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The World Health Organization recommends the use of artemisinin-based combination therapies (ACTs) for
the treatment of uncomplicated malaria. The two most widely adopted ACT regimens are artemether (AR)-
lumefantrine (LR) (the combination is abbreviated AL) and amodiaquine (AQ)-artesunate (AS). Pharmaco-
kinetic (PK) data informing the optimum dosing of these drug regimens is limited, especially in children. We
evaluated PK parameters in Ugandan children aged 5 to 13 years with uncomplicated malaria treated with AL
(n = 20) or AQ-AS (n = 21), with intensive venous sampling occurring at 0, 2, 4, 8, 24, and 120 h following
administration of the last dose of 3-day regimens of AL (twice daily) or AQ-AS (once daily). AS achieved an
estimated maximum concentration in plasma (C,,,,) of 51 ng/ml and an area under the concentration-time
curve from time zero to infinity (AUC,_..) of 113 ng - h/ml; and its active metabolite, dihydroartemisinin
(DHA), achieved a geometric mean C,,,, of 473 ng/ml and an AUC,__, of 1,404 ng - h/ml. AR-DHA exhibited
a C,. of 34/119 ng/ml and an AUC,,__, of 168/382 ng - h/ml, respectively. For LR, C,,,., and AUC,,_._ were 6,757
ng/ml and 210 pg - h/ml, respectively. For AQ and its active metabolite, desethylamodiaquine (DEAQ), the
C,.axS Were 5.2 ng/ml and 235 ng/ml, respectively, and the AUC,__.s were 39.3 ng - h/ml and 148 pg - h/ml,
respectively. Comparison of the findings of the present study to previously published data for adults suggests
that the level of exposure to LR is lower in children than in adults and that the level of AQ-DEAQ exposure
is similar in children and adults. For the artemisinin derivatives, differences between children and adults were
variable and drug specific. The PK results generated for children must be considered to optimize the dosing

strategies for these widely utilized ACT regimens.

Malaria is among Africa’s leading causes of morbidity and
mortality, leading to an estimated 300 million to 660 million cases
of Plasmodium falciparum malaria and approximately 1 million
deaths per year (15, 30). In the recent past, the management of
malaria primarily relied upon monotherapy with chloroquine
(CQ) or sulfadoxine-pyrimethamine (SP). However, the wide-
spread and excessive use of these agents led to drug resistance,
and as a result, CQ and SP have limited roles in the treatment of
malaria. The World Health Organization (WHO) currently rec-
ommends new artemisinin-based combination therapy (ACT) for
the treatment of uncomplicated malaria in sub-Saharan Africa
(38). ACT consists of a short-acting artemisinin derivative that
rapidly reduces the parasite burden combined with a longer-act-
ing partner drug that affords adequate treatment efficacy with 3
days of dosing (38). The most widely adopted ACT regimens in
Africa are artemether (AR)-lumefantrine (LR) (the combination
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is abbreviated AL) and amodiaquine (AQ)-artesunate (AS), each
of which is a first-line drug for the treatment of uncomplicated
malaria in multiple African countries (37). As the availability of
ACT increases, the use of hundreds of millions of doses is antic-
ipated in Africa alone, especially by children, the group at the
greatest risk for malaria (18).

The artemisinins kill malaria parasites rapidly, and their
excellent tolerability and safety provide an additional benefit
(23). Resistance is also not a significant problem, although
recent reports reveal the emergence of resistance in Southeast
Asia (10). Both AS and AR are rapidly converted to the active
metabolite dihydroartemisinin (DHA) by cytochrome P450
(CYP) enzymes, with DHA contributing the majority of the
antimalarial activity (22, 33). Of the two drugs, AR is more
lipid soluble and may exhibit erratic absorption (22). Artemis-
inins fail to reliably eliminate malaria infections after short
courses of treatment if they are used alone. AQ, which is
combined with AS, is a 4-aminoquinoline that is converted via
CYP enzymes to the active metabolite desethylamodiaquine
(DEAQ), which contributes the majority of the antimalarial
activity (27). LR, which is combined with AL (Coartem), is an
aryl aminoalcohol that is well tolerated (19, 35). The oral
bioavailability of LR is highly variable and is dependent on
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FIG. 1. PK dosing and sampling scheme for ACT regimens. The dosing times and PK sampling schedules are depicted for the AQ-AS and AL
regimens. All doses were administered with food and fat. The drug levels in venous plasma were measured.

administration with fatty foods; the level of exposure decreases
16-fold when LR is administered in a fasting state compared to
the level of exposure achieved when it is administered with a
fatty meal (12, 35).

