and neurological side effects were more 

common in the mefloquine-artesunate group. In conclusion: the new artemether-

benflumetol combination was effective, but less so than artesunate-mefloquine 

however was better tolerated than artesunate-mefloquine. 

Chapter 4 presents the clinical pharmacokinetic- and pharmacodynamic 

characteristics of artemether-lumefantrine. The artemether component gives a 

rapid reduction of the initial parasite biomass and consequent rapid resolution of 

symptoms. Lumefantrine is eliminated more slowly. Absorption varies in patients 

with malaria, due to no intake of food. Co-administration with fat improves the 

bioavailability of lumefantrine remarkedly. The plasma lumefantrine AUC has 

proved an important determinant of the therapeutic response (further details in 

chapter 6). Characterisation of these pharmacokinetic-pharmacodynamic 

relationships provided the basis for the dose optimisation. 
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To optimise the dose of artemether-lumefantrine and therefore increase efficacy, a 

randomised double-blind trial was conducted, comparing efficacy, safety and 

pharmacokinetics of the standard schedule of artemether-lumefantrine with two 

higher dose schedules (chapter 5). Patients were randomised in three different 

dose regimens. 'Standard schedule': 4 doses over 48 hours, '3 day schedule': 6 

doses over 60 hours, '5 day schedule': 6 doses over 96 hours. Each tablet 

containing 20 mg artemether and 120 mg lumefantrine. Every schedule was given 

as a five day regimen using placebo tablets. A total of 359 patients were enrolled in 

two centres. The baseline characteristics were similar in the three different groups. 

There was no difference in parasite and fever clearance times in the different 

groups. No patients developed gametocytes. Both higher dose regimens 

demonstrated a significant higher 28 day cure rate compared to the standard 

schedule, 96.9%; 99.1% vs. 83.3% and were well tolerated. 

The high cure rates with the six dose regimens (chapter 5) were also confirmed by 

pharmacokinetic-data, which is described in chapter 6. The population absorption 

half life of lumefantrine was 4.5 hours. Lumefantrines' oral bioavailability varied 

markedly between patients, because its dependency on food, but it improved with 

recovery. The higher dose regimens gave higher AUCs, and the duration of the 

plasma lumefantrine levels increased as well, exceeding the in vivo MIC of 280 

ng/ml. 

As stated previously the therapeutic response (cure rate) following artemether-

lumefantrine treatment is determined by the area under the lumefantrine plasma 

concentration-time curve (Ezzet, 1997). However venous blood sampling is often 

impractical in the tropics, particularly from children who present the majority of 

malaria cases world wide. Finger-prick samples are easier to obtain and more 

acceptable in children. Chapter 7 reports on the relationship between venous and 

capillary blood levels of lumefantrine. 91 pairs of venous and capillary samples 
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were obtained simultaneously from 26 patients. The capillary and venous 

lumefantrine concentrations correlated significantly. This study indicates that 

capillary sampling will be a suitable alternative and will allow therapeutic and 

pharmacokinetic studies to be conducted across a broad age range. 

T o confirm efficacy and safety of the six-dose regimen of artemether-

lumefantrine, given over three days, a study was performed comparing artesunate 

plus mefloquine versus the six-dose regimen of artemether-lumefantrine. Baseline 

characteristics in the two groups were similar. A total of 200 patients were 

enrolled. The 28-day cure rate for artemether-lumefantrine was 97%, for 

artesunate-mefloquine 100%. Both treatments showed gametocytocidal activity 

and were well tolerated. In view of the results the six dose regimen given over 

three days of artemether-lumefantrine was found to be as effective as the current 

standard treatment and well tolerated in an area of multi-drug resistant 'P.falciparum 

malaria. 

Although the artemisinin derivatives are now used widely in areas with multidrug 

resistant falciparum malaria, little is known about their toxicity. Rats, dogs, and 

monkeys treated with high doses of intramuscular artemether or arteether, have 

produced an unusual selective pattern of damage to certain brain stem nuclei 

(particularly those involved in auditory processing) (Brewer 1994). In general 

much lower doses are used in human for the treatment of malaria, however 

concerns remain about their potential for neurotoxicity. Chapter 9 describes a 

case-control study, whether a similar toxic effect occurs in patients treated with 

these compounds. Clinical neurological evaluation, audiometry and early latency 

auditory evoked responses were measured in 79 patients who had been treated 

with > 2 courses of oral artemether or artesunate within the previous 3 years, and 

in 79 age and sex matched controls. There were no significant differences in any 

of these tests between the cases and controls. This study failed to detect any 
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evidence of significant neurotoxicity in patients treated with oral artemether or 

artesunate. 

