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ABSTRACT

BACKGROUND
Malaria control is difficult where there is intense year-round transmission of multiple
plasmodium species, such as in Papua New Guinea.

METHODS
Between April 2005 and July 2007, we conducted an open-label, randomized, parallel-
group study of conventional chloroquine—sulfadoxine—pyrimethamine and artesunate—
sulfadoxine—pyrimethamine, dihydroartemisinin—piperaquine, and artemether—
lumefantrine in children in Papua New Guinea 0.5 to 5 years of age who had
falciparum or vivax malaria. The primary end point was the rate of adequate clinical
and parasitologic response at day 42 after the start of treatment with regard to
Plasmodium falciparum, after correction for reinfections identified through polymerase-
chain-reaction (PCR) genotyping of polymorphic loci in parasite DNA. Secondary
end points included the rate of adequate clinical and parasitologic response at day
42 with regard to P. vivax without correction through PCR genotyping.

RESULTS
Of 2802 febrile children screened, 482 with falciparum malaria and 195 with vivax
malaria were included. The highest rate of adequate clinical and parasitologic re-
sponse for P. falciparum was in the artemether—lumefantrine group (95.2%), as com-
pared with 81.5% in the chloroquine—sulfadoxine—pyrimethamine group (P=0.003),
85.4% in the artesunate—sulfadoxine—pyrimethamine group (P=0.02), and 88.0% in
the dihydroartemisinin—piperaquine group (P=0.006). The rate of adequate clinical
and parasitologic response for P. vivax in the dihydroartemisinin—piperaquine group
(69.4%) was more than twice that in each of the other three treatment groups. The
in vitro chloroquine and piperaquine levels that inhibited growth of local P. falciparum
isolates by 50% correlated significantly (P<0.001). Rash occurred more often with
artesunate—sulfadoxine—pyrimethamine and dihydroartemisinin—piperaquine than
with chloroquine—sulfadoxine—pyrimethamine (P=0.004 for both comparisons).

CONCLUSIONS
The most effective regimens were artemether—lumefantrine against P. falciparum and
dihydroartemisinin—piperaquine against P. vivax. The relatively high rate of treatment
failure with dihydroartemisinin—piperaquine against P. falciparum may reflect cross-
resistance between chloroquine and piperaquine. (Australian New Zealand Clinical
Trials Registry number, ACTRN12605000550606.)

N ENGL) MED 359;24 WWW.NEJM.ORG DECEMBER 11, 2008

From the School of Medicine and Pharma-
cology, University of Western Australia,
Crawley, WA, Australia (H.A.K,, I.L., M.P.-S.,
RW., S.S., K.F.l, T.M.E.D.); and the Papua
New Guinea Institute of Medical Research,
Madang, Papua New Guinea (I.M., M.S.,
E.L., P.S.G., 0.0, S.G,, K.K., P. Suano,
N.T., A.U, D.L., P. Siba). Address reprint
requests to Dr. Davis at the University of
Western Australia, School of Medicine
and Pharmacology, Fremantle Hospital,
P.O. Box 480, Fremantle, WA 6959, Aus-
tralia, or at tdavis@cyllene.uwa.edu.au.

This article (10.1056/NEJM0a0804915) was
published at www.nejm.org on December

8,2008.

N Engl ) Med 2008;359:2545-57.
Copyright © 2008 Massachusetts Medical Society.

2545

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.

Copyright © 2008 Massachusetts Medical Society. All rights reserved.



2546

The NEW ENGLAND JOURNAL of MEDICINE

NTIMALARIAL THERAPY UNDERPINS

strategies to control and eradicate malar-

ia.* The progression of resistance of Plas-
modium falciparum and P. vivax to conventional
agents including chloroquine and sulfadoxine—
pyrimethamine has led the World Health Organi-
zation (WHO) to recommend artemisinin-based
combination therapy as the first-line treatment
for uncomplicated malaria.? Because various ar-
temisinin derivatives are similarly effective at ini-
tiating parasite clearance, the choice between
available artemisinin-based combination thera-
pies should be based on local parasite resistance
to the partner drug with the longer half-life.2