Pharmacokinetic (PK) studies of ACTs informing dosing
guidelines have been limited to adults, with less information
being available for children. Pediatric dosing of AL and
AQ-AS are deduced from adult-based regimens adjusted for
body weight, with little consideration of maturational effects on
drug absorption and metabolism (6). Indeed, CYP-UDP-glu-
curonosyltransferase activity and clearance vary with age. Sev-
eral clinical PK studies have reported that clearance and me-
tabolism in prepubescent children are altered compared to
clearance and metabolism in adults (17, 31). For example, for
the antimalarial combination SP, PK data generated for chil-
dren receiving standard weight-based dosing revealed lower
levels in children than in adults (4). Importantly, a correlation
between low SP levels and the risk of treatment failure has also
been noted (32). Likewise, for LR, the levels measured at day
7 were lower in children than in adults (8), which may also
compromise outcomes (26). As children are at high risk of
severe morbidity with inadequate treatment of malaria, it is
important to ensure appropriate dosing of ACTs in this group.
We therefore determined the PK parameters for all compo-
nents and major metabolites of the two most widely adopted
ACT regimens in Africa in Ugandan children with acute un-
complicated malaria.

MATERIALS AND METHODS

Subject recruitment and management. This study was part of a longitudinal
drug efficacy trial of 690 children conducted between November 2004 and De-

cember 2008 in Kampala, Uganda, where malaria is mesoendemic (11). Details
of the study have been published previously (11). Prior to study onset, a census
project was conducted to generate a sampling frame of households for recruit-
ment, and all children from randomly selected households were screened for
enrollment in the study. Children ages 5 to 13 years presenting to the study clinic
with uncomplicated malaria between March 2007 and January 2008 were
screened for enrollment in this PK substudy. Study physicians recruited children
fulfilling the following eligibility criteria: uncomplicated malaria confirmed by a
positive blood smear and fever (tympanic temperature of >38°C or a history of
fever within 24 h); age 5 to 13 years; weight of =20 kg; no use of AS, AQ, or AL
for the prior 2 weeks; hemoglobin concentration of >10 g/dl; no known adverse
reactions to the study medications; the absence of severe malnutrition; no known
serious chronic disease; no usage of concomitant medications known to alter the
metabolism of the study medications (i.e., CYP2C8 and CYP3A4 inducers and
inhibitors); and the willingness of the parent or guardian to provide written
informed consent (children over 7 years of age were asked to give informed
assent). The study received ethical approval from the Uganda National Council
of Science and Technology; the Makerere University Research and Ethics Com-
mittee; and the University of California, San Francisco, Committee on Human
Research.

On the basis of the protocol used for the parent study (20), the study partic-
ipants were randomly assigned to receive AQ-AS (Camoquin and Arsumax) or
AR-LR (Coartem) at the time of their first episode of uncomplicated malaria
following enrollment in the study, and they then received the same regimen for
subsequent episodes of malaria. The study drugs were acquired from the same
source and were dispensed at the single study site. Strict adherence to storage
temperatures and shelf life was followed. The treatment doses were as follows:
AQ (200-mg tablets) at 10 mg/kg of body weight once a day on the first 2 days and
then 5 mg/kg on the third day, with the doses being rounded to the nearest
quarter tablet; AS (50-mg tablets) at 4 mg/kg twice a day on all 3 days, with the
doses being rounded to the nearest quarter tablet; and AL (20 mg/120-mg
tablets) given twice a day for 3 days according to weight, i.e., 20 through 24 kg,
2 tablets per dose; 25 through 34 kg, 3 tablets per dose; and >34 kg, 4 tablets per
dose. Dosing was administered as summarized in Fig. 1. AL dosing was sched-
uled to allow the administration of the last dose in the morning. This scheduling
meant that samples obtained 24 and 120 h after administration of the last dose
of AL technically occurred on days 4 and 8 (Fig. 1). This dosing strategy should

Downloaded from https://journals.asm.org/journal/aac on 02 February 2022 by 197.239.4.161.



