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Aims To obtain comprehensive pharmacokinetic and pharmacodynamic data for
artesunate (ARTS) and its active metabolite dihydroartemisinin (DHA) following
i.v. and oral administration of ARTS to patients with acute, uncomplicated
falciparum malaria.
Methods Twenty-six Vietnamese patients with falciparum malaria were randomized
to receive either i.v. ARTS (120 mg; group 1) or oral ARTS (100 mg; group 2),
with the alternative preparation given 8 h later in an open crossover design.
Mefloquine (750 mg) was administered at 24 h. Plasma concentrations of ARTS and
DHA were determined by h.p.l.c. assay. Pharmacokinetic parameters were calculated
by non-compartmental methods. The time to 50% parasite clearance (PCT50) was
calculated by linear interpolation of parasite density determinations. Linear least
squares and multiple linear regression analyses were used to evaluate pharmacokinetic-
pharmacodynamic relationships.
Results Following i.v. bolus, ARTS had a peak concentration of 29.5 mm

(11 mg l−1), elimination t1/2=2.7 min, CL=2.33 l h−1 kg−1 and V=0.14 l kg−1.
The Cmax for DHA was 9.3 mm (2.64 mg l−1), t1/2=40 min, CL=0.75 l h−1 kg−1

and V=0.76 l kg−1. Following oral ARTS, relative bioavailability of DHA was
82%, Cmax was 2.6 mm (0.74 mg l−1), t1/2=39 min, and MAT=67 min. Overall,
the PCT50 and fever clearance time (FCT) were 6.5 h and 24 h, respectively. There
was no correlation between PCT50 or FCT and AUC, Cmax or MRT for DHA.
Conclusions Despite rapid clearance of ARTS and DHA in patients with
uncomplicated falciparum malaria, prompt parasite and fever clearance were achieved.
High relative bioavailability of DHA following oral ARTS administration, and
clinical outcomes comparable with those after i.v. ARTS, support the use of the
oral formulation in the primary care setting.
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pharmacokinetic and pharmacodynamic data has meant that
Introduction

dosage regimens for artemisinin derivatives remain empirical
[2–5]. We have shown previously, in six patients withArtemisinin and its semi-synthetic derivatives are potent,

well-tolerated antimalarial drugs that have become first-line uncomplicated falciparum malaria, that elimination of ARTS
and its active metabolite dihydroartemisinin (DHA) istherapy in many tropical countries [1–3]. Artesunate

(ARTS), a water-soluble derivative that can be administered essentially complete 6 h after an i.v. injection of ARTS [7].
This finding is consistent with results from earlier volunteeras an intravenous (i.v.) or intramuscular (i.m.) injection, is

the most promising alternative to i.v. quinine for the studies in adults [8, 9] and with a recent report of DHA
pharmacokinetics determined by bioassay following oraltreatment of severe malaria [2]. Recent studies of clinical

efficacy have shown that ARTS clears parasites more rapidly ARTS therapy in Vietnamese children [10].
Pharmacokinetic data for oral ARTS in patients withthan quinine [2–6], but improved survival rates have not

been demonstrated and large-scale randomised, comparative malaria, particularly bioavailability, are vital for rational
design of dosage regimens but have not been reportedtrials are awaited.

Despite encouraging clinical results, the paucity of previously. In recent years, efforts to improve clinical
outcome have seen doses of ARTS increase from
1–2 mg kg−1 day−1 [11–13] to 4–12 mg kg−1 day−1

Correspondence: Mr Kevin Batty, Department of Pharmacology, University of Western
Australia, Nedlands 6907, Western Australia. [14–17]. In view of concerns regarding animal and in vitro
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neurotoxicity of the artemisinin drugs [18–20], escalation in tubes and chilled immediately to prevent degradation of
ARTS by plasma esterases. Samples were centrifuged withintotal daily dose may be imprudent in the absence of reliable

pharmacokinetic data. 30 min to minimise haemolysis and the separated plasma
was stored below −20° C until analysis. Thick and thinThe present study provides comprehensive pharmaco-

kinetic and pharmacodynamic data for ARTS and its active blood films were prepared from the hourly samples, and 4
hourly thereafter, until parasite clearance. Vital signs,metabolite DHA following i.v. and oral administration of

ARTS to Vietnamese patients with acute, uncomplicated including oral temperature and urine output, were monitored
every 4 h. Patients were discharged when afebrile andfalciparum malaria.
aparasitaemic.