In parts of Oceania and Asia, such as Papua
New Guinea, with hyperendemic or holoendemic
transmission of P. falciparum similar to that in
sub-Saharan Africa, children carry the major dis-
ease burden.3-sS However, unlike in Africa, P. vivax
transmission can also be substantial®” and may
contribute to acute complications, chronic ane-
mia, and death.®° Current first-line treatment for
uncomplicated pediatric falciparum or vivax ma-
laria in Papua New Guinea remains chloroquine—
sulfadoxine—pyrimethamine.'® Since this regimen
is failing,’* there is a strong argument for the
introduction of artemisinin-based combination
therapy.2 The cost and logistics associated with
changes to therapy in poor countries demand
firm evidence of efficacy, but local data inform-
ing the choice of artemisinin-based combination
therapy are usually lacking, and comparative
studies of various artemisinin-based combination
therapies have often been performed in areas in
which falciparum malaria is the only, or the pre-
dominant, species or in which transmission is
low or variable.22°
We compared the efficacy and safety of

chloroquine-sulfadoxine—pyrimethamine and the
three commonly used artemisinin-based combi-
nation therapies — artesunate—sulfadoxine—pyri-
methamine, artemether—lumefantrine, and dihy-
droartemisinin—piperaquine — in children in
Papua New Guinea who had uncomplicated falci-
parum or vivax malaria. Our primary aim was to
establish which of the three combination thera-
pies should replace chloroquine—sulfadoxine—
pyrimethamine as treatment for falciparum ma-
laria. Secondary aims were to provide similar
relative efficacy data for vivax malaria and to
explore host-, parasite-, and drug-specific deter-
minants of outcome.

METHODS

STUDY DESIGN AND SITES

This investigator-initiated open-label, random-
ized, parallel-group trial was conducted at the
Alexishafen and Kunjingini Health Centers in
Madang and East Sepik Provinces, respectively, in
Papua New Guinea. The study started in April
2005, enrollment closed in June 2007, and the
last follow-up visit was in July 2007. The primary
end point was the reappearance of P. falciparum in
the blood by day 42 after the start of treatment,
after correction for reinfections identified through
polymerase-chain-reaction (PCR) genotyping of
polymorphic loci in parasite DNA.2! Secondary
end points were the reappearance of P. falciparum
within 42 days (without correction through PCR
genotyping); the reappearance of P. falciparum
within 28 days (with and without correction
through PCR genotyping); the appearance of
P. vivax within 28 days and 42 days after treat-
ment for vivax malaria and after treatment for
falciparum malaria; initial fever clearance and
clearance and gametocytogenesis of P. falciparum
and P. vivax; and safety of the study drug. Ethics
approval was obtained from the Papua New
Guinea Ministry of Health Medical Research Ad-
visory Committee and the University of Western
Australia Human Research Ethics Committee.
Written informed consent was obtained from a
parent or guardian of each patient. The study was
conducted in accordance with the Declaration of
Helsinki. All authors vouch for the validity and
completeness of the data presented.

Patients

For children 0.5 to 5 years of age who had an
axillary temperature above 37.5°C or a fever dur-
ing the previous 24 hours as reported by the fam-
ily, a blood smear was obtained and examined
microscopically on site. Patients with more than
1000 asexual P. falciparum or more than 250 asex-
ual P. vivax, P. ovale, or P. malariae per microliter of
whole blood were eligible if they also had no fea-
tures of severity,2? no intake of a study drug in
the previous 14 days, and no clinical evidence of
another infection or coexisting condition, includ-
ing malnutrition.

Clinical and Laboratory Procedures
An initial clinical assessment was performed, in-
cluding the measurement of mid-upper-arm cir-
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cumference and calculation of the nutrition z score
according to weight for age.?? Blood samples
were obtained for measurement of hemoglobin
and glucose. Treatment assignments were made
on the basis of computer-generated randomized
assignment with blocks of 24 for each site.