54 MWESIGWA ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. PK data for artemisinin derivatives in children

PK parameter AS? DHA? AR? DHA?
C o (ng/ml) 513 473 (427-624) 34 (31-48) 119 (110-153)
AUC, . (ng - h/ml)° 113.0 1,404 (1,296-1,721) 168 (153-220) 382 (348-460)
t» (hY! NA® 1.3 (1.08-1.70) 3.9 (3.4-5.7) 1.9 (1.3-3.3)

“ Data were estimated by using pooled data from all subjects.

® On the basis of estimates obtained with data from individual subjects. Data represent the geometric means (90% ClIs).

¢ AUC estimated surrounding the last dose administered.
4 t,),, elimination half-life.

¢ NA, not available due to insufficient data points for computation of the half-life.

not affect the comparison of our AL results for day 8 samples to the prior day 7
results, as the samples used to determine AL levels were collected at the same
times relative to the times of administration of the last two doses of AL, the doses
with the most significant impact on the area under the concentration-time curve
(AUC) and day 7 concentration estimates. All AL doses were taken with 250 ml
of fresh milk containing 3.3 g of fat, provided by the study. The dose was
readministered if vomiting occurred within 30 min. The study personnel, the
study participants, and the participants’ caregivers were informed of the treat-
ment regimen to which the participant was assigned. Treatment outcomes were
classified according to 2006 WHO guidelines (38).

PK study procedures. An intensive PK sampling design was employed. For
each ACT regimen, venous blood samples were collected just prior to the ad-
ministration of the last dose and at 2, 4, 8, 24, and 120 h after the administration
of the last dose of a standard 3-day regimen (Fig. 1). Three milliliters of whole
blood was collected at each time point. For the AQ-AS group, 1.5 ml drawn into
potassium oxalate-sodium fluoride tubes was used for the quantification of AS-
DHA, and 1.5 ml drawn into sodium heparin tubes was used for the quantifica-
tion of AQ and DEAQ (AQ-AS group). For the AL group, 3 ml was drawn into
sodium heparin tubes for AR-DHA and LR quantification. All samples were
immediately placed on ice. For those participants receiving AQ-AS, the samples
were cold centrifuged within 30 min at 1,500 X g (or at 3,000 X g for 15 min for
AQ-DEAQ) for 5 min, and the plasma was transferred to a cryotube. For those
participants receiving AL, the tubes were centrifuged at 3,000 X g for 15 min at
room temperature. All samples were stored at —80°C until shipment on dry ice
to the Clinical Pharmacology Laboratory at the Mahidol-Oxford Tropical Med-
icine Research Unit in Thailand for analysis. The maximum duration of sample
storage was approximately 1 year at —80°C.

Drug assays. The plasma concentrations of AS, AR, and DHA were deter-
mined by solid-phase extraction and liquid chromatography-tandem mass spec-
trometry on an API 5000 triple-quadrupole mass spectrometer (Applied Biosys-
tems/MDS SCIEX, Foster City, CA) with a TurboV ionization source operated
in the positive ion mode (16). Stable isotope-labeled AS (SIL-AS) and stable
isotope-labeled DHA (SIL-DHA) were used as internal standards. Total assay
coefficients of variation for AS, AR, and DHA were <5% for inter- and intraday
precisions. The lower limits of quantification (LLOQs) for AS and DHA were 1.2
and 2.0 ng/ml, respectively, and the LLOQs for AR and DHA were 1.43 ng/ml for
each analyte.

The plasma concentrations of LR were determined by liquid chromatography
with UV detection. A hexyl analogue of desbutyl-lumefantrine (no. TA 213/435/
516; Novartis) was used as the internal standard (25). The total assay coefficients
of variation were <6% for inter- and intraday precisions. The LLOQ for the
assay was 25 ng/ml.

AQ and DEAQ concentrations were determined by high-performance liquid
chromatography with UV detection (7) The LLOQ for both AQ and DEAQ was
5 ng/ml, and the inter- and intraday precisions were <7%.