The cardiotoxic potential of the arylaminoalcohol class of antimalarials is well 

known. Chapter 10 evaluates cardiac effects of high dose artemether-lumefantrine. 

Prolongation of the electrocardiograph QTc interval is associated with quinidine 

and halofantrine, which has a similar highly variable and fat dependent oral 

bioavailability to lumefantrine. Pharmacokinetic data were evaluated together with 

electrogardiographic measurements from in total 199 patients, 150 treated with 

artemether-lumefantrine and 49 treated with artesunate-mefloquine. The clinical 

details are reported in chapter 8. A total of 839 observations were available for the 

evaluation of the effect of lumefantrine concentration on Q T c interval. N o 

correlation was seen between QTc and lumefantrine plasma levels. The data in 

this study clearly showed that lumefantrine has little or no effect on ventricular 

repolarisation. 
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Introductie 

De toenemende ongevoeligheid voor geneesmiddelen (resistentie) van de 

Plasmodium falciparum parasiet vormt een wereldwijde bedreiging. 

Plasmodium falciparum is de parasiet verantwoordelijk voor de dodelijke vorm van 

malaria (malaria tropica). Naar schatting overlijden jaarlijks meer dan twee miljoen 

mensen aan malaria. De resistentie van Plasmodium falciparum verspreidt zich snel. 

Het resistentie probleem is het grootst in Zuidoost-Azië, waar P.falciparum resistent 

is tegen alle gangbare anti-malariamiddelen. Het aantal beschikbare, effectieve en 

betaalbare anti-malariamiddelen is zeer beperkt indien resistentie is opgetreden 

tegen het gebruikelijke middel chloroquine. 

De gevolgen van resistentie zijn: een toename van het aantal zieken en doden a.g.v. 

malaria, een onvolledig herstel van de patiënt en een toename in de kosten voor 

individu en gemeenschap. 

Een nieuwe strategie, toegepast wereldwijd, is dringend nodig voor de controle van 

malaria. Bovendien zijn nieuwe, effectieve anti-malariamiddelen nodig. 

Combinatietherapie wordt toegepast ter voorkoming van resistentie in de 

behandeling van andere ziekten zoals tuberculose, lepra en AIDS. En is ook 

gebruikelijk bij kankerbehandeling. In de behandeling van malaria is dit nog niet 

het geval maar de verspreiding van de resistentie van de falciparum parasiet zou 

aanzienlijk vertraagd of zelfs voorkomen kunnen worden indien patiënten 

behandeld zouden worden met een combinatie van anti-malariamiddelen.. 

Geneesmiddelen die in combinatie gebruikt worden, moeten elkaar aanvullen 

m.b.t. hun pharmacokinetische (wat gebeurt er met het geneesmiddel in het 

lichaam) en pharmacodynamische (wat doet het geneesmiddel in het lichaam) 

eigenschappen om zodoende effectiever te zijn. Bovendien krijgt de parasiet bij 
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blootstelling aan twee niet-verwante medicijnen veel minder snel de gelegenheid 

zich door random genetische mutaties aan te passen aan een van beide middelen. 

Combinatietherapie kan de nieuwe strategie zijn om de snel toenemende resistentie 

een halt toe te roepen. 

In met name Zuidoost Azië wordt een nieuwe groep anti-malariamiddelen 

gebruikt; de afgeleiden van het Chinese kruid qinghaosu, artemisinine, afkomstig 

uit de plant Artemisia annua L.. Qinghaosu werd al jaren gebruikt in China ter 

behandeling van koorts. In 1972, karakteriseerden Chinese wetenschappers de 

biochemische structuur van artemisinine en zijn derivaten. Deze derivaten, 

artesunaat, artemether en arteether, zijn momenteel de meest potente, beschikbare 

anti-malariamiddelen. Zij veroorzaken een sterke reductie van het aantal parasieten. 