The four treatment groups were as follows:
chloroquine—sulfadoxine—pyrimethamine, with a
chloroquine (Aspen Healthcare) dose of 10 mg
base per kilogram of body weight daily for 3 days
plus sulfadoxine—pyrimethamine (Roche; sulfa-
doxine, 25 mg per kilogram, and pyrimethamine,
1.25 mg per kilogram) given with the first chlo-
roquine dose; artesunate—sulfadoxine—pyrimetha-
mine, with one dose of sulfadoxine—pyrimeth-
amine (Roche; sulfadoxine, 25 mg per kilogram,
and pyrimethamine, 1.25 mg per kilogram) plus
artesunate (Sanofi-Aventis) at a dose of 4 mg per
kilogram daily for 3 days; dihydroartemisinin—
piperaquine (Beijing Holley-Cotec), with a dihy-
droartemisinin dose of 2.5 mg per kilogram and
a piperaquine phosphate dose of 20 mg per kilo-
gram daily for 3 days; and artemether-lumefan-
trine (Novartis Pharma), with an artemether dose
of 1.7 mg per kilogram and a lumefantrine dose
of 10 mg per kilogram, twice daily for 3 days.

Combinations of full, half-, or quarter-tablets
were swallowed whole or crushed lightly before
administration with water or, for artemether—
lumefantrine, milk. Only the administration of
evening doses of artemether—lumefantrine were
unsupervised, given at home by a parent or
guardian. Children who vomited within 30 min-
utes after administration were retreated.

Standardized follow-up, including the measure-
ment of axillary temperature and microscopical
examination of a blood smear, was scheduled
for days 1, 2, 3, 7, 14, 28, and 42. Children in
whom uncomplicated or severe malaria developed
during this period were given oral quinine plus
sulfadoxine—pyrimethamine or intramuscular
quinine, respectively.?® All blood smears were
subsequently reexamined independently by two
skilled microscopists who were unaware of the
treatment assignments. Parasite density was cal-
culated from the number per 1000 leukocytes
and an assumed leukocyte count of 8000 per
microliter. Slides with discrepant findings (with
a difference of more than a factor of 3) with re-
gard to parasitic positivity or negativity, specia-
tion, or density were adjudicated by a senior mi-
Croscopist.

Efficacy was assessed using WHO defini-
tions,?? with a 42-day follow-up period to cap-
ture the effect of drugs with a long half-life.
Early treatment failure was defined as the devel-
opment of signs of severity or an inadequate
parasitologic response by day 3. Any child in
whom parasitemia developed between days 4 and
42 was considered to have had late parasitologic
failure or, if febrile, late clinical failure. If none
of the three types of failure occurred, an ade-
quate parasitologic and clinical response was
recorded. P. falciparum reinfection and recrudes-
cence were distinguished with the use of molecu-
lar methods.?*2> Fever and parasite clearance
times were defined as the times to the first of
two consecutive assessments at which the child
was afebrile and had a blood smear negative for
malaria, respectively.

The plasma levels on day 7 of chloroquine, its
active metabolite monodesethyl chloroquine, pi-
peraquine, and lumefantrine were assayed by
means of high-performance liquid chromatog-
raphy.2®27 Although the current dihydroartemisi-
nin—piperaquine tablet coformulation has been
used in a number of recent efficacy trials,*216:18,20
it was not produced according to Good Manufac-
turing Practice standards. Tablets from each batch
were therefore assayed for dihydroartemisinin
and piperaquine,?® and both drugs were consis-
tently within 90 to 110% of the stated content?®
up to the expiration date. The levels of chloro-
quine, piperaquine, and lumefantrine that inhib-
ited by 50% the growth of field isolates of para-
sites from the Madang area were determined
with the use of a plasmodium lactate dehydroge-
nase colorimetric assay.?°

STATISTICAL ANALYSIS
We calculated the number of patients who need-
ed to be enrolled on the basis of the assumption
that there would be an adequate clinical and para-
sitologic response with regard to P. falciparum in
95% of patients or more in each of the three
artemisinin-based combination treatment groups
at day 42, after correction for reinfections identi-
fied through PCR genotyping, a rate that falls
within the WHO-recommended range for adop-
tion of new antimalarial therapy.? Because there
were no robust local chloroquine—sulfadoxine—
pyrimethamine efficacy data when the study was
designed, we aimed to enroll 100 children in each
treatment group to detect a rate of treatment fail-

N ENGLJ MED 359;24 WWW.NEJM.ORG DECEMBER 11, 2008

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.