Data analysis. The values of the PK parameters for the antimalarial agents
were estimated by noncompartmental PK analysis (Winnonlin, version 5.0.1).
The AUC from time zero to infinity (AUC,_..) was determined beginning just
prior to administration of the last ACT dose of a standard 3-day regimen and was
estimated by using the linear up-log down trapezoidal rule. The AUC extrapo-
lated to infinity was determined by dividing the last measured concentration for
each analyte by the terminal elimination rate constant (X,). \, was estimated by
using the regression of the concentration time points that described the terminal
linear portion of the concentration-time curve, usually the last three data points.
The maximum concentration in plasma (C,,,,) was taken directly from the
observed data. Samples with concentrations below the LLOQ were handled as
missing data, unless the sample was obtained prior to the time of administration
of the last dose of drug, in which case it was treated as zero. Geometric means
and their associated 90% confidence intervals (CIs) were calculated. Pooling of

the data across subjects was carried out for the compounds when limited data for
individual subjects were available (e.g., when only three of six time points yielded
measurable drug concentrations). In these cases, the data are reported as esti-
mates. Pooling of the data was necessary only for AS and AQ. No pooling of the
data was performed for AR, DHA, LR, or DEAQ. The correlation between the
AUC and the levels on day 7 was calculated by using nonparametric Spearman’s
rank correlation coefficient (r; a P value of <0.05 was considered significant).
Graphical and statistical analyses were conducted with the STATA program
(version 10.0; StataCorp, College Station, TX) and Prism software (version 3.0;
GraphPad Software, San Diego, CA).

RESULTS

A total of 155 children were screened for enrollment in the
study, with 110 children being excluded on the basis of the
enrollment criteria. The predominant reasons for exclusion
were based on either the age or the weight criterion. Forty-five
children meeting enrollment criteria for the PK substudy were
enrolled: 23 in the AL arm and 22 in the AQ-AS arm. Four
patients (three receiving AL and one receiving AQ-AS) failed
to complete the study due to the withdrawal of consent (n = 2),
the medication was taken incorrectly (» = 1), and the dose
failed to be repeated within 30 min of vomiting (n = 1). Thus,
a total of 20 children in the AL arm and 21 children in the
AQ-AS arm completed the study. One patient in the AQ-AS
study arm received a slightly higher total AQ dose (650 mg
instead of 600 mg of AQ was administered) than appropriate
on the basis of the dosing algorithm; the data for this patient
were included. One child vomited a dose of AL within 30 min
on the first day of treatment, and this dose was repeated. The
baseline mean *+ standard deviation age and weight of the
participants were 8.9 = 2.1 years and 26.1 = 6.8 kg, respec-
tively, for the AQ-AS arm and 8.9 = 2.3 years and 26.5 = 5.8
kg, respectively, for the AL arm. The baseline hemoglobin
concentrations, heights, and gender proportions were similar
for the two groups (data not shown). There were no serious
adverse events reported with any of the PK substudy treat-
ments. All patients responded to treatment, with only a single
episode of recurrent parasitemia occurring within 28 days in
the AL arm. The participant with the recurrence received AL
and developed infection with a new parasite on day 25, as
classified by parasite genotyping.

PKs of AS-DHA and AR-DHA. The values of the PK param-
eters for AS and DHA for children in the group treated with
AQ-AS and for AR and DHA in the group treated with AL are
summarized in Table 1. Pooling of the data across subjects was
necessary for AS but not for its active metabolite, DHA, nor
was it necessary for AR-DHA in the AL regimen. For AS, the
estimated C,,,,, and AUC,_, were 51 ng/ml and 113 ng - h/ml,
respectively; and for DHA, the geometric mean C, and

max
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TABLE 2. PK data for longer-acting partner drugs, AQ, DEAQ, and LR, in children

PK parameter AQ* DEAQ" LR
Coron (ng/ml) 52 235 (219-266) 6,757 (6,118-9,291)
AUC,_15 (ng - h/ml)* NA? 11,242 (10,580-12,367) 194,740 (173,935-288,471)
AUC, 4 (ng - h/ml)° 28.9 NA NA
AUC,._.. (ng - h/ml)* 39.3 14,770 (13,914-16,226) 210,040 (188,859-307,217)
tys (hY 33 60.0 (56.9-64.6) 327

“ Data were estimated by using pooled data from all subjects.

® Data were estimated by using pooled data from individual subjects. Data represent the geometric means (90% ClIs).

¢ AUC estimated surrounding the last dose administered.
4 NA, not applicable.
€ty elimination half-life.