Bovendien hebben zij invloed op de groei van de verschillende stadia van de 

parasiet waardoor onder andere de sexuele vorm (gametocyt), die verantwoordelijk 

is voor de verspreiding van malaria, niet tot ontwikkeling kan komen. De 

artemisinine derivaten zijn effectief ter behandeling van malaria tropica indien ze 

minstens zeven dagen gebruikt worden. Een driedaagse kuur blijkt voldoende 

indien de derivaten gebruikt worden in combinatie met mefloquine. 

O p de grens van Thailand en Birma, het centrum van malaria door multi-resistente 

Plasmodium falciparum , blijkt een combinatie van mefloquine en artesunaat zeer 

effectief in de behandeling van deze multi-resistente malaria. Het gebruik van de 

combinatie was noodzakelijk geworden omdat 'P.falciparum nadat resistentie was 

ontstaan tegen chloroquine en de combinatie sulfadoxine-pyrimethamine 

(Fansidar®) ook resistent was geworden voor een hoge dosering mefloquine 

(Lariam®, 25 mg/kg) , het enige overgebleven gangbare anti-malariamiddel. In 

Thailand is de combinatie mefloquine-artesunaat nu de standaard behandeling voor 

multi-resistente malaria ten gevolge van P. falciparum. Maar aangezien Pfalciparum al 

gedeeltelijk resistent is voor mefloquine, bestaat de kans dat er ook resistentie 
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optreedt voor deze combinatie. Bovendien is de combinatie mefloquine-artesunaat 

kostbaar en geeft het gebruik van mefloquine de bekende bijwerkingen. 

Alternatieve combinaties zijn daarom noodzakelijk. 

Een nieuwe anti-malaria-combinatie, artemether-lumefantrine is momenteel 

beschikbaar. Artemether-lumefantrine (Riamet®) is ontwikkeld door een 

samenwerkingsverband tussen de Chinese Militaire Academie van Medische 

Wetenschappen en Novartis, Basel, Zwitserland. Dit proefschrift beschrijft de 

effectiviteit en de veiligheid van artemether-lumefantrine voor de behandeling van 

ongecompliceerde P. falciparum-infectie. 'Ongecompliceerd' betekent dat de 

patiënten geen tekenen van 'ernstige malaria' vertonen en poliklinisch worden 

behandeld. 

Bovendien wordt in dit proefschrift het direkte gebruik van pharmacokinetische-

en pharmacodynamische analvses in relatie tot de effectiviteit van artemether-

lumefantrine beschreven. 

Doelstel l ing 

D e doelstellingen van dit proefschrift zijn: 

A. Het onderzoeken van de effectiviteit en de veiligheid van artemether-

lumefantrine, een nieuwe combinatie van twee anti-malariamiddelen voor de 

behandeling van multi-resistente 'ongecompliceerde' P. fû/dpan/m-'mfectïe. 

B. Het definiëren van de pharmacokinetische en pharmacodynamische 

eigenschappen van artemether-lumefantrine 
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Studie populatie. Het onderzoek vond plaats in MaeLa, een vluchtelingenkamp 

gelegen op de Thai-Birmese grens, 60 km ten noorden van het stadje MaeSot, 

Thailand. De vluchtelingen (30.000) zijn van verschillende ethnische groeperingen; 

de Karen vormen de grootste groep. 

Het gebied is bergachtig en het klimaat is tropisch. In dit gebied is niet zozeer het 

aantal malaria-patiënten het probleem, maar meer het feit dat de Plasmodium 

falciparum parasiet resistent is voor de meeste beschikbare anti-malariamiddelen. 

Het onderzoek werd uitgevoerd aan de Shoklo Malaria Research Unit (SMRU). De 

resultaten van de onderzoeken worden direkt toegepast op de behandeling van 

malaria in de locale bevolking. 

Globaal overzicht van de hoofdstukken 

Effectiviteit. Aan de Thai-Birmese grens, heeft Plasmodium falciparum resistentie 

ontwikkeld tegen alle gangbare middelen. Hoofdstuk 1 geeft een overzicht van de 

verschillende beschikbare anti-malariamiddelen voor de behandeling van 

chloroquine-resistente malaria. Het probleem van de ontwikkeling van de 

geneesmiddelenresistentie wordt tevens benadrukt. 