Methods
Pharmacokinetic and pharmacodynamic analysis

Patients
ARTS injection (powder) and tablets were weighed and
assayed by h.p.l.c. [7]. The mean (95% CI) content ofTwenty-six patients with uncomplicated falciparum malaria

were recruited from the Bao Loc region of Lam Dong ARTS in the vials for injection (n=6) was 59.2 (55.1,
63.3) mg. Since the 95% CI encompassed the stated contentProvince in Vietnam in 1996, either following admission to

Bao Loc Hospital or on referral from neighbouring primary (60 mg), pharmacokinetic parameters were calculated from
the nominal strength of the injection. The mean (95% CI)care health facilities. Most were farmers or rural labourers.

The diagnosis was confirmed by microscopic examination weight and content of the ARTS tablets (n=5) were 255
(248, 262) mg and 44.8 (42.8, 46.7) mg, respectively.of thick and thin blood films, and a complete clinical

assessment including drug history was completed. Patients Pharmacokinetic parameters following oral ARTS were
calculated from the assayed potency (45 mg) rather than thewere excluded if they had impaired consciousness, jaundice

(serum bilirubin >50 mmol l−1), renal impairment (serum nominal content (50 mg). DHA, the principal degradation
product of ARTS [21], was not detected in any of the tablets.creatinine >250 mmol l−1 after rehydration), anaemia

(venous haematocrit <20%), hyperparasitaemia (>150 000 Plasma samples were assayed by h.p.l.c. [7]. The between-
run coefficients of variation for h.p.l.c. analysis for ARTSasexual forms per ml whole blood from thick film analysis)

or if informed consent could not be obtained. Patients were were 8.2% and 7.5% at 1060 nm and 4240 nm respectively,
and 7.1% and 11.3% for DHA at 900 nm and 3620 nmnot recruited if they had been treated with ARTS or DHA

in the previous 8 h, artemisinin in the previous 12 h, or respectively. Stability of ARTS (780 and 4560 nm ) and
DHA (1060 and 6160 nm ) in plasma has been assessed forartemether in the previous 24 h. These criteria were based

on the known pharmacokinetic data at the time, and ensured up to 8 months at −25° C and found to be within ±7.6%
of replicate samples stored at −80° C.that patients were excluded for a period at least five times

the elimination half-life of the drug (40 min for DHA, Pharmacokinetic parameters AUC(0, 2), lz, t1/2, MRT,
CL, V , Cmax and tmax) were determined from the plasma2.2–2.3 h for artemisinin and 4.2 h for artemether [3]). If

the patient’s condition deteriorated significantly during the concentration-time data using non-compartmental analysis
[22]. Bioavailability was calculated as F=(AUCoral/study, the attending physician was to withdraw the patient

and start appropriate resuscitation and supportive treatment. AUCi.v. )×(Dosei.v./Doseoral ), with correction for tablet
potency. Pharmacokinetic parameters derived for DHAPatients were advised that they could withdraw from the

study at any stage without prejudice to their continuing assume complete bioconversion from ARTS.
Blood films were stained (Giemsa) within 12 h ofcare. The study was approved by the Ministry of Health,

Vietnam, and the University of Western Australia Human preparation and examined by a single microscopist (NPT).
Thick films were used to determine parasite density in allRights Committee.
patients. The number of asexual parasites per ml of whole
blood was determined by counting the number of whiteStudy design and procedures
cells (WBC) in high power fields containing a total of 500
parasites where the ratio of parasites/WBC was more thanPatients were randomized (pre-determined schedule) to

receive either i.v. ARTS (120 mg diluted in 10 ml 5% w/v one, or the number of parasites per 1000 WBC where the
ratio of parasites/WBC was less than unity. Parasitaemia wasdextrose and given as a bolus over 2 min; group 1) or oral

ARTS (100 mg as 2×50 mg tablets; group 2), with the calculated as the product of the parasite/WBC ratio and
WBC count.alternative preparation given 8 h later in an open crossover

design. Both ARTS formulations were obtained from the Multiple thick films (n=4 to 5) were obtained from
randomly selected patients at random times and examinedGuilin No. 2 Pharmaceutical Factory, Guangxi, China. A

single dose of mefloquine (750 mg) was administered 24 h in the same way to determine the precision of parasite
counting. Seventy-six sets of thick films were obtained,after admission to the study.