AUC,_.. were 473 ng/ml (90% CI, 42 to 624 ng/ml) and 1,404
ng - h/ml (90% CI, 1,296 to 1,721 ng - h/ml), respectively. For
the AL group, the mean estimates of C,,,, and AUC,_,, were
34 ng/ml (90% CI, 31 to 48 ng/ml) and 168 ng - h/ml (90% CI,
153 to 220 ng - h/ml), respectively, for AR and 119 ng/ml (90%
CI, 110 to 153 ng/ml) and 382 ng - h/ml (90% CI, 348 to 460
ng - h/ml), respectively, for DHA.

PKs of AQ-DEAQ. The values of the PK parameters for the
longer-acting partner drug AQ and its active metabolite,
DEAQ, are summarized in Table 2. Pooling of data for all
subjects was necessary for AQ but not for DEAQ. The esti-
mated mean elimination half-life of AQ was 3.3 h, with the
estimated C,,,, and AUC,,_, values being 5.2 ng/ml and 39.3
ng - h/ml, respectively. DEAQ exhibited an elimination half-
life nearly 20-fold longer than that of AQ, achieving a higher
level of exposure, specifically, a geometric mean C,,,, of 235
ng/ml (90% CI, 219 to 266 ng/ml) and an AUC,_.. of 148
pg - h/ml (90% CI, 139 to 162 pg- h/ml) (Fig. 2). The
AUC,_.s for DEAQ showed wide intersubject variability. The
median levels of DEAQ on day 3 and day 7 were 124.2 ng/ml
(range, 76.2 to 200.1 ng/ml) and 42.0 ng/ml (range, 27.1 to 58
ng/ml), respectively. The correlations between AUC,_.. and
the levels of DEAQ on both day 3 and day 7 were strong (r, =
0.83 and 0.97, respectively; P < 0.0001) (Fig. 3).

PKs of LR in children. The values of the PK parameters for
LR are also summarized in Table 2. LR revealed a long elim-
ination half-life of 33.6 h. The geometric mean C,,,, and
AUC,_.. were 6,757 ng/ml (90% CI, 6,118 to 9,291 ng/ml) and
210 g+ h/ml (90% CI 189 to 307 wg - h/ml), respectively (Fig.
2). The LR levels on day 3 and 7 exhibited wide intersubject
variability. The median levels on day 3 and day 7 were 1,953.7
ng/ml (range, 650.6 to 16,964.1 ng/ml) and 323.3 ng/ml (range,
53.9 to 778.9 ng/ml), respectively. As for DEAQ, the correla-
tions between AUC, ., and the LR levels on both day 3 and
day 7 were strong (r, = 0.94 and 0.85, respectively; P < 0.0001)
(Fig. 3).

Weight-based dose adjustment and exposure in children.
The weight-based dose adjustment scheme for AQ led to a
median dosage of 24.2 mg/kg (range, 21.4 to 25.8 mk/kg).
There was no correlation between the level of DEAQ expo-
sure, as measured by the AUC, .., and the dosage (in mg/kg)
of AQ within this narrow range of weight-based dosages (r, =
—0.05; P = 0.85)) (data not shown). The weight-based scheme
of AL dosing led to a wide range of dosages: the median was
69.67 mg/kg, and the range was 60 to 86.4 mg/kg. There was a
linear correlation between the LR dosage (mg/kg) and the

subsequent level of LR exposure (AUC,_,.) (r, = 0.44; P =
0.05)) (Fig. 4).

DISCUSSION

Treatment of falciparum malaria has shifted to the use of
ACTs, with the majority of countries in Africa where malaria is
endemic adopting either AQ-AS or AL as the first-line treat-
ment. In multiple trials, these two regimens have proven to be
highly efficacious for the treatment of uncomplicated falcipa-
rum malaria. However, little is known regarding the PKs of
these regimens in children and whether optimum drug expo-
sure is achieved with the current dosing strategies. Optimum
dosing will minimize the risks of treatment failure, drug toxic-
ity, and the selection of drug resistance. In this study, we used
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FIG. 2. Mean * standard deviation plasma concentration-versus-
time profile after administration of the last dose for the longer-acting
partner drugs. Profiles are depicted for the principle metabolite,
DEAQ, and LR. The concentrations are displayed on logarithmic
scales. %, for AL, due to the scheduling of the dosing to allow for
administration of the last dose in the morning, the sample collection
designed for 120 h after administration of the last dose occurred on
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an intensive sampling design to study exposure to the compo-
nents and principal metabolites of AQ-AS and AL in Ugandan
children with uncomplicated malaria.