De effectiviteit en veiligheid van de nieuwe anti-malaria combinatietherapie: 

artemether-lumefantrine werd vergeleken in een gerandomiseerd onderzoek met 

artesunaat-mefloquine, de standaard behandeling voor multi-resistente 

'ongecompliceerde' P. falciparum-mkctie in Thailand. De effectiviteit van beide 

combinaties was goed, maar de effectiviteit van artesunaat-mefloquine bleek 

significant beter te zijn dan die van artemether-lumefantrine (97% versus 82%). 

Meer bijwerkingen werden evenwel gerapporteerd door de patiënten die behandeld 

waren met artesunaat-mefloquine. Wij concludeerden dat de nieuwe artemether-

lumefantrine combinatie effectief was maar minder effectief dan artesunaat-

mefloquine, daarentegen wel beter werd verdragen (hoofdstuk 3). Dit verschil in 
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effectiviteit zou verklaard kunnen worden doordat lumefantrine sneller uit het 

bloed is dan mefloquine. Artesunaat en artemether worden verondersteld 

vergelijkbaar te zijn m.b.t. hun anti-malaria activiteit (hoofdstuk 2). Vervolgens 

werd een onderzoek uitgevoerd naar de optimale dosis en duur van de behandeling 

De basis voor deze studie werd gevormd door direkt gebruik te maken 'in het veld' 

van de resultaten van de pharmacokinetische en pharmacodynamische analyses 

(volgende paragraaf). Het bleek namelijk dat de lumefantrine bloedspiegels 

bepalend waren voor de therapeutische respons (hoofdstuk 6). Om te onderzoeken 

of dit bevestigd kon worden 'in het veld', werden de effectiviteit, veiligheid en 

pharmacokinetiek van de standaardbehandeling met artemether-lumefantrine van 4 

doses gegeven in 48 uur vergeleken met die van 6 doses gegeven in 60 of 96 uur. 

De twee behandelingsschema's met 6 doses bleken significant effectiever te zijn 

dan de standaard dosis. Alle drie de behandelingen werden goed verdragen; door 

de hogere bloedspiegels ontstond geen toename van bijwerkingen (hoofdstuk 5). 

De goede effectiviteit van de zes doses artemether-lumefantrine, gegeven 

gedurende drie dagen, was vergelijkbaar met de effectiviteit van de combinatie 

artesunaat-mefloquine (hoofdstuk 8). 

Toxiciteit/ Veiligheid 

Neurologische bijwerkingen. Hoewel de afgeleiden van qinghaosu (artesunaat, 

artemether, arteether) nu weidverspreid gebruikt worden in gebieden met multi

resistente malaria, is er nog relatief weinig bekend over de veiligheid van deze 

middelen. In de klinische praktijk zijn nog geen belangrijke bijwerkingen gebleken. 

Bij onderzoek naar toxiciteit zijn bij ratten, honden en apen na toediening van hoge 

doses intra-musculaire artemether en arteether ongebruikelijke neurologische 

bijwerkingen beschreven. 

In het algemeen worden artemisinine derivaten in lagere doseringen gebruikt voor 

mensen, echter, gezien de resultaten van de dierproeven, bestaan er twijfels over 
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neurologische bijwerkingen. Wij hebben patiënten die meer dan twee keer 

behandeld waren met een qinghaosu afgeleide in de afgelopen drie jaar 

neurologisch onderzocht (klinische neurologische evaluatie, audiometne en 'early 

latency evoked responses'). Zij werden vergeleken met controles, vergelijkbaar in 

leeftijd en sex. Wij vonden geen significant verschil in neurologische verschijnselen 

tussen beide groepen. Het resultaat van deze studie is bemoedigend, maar sluit 

neurologische schade met met 100% zekerheid uit aangezien het verlies van slechts 

een aantal neuronen moeilijk te ontdekken is. 

Cardiale bijwerkingen. Enkele anti-malariamiddelen, zoals bijvoorbeeld 

halofantrme, geven cardiale (gerelateerd aan het hart) bijwerkingen die vooral 

bleken op te treden bij toediening van hogere doseringen. Hoofdstuk 10 evalueert 

cardiale reacties in relatie tot de hogere dosis artemether-lumefantrine. Er werd 

geen correlatie gevonden tussen hogere lumefantrine bloedspiegels en 

veranderingen op het elektrocardiogram (ECG). Artemether heeft geen cardiale 

bijwerkingen. 