Venous blood samples (15 ml immediately prior to dosing with parasite densities ranging from 100 to 177 000 parasites
per ml. The median (interquartile range) coefficient ofand 3 ml thereafter) were obtained from the arm opposite

to that used for drug administration. In the case of i.v. variation of the parasite counts was 5.1% (3.7, 8.7%).
The time to reach 50% of the original parasite countARTS, sampling times were 0, 5, 7, 9, 12, 15, 20, 30, 45,

60, 90 min and 2, 3, 4 and 8 h after dosing. For oral ARTS, (PCT50) was determined by simple linear interpolation of
the parasite count–time data. Fever clearance time (FCT)sampling was at 0, 15, 30, 45, 60, 75, 90, 105 min and 2,

3, 4, 6 and 8 h. Blood was collected into fluoride-oxalate was taken to be the first oral temperature <37.5° C.
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prior to admission. Two had taken an unknown medicationStatistical analysis
24 h prior to admission, two had received treatment at least
1 week prior to admission, and the fifth had taken ARTSThe study was designed to detect a 30% difference (80%

power at P<0.05) in the principal parameters of interest, 11 days prior to admission and an unknown medication 1
week prior to admission. Some of the unknown medicationsAUC and CL, and PCT50. Differences between means were

analyzed by Student’s t-test or by the Mann-Whitney Rank may have been antipyretic or antiemetic drugs but ARTS,
chloroquine and mefloquine are available in the region.Sum Test, as appropriate, and the Kolmogorov-Smirnov test

was used to determine normality of the data [23]. Linear Two patients were excluded from the pharmacodynamic
analysis due to low initial parasite densities (1048 and 3850least squares and best subsets multiple regression analyses

were used to evaluate relationships between pharmacokinetic per ml, respectively) and variable subsequent counts.
(AUC, Cmax, MRT) and pharmacodynamic (PCT50, FCT)
parameters.

Pharmacokinetic analysis

i ) Artesunate Pharmacokinetic data are summarized in
Results

Table 2 and presented in Figure 1a. Following i.v. adminis-
tration, ARTS had a mean extrapolated peak concentration

Clinical course
of 29.5 mm (11 mg l−1) and a mean t1/2 of 2.7 min.
Following oral therapy, plasma concentrations of ARTSTwenty-eight patients with falciparum malaria were admitted

to Bao Loc Hospital during the study period. Two had were above the assay limit of sensitivity (130 nm; 50 mg l−1)
in only 13 of the 26 patients. From these limited data, thesevere malaria and were ineligible for recruitment into the

present study. All other patients satisfied the inclusion bioavailability of ARTS was estimated to be 15%. Median
values for CL (2.33 l h−1 kg−1) and V (0.14 l kg−1) arecriteria. Details of the patients in groups 1 and 2 are given

in Table 1. There were no significant differences in any presented because the data were not normally distributed.
demographic characteristic. Consistent with the lack of
complications of malaria, biochemical variables in all patients ii ) Dihydroartemisinin After i.v. ARTS administration,

the median peak concentration of DHA was 9.3 mmwere within normal ranges. In almost all subjects, the body
mass index (BMI) was below the normal range reported in (2.64 mg l−1), and mean elimination t1/2 was 40 min

(Table 2 and Figure 1a). Extrapolation of these data suggestdeveloped countries (20–25 kg m−2), with values typically
indicative of ‘mild starvation’ (18–20 kg m−2) [24]. that the plasma concentration would have been less than

the in vitro EC50 (1 nm [25, 26]) after 9 h. The CLFive patients had received unspecified antimalarial therapy
(0.75 l h−1 kg−1) and V (0.76 l kg−1) data assume complete