Our most important findings were for LR. These findings
suggest that current weight-based dosing for AL in children
results in a level of LR drug exposure considerably lower than
the level of drug exposure in healthy adults. Current findings
were compared to historical data generated in our recent study
with healthy uninfected adults who participated in a PK study
with a design nearly identical to that of the present study (14).
The levels of LR exposure were lower in children than in
healthy adults, with the geometric mean AUC, ., and C,,,
being 46% and 38% lower, respectively (Fig. 5). These differ-
ences may be due to higher clearance in prepubescent chil-
dren, as has been reported for other drugs (13). However, we
cannot rule out the possibility that acute malaria alters the
level of exposure to LR and thus contributes to this apparent
difference. Ezzet et al. reported that the oral bioavailability of
LR is lower and displays a higher degree of interindividual
variability in the setting of the acute phase of malaria than in
the convalescent phase (13), a finding that may be due to the
variable food intake that occurs during the acute phase of
malaria (8). To control for the effects of food, the children in
our study received food with each dose of LR. The ability to
compare the findings of the present study with those of other
studies with adults is limited since the older studies dosed AL
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FIG. 4. Relationship between exposure and weight-based dose ad-
justment for AL in children. The graph depicts the correlation of the
AUC,_.. and the LR dosage (in mg/kg) in children.

differently and employed different PK sampling schemes that
estimated exposure (as measured by the AUC) over the full
treatment period, but those studies also supported the differ-
ences in LR exposure between children and adults (2, 13).
Significant interest has been placed on the utility of PK
parameters in predicting the treatment response. Most atten-
tion has been placed on the correlates of the AUC, as AUC
represents both the duration and the degree of exposure. The
accurate measurement of AUC in field studies is difficult, so
recent efforts for studying the PKs of artemisinin partner drugs
have focused on single day 7 drug levels (34). The rationale for
this approach is that by day 7 the remaining parasites will be
exposed only to the partner drug, as the rapidly eliminated
artemisinin derivatives are no longer present. The level of
partner drug in the days following dosing may be critical for
determining both the clearance of the infection and the poten-
tial selection of drug-resistant parasites. Importantly, for the
longer-acting partner drugs, the day 7 levels appear to corre-
late with the AUC (5), as seen for both DEAQ and LR in our
study. Several studies from Thailand have examined the rela-
tionship between the day 7 levels and the therapeutic response.
Ezzet et al. reported that the median day 7 LR level of 280
ng/ml in adults best predicted an individual’s risk of treatment
failure (13). Most recently, in a study by Price et al., the day 7
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FIG. 5. The level of LR exposure is lower in African children with
uncomplicated malaria than in healthy American adults. The graph
depicts the distribution of AUC,_., values for LR in children (n = 20)
obtained in the current study and data for healthy adults (n = 10)
obtained in a previous study (14). The dosing and sampling strategies
were identical between the two studies.
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levels of LR were found to be the main determinant of the
efficacy of AL (26). The median day 7 level in patients aged 2
to 70 years (median age, 23 years) was 528 ng/ml. In addition,
they determined that a level of <175 ng/ml best predicted an
individual’s risk of recurrent infection. Lastly, Denis et al.
assessed the day 7 levels in adults and found a median level of
860 ng/ml in those treated successfully and a median level of
510 ng/ml in those with late treatment failures (9). In our study,
there were no true treatment failures, and thus, a correlation
of the day 7 levels and outcomes was not possible. It is also
worth noting that the day 3 levels of LR correlated well with
the AUC in our study, similar to findings reported by Checchi
et al. (8). If the day 3 levels correlate well with the AUC and
the AUC is associated with the outcome, it may be useful to
examine the utility of day 3 levels in predicting the treatment
response.