Pharmacokinetische- en pharmacodynamische e igenschappen. Het bepalen 

van de pharmacokinetische en pharmacodynamische eigenschappen van 

artemether-lumefantrine (hoofdstuk 4) vormden de basis voor de studie naar de 

optimale behandelingsduur of het aantal te geven doses. Artemether is zeer 

effectief en het werkt snel met als gevolg dat het aantal parasieten snel daalt 

waardoor het aantal malaria-symptomen snel afneemt. Lumefantrine werkt 

langzamer en opname neemt toe met gelijktijdige inname van voedsel. De 

hoeveelheid lumefantrine in het bloed is bepalend voor de therapeutische respons. 

De goede effectivitiet van de hogere doses artemether-lumefantrine i n het veld' 

werd bevestigd door pharmacokinetische analyses (hoofdstuk 6). De langere 

behandelingsschema's gaven langduriger en hogere lumefantrine bloedspiegels, 

256 



Samenvatting 

waardoor het lumefanttine gehalte in het bloed hoog genoeg was om de 

overgebleven parasieten te kunnen doden. 

Er bleek een significante relatie te bestaan tussen veneuse- en capillaire 

bloedspiegels van lumefanttine. Voor de bepaling van lumefanttine bloedspiegels is 

het dus mogelijk capillair bloed te verzamelen waardoor therapeutische en 

pharmacokmetsiche studies bij patiënten van alle leeftijden kunnen worden 

uitgevoerd (hoofdstuk 7). 
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Conclusie 

De nieuwe anti-malaria combinatietherapie, artemether-lumefantrine (Riamet®) 

geeft veelbelovende resultaten. In een gebied met multiresistente P. falciparum-

infectie, zoals op de grens van Thailand en Birma, is een behandeliong met 

minstens zes doses gedurende drie of vijf dagen nodig voor een volledige genezing. 

De driedaagse kuur is te verkiezen boven de vijfdaagse aangezien de meeste 

patiënten slechts hun tabletten innemen als ze zich ziek voelen en na 3 dagen 

effectieve behandeling zijn bij de meeste patiënten de klachten verdwenen. D e 

combinatie blijkt zeer goed verdragen te worden, geen neurologische- en cardiale 

bijwerkingen werden aangetoond. Bovendien kan het ontstaan van multi-resistente 

parasieten vertraagd of zelfs voorkomen worden bij gebruik van deze combinatie. 

In gebieden met lage malaria transmissie kan verdere transmissie en verspreiding 

van resistente parasieten worden onderbroken aangezien artemether ook invloed 

heeft op de ontwikkeling van gametocyten, die verantwoordelijk zijn voor de 

verspreiding van malaria. 

O o k met het oog op de nieuwe strategie, gebruik van combinatietherapie in de 

behandeling van malaria ten gevolge van P. falciparum, vormt artemether-

lumefantrine een goed alternatief. Artemether-lumefantrine zou met name 

beschikbaar en betaalbaar moeten zijn voor diegenen die continu leven onder de 

bedreiging van multiresistente malaria. 

De therapeutische werking van artemether-lumefantrine moet gevolgd worden, 

zowel klinisch als in het laboratorium door de gevoeligheid van de parasiet ten 

aanzien van artemether-lumefantrine te volgen. Artemether-lumefantrine kan een 

belangrijke rol spelen in de strijd tegen malaria, maar bestrijding van malaria vereist 

een aantal op elkaar afgestemde maatregelen die aangepast moeten worden aan de 

locale epidemiologische en economische situatie. 
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Malaria is the most important parasitic disease of man, 
nearly half of the worlds' population is living in malarious 
areas. A malaria-free world remains as much a distant 
vision as ever. The morbidity and mortality from falcipa
rum malaria are increasing and the main reason is the abi
lity of the Plasmodium falciparum parasite to become resi
stant to drugs used against it. 

Only a few effective drugs are available. There is a need 
to develop a strategy in order to overcome the problem 
presented by antimalarial drug resistance. Drug combina
tion treatment designed to delay resistance, as used in 
tuberculosis therapy, has been neglected in malaria but 
needs to be developed. The new combination artemether-
lumefantrine proved to be an effective and well tolerated 
treatment for multi-drug resistant falciparum malaria. 
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