Copyright © 2008 Massachusetts Medical Society. All rights reserved.

2547



2548

The NEW ENGLAND JOURNAL of MEDICINE

ure of 5% or more in any of the four groups with
5% precision and 95% confidence after allowing
for 20% loss to follow-up.?* Early in 2006, data
became available from Madang and East Sepik
Provinces from a 2004 efficacy study that revealed
that, 28 days after treatment with chloroquine—
sulfadoxine—pyrimethamine, 76.7% of patients
had an adequate clinical and parasitologic re-
sponse with regard to P. falciparum after correc-
tion for reinfections identified on PCR genotyp-
ing of polymorphic parasite loci.** Under the
conservative assumption that this adequate clini-
cal and parasitologic response persisted to day 42
and allowing for 20% attrition, 452 children (113
in each of the four treatment groups) would be
required to detect a significant difference in the
primary end point between each of the three
artemisinin-based combination therapy groups
and the chloroquine—sulfadoxine—pyrimethamine
group, with a statistical power of 80% and a two-
tailed type I error rate of 1%.3°

The statistical analysis was prespecified. Per-
protocol analyses included data for children with
complete follow-up or confirmed treatment fail-
ure and excluded data for those who had been
treated for malaria but whose parasitemia had
not been confirmed through microscopy or who
had been lost to follow-up despite repeated at-
tempts to contact them. Data from these excluded
patients were included in modified intention-to-
treat analyses of two types: a worst-case approach
in which patients excluded by day 3 were assumed
to have had early treatment failure and those ex-
cluded after day 3 assumed to have had late
parasitologic failure or late clinical failure, and
a best-case approach in which all missing blood
smears during the follow-up period were assumed
to be parasite-negative.

Kaplan—Meier estimates were computed for
each end point defined by parasite species. The
treatment groups were compared by means of
the log-rank test, including post hoc comparisons
between the three artemisinin-based combination
therapies. No interim efficacy analyses were per-
formed. Cox regression involving backward-step-
wise modeling was used to determine predictors
of treatment failure among the prespecified vari-
ables of age, sex, measures of growth or nutri-
tion, and baseline parasite density and the explor-
atory variable of drug levels at day 7. Safety and
tolerability were assessed on the basis of the inci-
dence of symptoms or signs through day 7 with

the use of Poisson regression (for frequent events)
or Fisher’s exact test (for infrequent events). All
P values are two-tailed and were not adjusted for
multiple comparisons.

RESULTS

PATIENTS
A total of 742 children were randomly assigned
to a study treatment, but 83 (11.2%) were exclud-
ed because of protocol violations, including 41
with subthreshold parasite densities on expert
microscopy and 24 who received incorrect or
nonstudy treatment (Fig. 1). Of the remaining
659, 21 (3.2%) were infected with both P. falci-
parum and P. vivax at confirmed densities above
each species-specific threshold; they were con-
sidered to have both types of malaria and were
included in both malaria groups. An additional
24 of 482 children with P. falciparum (5.0%) and
4 of 195 with P. vivax (2.1%) had low-level coinfec-
tions with another plasmodium species. A higher
percentage of children with falciparum malaria
in the chloroquine—sulfadoxine—pyrimethamine
group were lost to follow-up than from the oth-
er groups combined (22.7% vs. 9.7% at day 28,
P<0.001), but there were no significant between-
treatment differences in attrition for vivax ma-
laria (Fig. 1, and Fig. 2 in the Supplementary Ap-
pendix, available with the full text of this article
at www.nejm.org). There were no significant dif-
ferences in demographic, clinical, or parasitologic
variables, according to parasite species or treat-
ment (Table 1).