Table 1 Demographic data. Group 1 patients received i.v. and
Table 2 Pharmacokinetic parameters for artesunate andoral artesunate at 0 and 8 h, respectively. The order was reversed

for group 2. Data are presented as means (95% CI) or mediansa dihydroartemisinin following intravenous (120 mg; 312.5 mmol)
and oral (100 mga; 260.4 mmol) administration of artesunate. Data(interquartile rangeb), as appropriate. There were no significant

differences between groups 1 and 2 for any parameter (Student’s are given as means (95% CI) or mediansb (interquartile rangec), as
appropriate. There were no significant differences between groupst-test or Mann-Whitney Rank Sum Test, as appropriate).
1 and 2 for any parameter (Student’s t-test or Mann-Whitney
Rank Sum Test, as appropriate), except ARTS t1/2 after i.v.Group 1 Group 2

(ARTS i.v. at 0 h; (ARTS oral at 0 h; administration (see text).
oral at 8 h) i.v. at 8 h)

ARTS DHA
Sex (M/F) 12/1 13/0
Age (years) 28 (23, 33) 25 (22, 29) Intravenous ARTS

n 26 26Weight (kg) 49.5 (47, 52) 49.5 (47, 52)
Body Mass Index t1/2 (min) 2.73 (2.52, 2.94) 40.2 (37.1, 43.4)

MRT (min) 4.03 (3.76, 4.30) 60.3 (55.6, 65.0)(kg m−2) 19.0 (18.2, 19.8) 18.5 (17.5, 19.4)
Temperature (°C) 39.2 (38.5, 39.8) 38.5 (38.1, 39.0) CL (l h−1 kg−1) 2.33b (1.61, 2.72c) 0.75b (0.68, 0.91c)

V ( l kg−1) 0.140b (0.108, 0.188c) 0.76 (0.68, 0.85)Haematocrit (%) 37.9 (33.5, 42.3) 35.9 (32.7, 39.2)
Parasitaemia AUC (mmol l−1 h) 2.98 (2.53, 3.44) 8.36 (7.60, 9.12)

Cmax (mm) — 9.31b (7.06, 10.87c)(ml−1) 16 970c (5 200, 55 390) 9 220c (4 540, 18 720)
Glucose tmax (min) — 9.0b (7.0, 12.0c)

Oral ARTS(mmol l−1) 5.5 (4.7, 6.2) 5.6 (4.6, 6.6)
Creatinine n 13 16–24

t1/2 (min) — 39.3 (31.6, 47.0)(mmol l−1) 96 (81, 112) 105 (92, 118)
Bilirubin MRT (min) 49.0 (31.1, 66.8) 127.6 (107.3, 148.0)

AUC (mmol l−1 h) — 4.53b (3.79, 7.16c)(mmol l−1) 19.6 (11.5, 27.7) 13.6 (8.9, 18.4)
ALT [SGOT] Cmax (mm) — 2.59b (1.84, 3.94c)

tmax (min) — 90b (60, 135c)(units l−1) 34 (22, 47) 30 (27, 34)
PCT50 (h) 6.6 (4.0, 9.1) 6.5 (4.9, 8.0) Bioavailability 0.15 (0.07, 0.22) 0.82 (0.71, 0.92)
FCT (h) 24a (20, 44b) 24a (8, 29b)

aActual dose 90 mg (234 mmol); see text (Methods, Pharmacokinetic and
Pharmacodynamic Analysis).cGeometric mean.
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metabolism, was 82%. The mean absorption time (MAT=
MRToral-MRTi.v.) was 67 min and, assuming first order
kinetics, the absorption rate constant (ka=1/MAT) was
0.89 h−1.

iii ) Time-dependent changes Apart from t1/2 for ARTS, the
pharmacokinetic parameters for both ARTS and DHA were
independent of the order of administration of i.v. and oral
ARTS. Mean (95% CI) t1/2 of ARTS in group 1 (2.5 (2.3,
2.7) min) was significantly shorter than in group 2 (3.0 (2.6,
3.3) min; P=0.04).

Pharmacodynamic analysis

Mean parasite clearance curves for groups 1 and 2, expressed
as a percentage of the original density, are presented in
Figure 2. At 8 h, the mean parasite densities for groups 1
and 2 were respectively 36% and 48% of the original counts.
PCT50 was less than 8 h for 67% (16/24) of the patients.
Only three patients (13%) had a PCT50 greater than 10 h.
Median FCT was 24 h in both groups (Table 1). There was
no correlation between PCT50 or FCT and AUC, Cmax

or MRT.