We compared the day 7 levels in our children with those in
prior studies with adults. In our study, the median day 7 level
in children was 323.3 ng/ml, with the range being 53.9 to 778.9
ng/ml. These values are similar to the median day 7 levels (402
ng/ml) reported in children aged 5 to 14 years in Thailand (8).
Comparison of these findings to those of several studies with
older individuals suggests that the median levels are similar to
(8, 26, 28) or somewhat lower than (2, 12) the levels seen in
adults. Several therapeutic day 7 levels, levels below which
higher risks of treatment failure are predicted, have also been
reported in the literature. In our study, 8/20 (40%) of children
had a day 7 level below 280 ng/ml, which was a therapeutic
level as reported by Ezzet et al. (12). In addition, Price et al.
reported that a level of <175 ng/ml was predictive of treatment
failure, and 3/20 of our children had levels below 175 ng/ml
(26). Since the degree of LR exposure (as estimated by the day
7 levels or AUC) may influence outcomes, we also evaluated
the impact that various doses (in mg/kg) of AL has on the LR
AUC in children. The AL dose ranged from 60 to 86 mg/kg.
Not surprisingly, as the dosage (mg/kg) of AL increased, there
was a trend toward a linear increase in exposure (AUC). Thus,
one may speculate that children who receive a lower weight-
based dosage of AL may be at risk for a lower level of exposure
and may have a higher risk of treatment failure or reinfection,
possibilities supported by the findings of Checchi et al. (8).

For AQ, potential differences between children and adults
were also noted for both the parent drug and its metabolite.
For AQ, the estimated AUC,,_.. was 39 ng - h/ml. This is lower
than comparative PK data obtained from two 600-mg single-
dose studies of AQ with healthy adults (geometric mean AQ
AUC,_., values, 154 and 162 ng - h/ml, respectively) (24, 36).
For the active metabolite, DEAQ, the mean AUC,_, was
15,070 ng - h/ml for our study children, a value actually higher
than the AUC reported in the single-dose studies with adults
(mean DEAQ AUC,_.. values, 8,437 ng-h/ml and 8,037
ng - h/ml, respectively) (24, 36). A potential explanation for
the lower levels of AQ includes the more rapid conversion to
DEAQ in children than in adults or an underestimation of the
AQ AUC due to the less intensive sampling employed in our
pediatric study. Furthermore, owing to the long half-life of
DEAQ and its accumulation with multiple dosing, higher levels
of DEAQ exposure, as we observed, are expected following 3
days of treatment than after the administration of the single
dose used in the studies with adults. Notably, our study em-
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ployed the AQ regimen recommended earlier (total dose of
AQ, 25 mg/kg over 3 days), whereas the dosage of the currently
coformulated AQ-AS regimen is 30 mg/kg of AQ over 3 days.

In contrast to LR, data that may be used to evaluate the
relationship between single point measurements and outcomes
for AQ are limited. Two studies have explored the utility of day
3 DEAQ levels in children. In a study in Gabon, isolated day
3 levels were obtained for 118 children, aged 6 months to 10
years, treated with AQ (total dose, 30 mg/kg) (3). In this study,
the mean DEAQ level on day 3 was 149 ng/ml, with a level
of 135 ng/ml reported as being the most predictive of treatment
success. In a second population PK study conducted with
Ghanaian children treated with AQ-AS (total dose, 30 mg/kg),
the day 3 DEAQ level was similar, 156 ng/ml (1). The day 3
levels of DEAQ were similar to those in our study (mean, 127
ng/ml), despite the lower total dose used (25 mg/kg). Although
the artemisinins may still be affecting treatment on day 3, the
day 3 levels of the partner drug correlated strongly with the
AUC in our study and may thus be useful as a correlate of
exposure and outcomes, similar to the day 7 levels. Thus, as
with AQ, the further study of day 3 levels and outcomes is
warranted. We did compare, however, the more commonly
utilized day 7 levels of DEAQ in children to those reported in
adults. In a small group of Nigerian adult patients (n = 4)
given a total AQ dose of 25 mg/kg, the day 7 level of DEAQ
was 62 = 17 ng/ml (36), a value slightly higher than that
measured in our children (41 ng/ml). Other studies have re-
ported day 7 levels, although comparisons are limited by the
higher total AQ dose (30 mg/kg) given in those studies. Thus,
taken together, it appears that metabolism of the parent drug,
AQ, into DEAQ or the bioavailability of AQ may be altered in
children compared with the metabolism and bioavailability of
AQ in adults, but by day 7, the levels of the active metabolite
may not be significantly different between children and adults.
One additional explanation may be the enhanced elimination
of DEAQ in children compared with that in adults. Further
comparative data are needed, as lower DEAQ levels may pre-
dispose patients to treatment failure, whereas higher levels
may lead to higher risks of toxicity. We also assessed the data
for a correlation between the AQ dosage (mg/kg) and the
subsequent level of DEAQ exposure. Unlike AL, the current
weight-based dosing regimen for AQ results in less variability
in the actual dosage (mg/kg) administered to children, preclud-
ing the ability to make associations between various dosages
(mg/kg) and levels of exposure.