EFFICACY AGAINST P. FALCIPARUM
Over one third of all children who had falciparum
malaria at enrollment had reinfection or recru-
descence by day 42 (Table 1 in the Supplementary
Appendix), with three (0.6%) having early treat-
ment failure (two in the artesunate—sulfadoxine—
pyrimethamine group and one in the chloroquine—
sulfadoxine—pyrimethamine group) and more
than 80% having late parasitologic failure. There
were no significant between-treatment differences
in outcomes at day 42 (without correction for
reinfection through PCR genotyping): the rate
of adequate clinical and parasitologic response
was 67.9% for chloroquine—sulfadoxine—pyrimeth-
amine, 63.9% for artesunate—sulfadoxine—pyri-
methamine, 62.6% for dihydroartemisinin—piper-
aquine, and 64.2% for artemether-lumefantrine
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(P=0.99). However, after correction for reinfec-
tion through PCR genotyping, the artemether—
lumefantrine group had a higher rate of adequate
clinical and parasitologic response at days 28 and
42 than the other treatment groups (Table 2 and
Fig. 2). There was a similar result in the best-case
intention-to-treat analysis, whereas in the worst-
case model, the rate of treatment failure was
highest with chloroquine-sulfadoxine—pyrimeth-
amine (Table 2 in the Supplementary Appendix).

The mean parasite clearance time was longer
in the chloroquine—sulfadoxine—pyrimethamine
group (4.2 days) than in any of the three arte-
misinin-based combination therapy groups (£3.1
days, P<0.001), but there were no significant
between-group differences in the fever clearance
time (Table 3 in the Supplementary Appendix).
The prevalence of post-treatment gametocytemia
was greatest for chloroquine—sulfadoxine—pyri-
methamine (maximum on day 7 of 83%, vs. £22%
for the three artemisinin-based combination ther-
apies; Fig. 3 in the Supplementary Appendix). In
the artesunate—sulfadoxine—pyrimethamine group,
treatment failure (after correction for reinfection
through PCR genotyping) was significantly as-
sociated with age (hazard ratio for each 1-year
increase in age, 1.12; 95% confidence interval
[CI], 1.05 to 1.20; P=0.001) and the body-mass
index (the weight in kilograms divided by the
square of the height in meters) (hazard ratio for
each increase of 1.0, 1.43; 95% CI, 1.16 to 1.76;
P=0.001). In the dihydroartemisinin—piperaquine
group, independent predictors of treatment fail-
ure were baseline parasite density (hazard ratio
for each increase of 10,000 per microliter, 1.07;
95% CI, 1.03 to 1.11; P=0.001) and nutrition
z score according to weight for age (hazard ratio
for each increase of 1.0, 1.22; 95% CI, 1.09 to 1.38;
P=0.001). There were no baseline variables sig-
nificantly associated with treatment failure in the
chloroquine—sulfadoxine—pyrimethamine group
or the artemether—lumefantrine group.

EFFICACY AGAINST P. VIVAX
Almost two thirds of patients who had vivax ma-
laria at enrollment had redevelopment of P. vivax
parasitemia by day 42, and most had late parasito-
logic failure (Table 2). The highest rates of ade-
quate clinical and parasitologic response and low-
est rates of late clinical failure were found for
children receiving dihydroartemisinin—piperaquine
(Table 2 and Fig. 2). The least efficacious treat-

ment was chloroquine-sulfadoxine—pyrimetha-
mine, with only 13.0% of children without para-
sitemia at day 42. Intention-to-treat analyses were
consistent with per-protocol results at days 28
and 42 (Table 4 in the Supplementary Appendix).
Age, sex, baseline parasite density, body-mass in-
dex, and nutrition z score according to weight for
age were not significant independent predictors
of treatment failure. The mean parasite clearance
time was longer with chloroquine—sulfadoxine—
pyrimethamine (3.1 days) than with any of the
three artemisinin-based combination therapies
(£1.4 days, P=0.05), but fever clearance times
were similar (Table 3 in the Supplementary Ap-
pendix). Approximately half the 371 children who
had P. falciparum monoinfections also had P. vivax
parasitemia by day 42 (Table 2), with the lowest
incidence occurring in the dihydroartemisinin—
piperaquine group.

