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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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Chapter 6 

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 
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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. 

Lumefantrine [|0.g/ml] 

25 

20 

15 

10 

0 24 48 72 96 120 144 168 192 216 240 

Time [h] 

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. 
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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 

6 7 8 9 10 11 12 13 

Log parasite [/uJ] at baseline 
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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 

36 37 38 39 40 41 42 

Temperature at baseline [9C] 
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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. 

Log parasite count [/|J,L] 

13 

12 

11 

10 

91 

8 

7 

61 

5 

I 

D • 
• 

] % a ü 

« n G 
1 0 D B 

I1 

D D B 

o f f c 

72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 

Time [h] above 280 ng/ml 

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 
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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 
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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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