Discussion

The pharmacokinetic data obtained from the present group
of Vietnamese patients treated with ARTS for uncomplicated
falciparum malaria are the most comprehensive reported to
date [7–10, 28, 29]. Intravenous administration of ARTS
produced plasma concentration profiles which confirm the
relatively short half-lives of both ARTS and DHA and
suggest little inter-individual variability in disposition
(Figure 1a). When ARTS was given orally, plasma concen-
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Figure 1 Plasma concentration-time profile for artesunate (+)
and dihydroartemisinin ($) following 312.5 mmol (120 mg) i.v.
dose (a) of artesunate to 26 Vietnamese patients, and for
dihydroartemisinin (#) following 260.4 mmol (100 mg) oral dose
(b) of artesunate to 19 Vietnamese patients. Data are shown as
mean+s.d.

conversion of ARTS to DHA [27]. These parameters were
not calculated from plasma concentration-time data after
oral dosing.

Valid pharmacokinetic data for DHA were obtained from
24 of the 26 patients after oral ARTS (Table 2 and
Figure 1b). Plasma concentration-time data for the other
two patients were insufficient for comprehensive analysis. In
seven patients, t1/2 could not reliably be estimated from the
data and t1/2 from the paired i.v. administration was used in
the determination of oral AUC and MRT. AUC and Cmax Time (h)
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were not normally distributed; median (range) AUC and Figure 2 Parasite clearance curves, as a percentage of the original
Cmax for DHA were 4.53 (2.67, 10.89) mmol l h−1

parasite count, for group 1 (i.v. $ at 0, oral # at 8 h; data are
and 2.59 (1.25, 8.26) mm, respectively. Mean relative mean+s.d.) and group 2 (oral ARTS % at 0, i.v. & at 8 h; data
bioavailability of DHA (n=24), which also assumes complete are mean−s.d.). The arrow (3) highlights the time at which the

second dose (by alternative route) was administered.conversion of ARTS to DHA before any subsequent
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tration profiles were more variable. The mean absolute results are consistent with data from the present study where
a mean dose of 2.5 mg kg−1 ARTS was administered. Thebioavailability of ARTS was low, but the mean relative

bioavailability of DHA was more than 80%. only difference between the two studies was the elimination
t1/2 of DHA, reported as 1 h (95% CI 0.8, 1.4) by BethellIn a previous study of six Vietnamese patients with

uncomplicated malaria given 120 mg ARTS i.v. [7], we et al. [10] and 0.66 h (0.53, 0.78) in our study. The slower
clearance in the children could be due to more severeused a blood sampling protocol which did not include

sufficient time points immediately after dosing to allow an hepatic and/or renal impairment than in our patients, or
there may be age-related differences in the intrinsic clearanceaccurate determination of ARTS pharmacokinetic param-

eters. Nevertheless, t1/2 was estimated to be 3.5 min, a of DHA. However, the difference in elimination t1/2 is
unlikely to be of clinical significance. Furthermore, thefigure consistent with both the present results and the

2–5 min t1/2 reported previously in healthy Chinese comparability of pharmacokinetic data from the two studies
suggests that DHA is the only active metabolite of ARTSvolunteers [8, 9]. We were able to determine the elimination

t1/2 (34 min) for DHA more accurately in our original study [10, 27].
The present study was designed to include an evaluationand estimated Cmax to be at least 7 mm (2 mg l−1) [7]. The

results were comparable with those of the larger sample of of the bioavailability of ARTS and, indirectly, DHA.
The 8 h crossover design minimised potential changes inpatients in the present study (t1/2=40 min; Cmax=9.3 mm)

and to t1/2 reported in the Chinese volunteer studies (48 min pharmacokinetic parameters due to an improvement in the
patient’s clinical condition or the possibility of time-[8]). In contrast to these data, preliminary results from

patients with acute malaria reported by Benakis et al. [28] dependent changes in drug clearance [32]. The bioavailability
of ARTS (15%) reported in this study is an overestimate ofsuggest that the t1/2 for ARTS and DHA following i.m.

administration are significantly longer at 29 and 95 min, the true value since ARTS could not be detected in half of
the patients. Whilst there is no information on the site(s) ofrespectively. These values are inconsistent with our data and

with all previous studies, including a more recent volunteer metabolism of ARTS after oral administration, the gut wall
and liver probably contribute most to the low absolute oralstudy by the same group [29]. The only possible explanation

for this inconsistency is that ARTS and DHA clearance are bioavailability of ARTS. Nevertheless, the high relative
bioavailability of DHA (82%) indicates that the overallabsorption rate dependent following i.m. administration.