The PK results for the artemisinins are also notable, as they
are among the first reported for children and indicate distinct
disposition characteristics. The results for AR and DHA are
also best compared to those from our earlier work with healthy
adults, in which a sample collection protocol identical to that
used in the present study was employed (14). The geometric
mean C,,,. and AUC, .. values for AR were approximately
two- to threefold higher in children than in adults (C,,,.s, 34
and 14 ng/ml, respectively; AUC,_.s, 168 and 62 ng - h/ml,
respectively). Similarly, the values of the PK parameters for
the current study were higher than the values reported in a
separate study with healthy adults, in which the mean C,,, and
the mean AUC from time zero to 8 h (AUC,_) averaged 27
ng/ml and 64 ng - h/ml, respectively (19). It should be noted
that AUC,_., and AUC,_g are comparable, in that both AR and
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DHA are rapidly eliminated from the plasma. The level of
exposure to DHA was similarly higher in our children than in
the healthy adults in our previous study (AUC,, s, 382 and 198
ng - h/ml, respectively). Comparison of the PK data generated
with patients to the data generated with healthy adults is a
limitation, in that acute malaria alone may affect the disposi-
tion of artemisinin drugs (29). A strength of our comparison,
however, is that the pediatric and adult studies used identical
study designs.

In contrast to AR, for AS, when it used as part of the AQ-AS
regimen, children appeared to have lower levels of exposure
than adults. Although good comparative studies with adults are
lacking, the best comparison of the results of the present may
be made with the results of a study by Orrell et al., completed
with uninfected adults receiving a single 4-mg/mg AS dose
followed by serial sampling for PK analysis (24). The mean AS
Chax and AUC,_, were 142 ng/ml and 183 ng - h/ml, respec-
tively, values higher than those estimated for our children
(estimated C,,,,, 51 ng/ml; estimated AUC,_., 113 ng - h/ml).
Importantly, AS is rapidly and extensively converted to DHA
(20). In our study, DHA levels were roughly equivalent be-
tween children and adults (geometric mean C,,,,s, 526 and 446
ng/ml, respectively; geometric mean AUC,__s, 1,509 and 1,411
ng - h/ml, respectively). Thus, perhaps not surprisingly, gener-
alizations regarding the differences in the PKs of artemisinin
derivatives between children and adults are difficult to make.
Metabolism of the parent drugs is mediated by different CYP
isozymes. AS is converted to DHA principally via CYP2A6
(21), and AR is likely converted to DHA via CYP3A4 (22);
these isozymes may have different activities at different ages.
These enzymes may also display pharmacogenetic differences
among individuals of different ethnicities that may affect PK
comparisons, similar to what has been seen with in vitro studies
of AQ and CYP2CS8 (25). In addition, it is possible that other
age-dependent effects on drug disposition, such as drug ab-
sorption and distribution, vary between the artemisinin deriv-
atives. Although artemisinins are extremely potent and rapidly
acting, suboptimal dosing may enhance the selective pressure
for resistance to these drugs, especially in settings where resis-
tance to the longer-acting partner drugs has emerged. Of in-
terest is the difference in exposure to the bioactive metabolite
DHA when the results for AS and AR are compared. On the
basis of current dosing recommendations, a nearly fourfold
higher level of DHA exposure was measured following the
administration of AS than following the administration of AR.
This higher level of exposure to DHA may be important for the
early eradication of parasites following ACT and warrants fur-
ther study.

With over 45 countries having adopted either AL or AQ-AS
as the first-line therapy for malaria, it is expected that millions
of doses of these drugs will be administered in the coming
years (39). Despite this massive deployment, relatively limited
data regarding the PKs of these drugs in the most vulnerable
population, young children, are available. While the levels of
AQ, DEAQ, AR, and DHA seen in children appear to be
similar to those seen in adults, this study provides evidence that
children have lower levels of exposure to LR. The PK charac-
teristics of artemisinins in children are distinct and must be
considered for optimum dosing to preserve the activity of this
valuable class of antimalarial drugs.
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