Previously published data on the pharmacokinetics of oral absorption of ARTS is high, and therefore adequate for the
treatment of uncomplicated malaria. Our data indicate thatARTS are restricted to studies in healthy volunteers [29]

and in children with falciparum malaria [10]. In a study by a dose of 150 mg ARTS will give an AUC of DHA similar
to that achieved following 120 mg i.v. ARTS. Nevertheless,Benakis et al. [29], six adult volunteers were given oral

ARTS but, due to low and variable plasma concentrations, delayed absorption and lower, variable peak plasma concen-
trations (Figure 1b) are potential limitations of oralpharmacokinetic parameters for ARTS were not determined.

The mean elimination t1/2 of DHA (39 min [29]) was administration.
The disposition of the artemisinin drugs in patients withidentical to that in the present patients. However, the

Cmax (0.57 mg l−1; 2029 nm) and AUC (0.74 mg ml−1 h; malaria is not fully established [3, 5, 27]. Our data allow an
assessment of the in vivo elimination of ARTS and2.61 mmol l−1 h) after a 200 mg dose were substantially

lower than those in the present study (2590 nm and DHA. Clearance of ARTS (approximately 120 l h−1) was
significantly greater than either liver or kidney blood flow4.53 mmol l−1 h, respectively) where a dose of only 100 mg

ARTS was administered. This represents an average 3.5-fold rates (80 l h−1 and 65 l h−1, respectively), suggesting that
several organs and/or enzyme systems contribute to itsgreater bioavailability in the present study. The discrepancy

may be explained by the lower body weights of our patients metabolism. The high peak concentration of DHA, less
than 10 min after i.v. ARTS administration, supports the(49.5 kg) compared with those of the healthy volunteers

(78 kg) [29]. Dehydration and a higher relative bioavailabil- hypothesis that ARTS is rapidly and completely metabolised
to DHA in vivo [27]. Time-dependent changes in artemisininity of the formulation used in the present study may also

have contributed. The absorption (biotransformation) t1/2 clearance have been reported [32], but this phenomenon has
not been demonstrated with the semi-synthetic derivatives.reported by Benakis et al. (20 min [29]) was substantially

shorter than that in our patients (47 min). Furthermore, tmax Nevertheless, the short duration of our study (16 h)
effectively eliminated the possibility of time-dependentand MRT (30 and 75 min respectively [29]) were shorter

than our values of 90 and 127 min respectively. These enzyme induction. The statistically significant difference in
ARTS t1/2 between groups 1 and 2 is of negligible biologicaldifferences could be related to factors such as the dissolution

characteristics of the dose formulations [30], reduction in importance.
The relationship between the prompt, sustained antima-gastric motility [30] or impairment of splanchnic perfusion

which has been reported in patients with malaria [31]. larial effect of ARTS and rapid clearance of both ARTS and
DHA appears unique in antimalarial pharmacology. PeakBethell et al. [10] studied 10 Vietnamese children who

were given 3 mg kg−1 oral ARTS on admission and concentrations of DHA occurred 9 min after i.v. adminis-
tration of ARTS, at a time when there had been no2 mg kg−1 day−1 for 4 days thereafter. Pharmacokinetic

parameters were determined by bioassay (as DHA equival- appreciable reduction in parasite count (Figure 2). Three
hours after i.v. administration of ARTS, mean plasmaents) of serial plasma samples. Assuming that DHA was the

predominant antimalarial drug in the patients’ plasma, MRT, concentrations of DHA were near the h.p.l.c. assay limit of
sensitivity (400 nm) and the parasite count had fallen byAUC, Cmax and tmax values of 2.61 h, 4.53 mmol l−1 h,

2.34 mm and 102 min respectively were reported [10]. These approximately 20%. At the time of administration of the
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second (oral) dose of ARTS, the extrapolated mean plasma (T. M. E. D & K. F. I). K. T. B was a recipient of an
NHMRC Dora Lush (Biomedical) Scholarship.DHA concentration was 2 nm (close to the in vitro EC50

[25, 26]) and the reduction in parasite count was 60%. The
parasite count had fallen by more than 95% when mefloquine
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