DRUG LEVELS AND OUTCOME AT DAY 7
Among children who had falciparum malaria, in
univariate analyses, there was a trend toward a
lower risk of any treatment failure (not corrected
through PCR genotyping) at day 7 with a higher
plasma piperaquine level in the dihydroartemisi-
nin—piperaquine group (hazard ratio for each in-
crease of 10 ug per liter, 0.86; 95% CI, 0.73 to
1.01; P=0.06) and with a higher plasma lumefan-
trine level in the artemether-lumefantrine group
(hazard ratio for each increase of 100 ug per liter,
0.87; 95% CI, 0.74 to 1.02; P=0.09). According to
the Cox model of treatment failure in the dihy-
droartemisinin—piperaquine group, after correc-
tion through PCR genotyping, there was a trend
toward association in plasma piperaquine levels
at day 7 (P=0.08), but the nutrition z score ac-
cording to weight for age was no longer signifi-
cantly associated (P=0.25).

In the chloroquine—sulfadoxine—pyrimetha-
mine group, there was no association between
the plasma chloroquine and monodesethyl chloro-
quine levels at day 7 and treatment failure with
regard to P. falciparum (P>0.60 for each compari-
son), but treatment failure with regard to P. vivax
was negatively associated with both the plasma
chloroquine level (hazard ratio, 0.97; 95% CI, 0.95
to 1.00; P=0.04) and the plasma level of the me-
tabolite monodesethyl chloroquine (hazard ratio,
0.97; 95% CI, 0.94 to 0.99; P=0.01). There was an
increased risk of development of P. vivax parasite-
mia among children treated for P. falciparum infec-
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Figure 2. Kaplan—-Meier Estimates of the Proportion of Patients Remaining
Free of Infection, after Correction for Reinfection, According to Treatment
Group.

Panel A shows data for Plasmodium falciparum, and Panel B, P. vivax. Correc-
tion for reinfection was achieved through polymerase-chain-reaction (PCR)
genotyping. AL denotes artemether—lumefantrine, ARTS-SP artesunate—
sulfadoxine—pyrimethamine, CQ-SP chloroquine—sulfadoxine—pyrimetha-
mine, and DHA-PQ dihydroartemisinin—piperaquine.

tion, for those in the artemether-lumefantrine
group who had plasma lumefantrine levels of less
than 175 pg per liter (hazard ratio, 2.65; 95% CI,
1.43 to 4.91; P=0.003) and for those in the dihy-
droartemisinin—piperaquine group with plasma
piperaquine levels of less than 20 ug per liter
(hazard ratio, 2.42; 95% CI, 1.03 to 5.70; P=0.04).
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SAFETY MONITORING

No treatment withdrawals were attributable to
adverse effects related to a study drug. There was
a lower incidence rate ratio for fever and vomiting
between days 0 and 7 with the artemisinin-based
combination therapy regimens than with chloro-
quine-sulfadoxine—pyrimethamine (P<0.04 for all
three comparisons; Table 5 in the Supplementary
Appendix) but no significant between-treatment
difference for other symptoms. There was a higher
incidence rate ratio for rash with artesunate-sulfa-
doxine—pyrimethamine and dihydroartemisinin—
piperaquine than with chloroquine—sulfadoxine—
pyrimethamine (P=0.004). A palpable spleen was
found least often in the dihydroartemisinin—piper-
aquine group (P=0.006). Hemoglobin levels re-
mained similar across the treatment groups, with
a mean increase in the level at day 42 of 1.7 g per
deciliter as compared with the baseline value.
Clinically significant hypoglycemia did not de-
velop in any child.

PARASITE SENSITIVITY IN VITRO
There was a significant correlation between the
in vitro levels of chloroquine and piperaquine
that inhibited growth of local P. falciparum iso-
lates by 50% (r=0.54 for 57 samples, P<0.001)
(Fig. 3). The correlation between chloroquine and
lumefantrine was not significant (r=0.15 for 16
samples, P=0.58).

DISCUSSION

This study shows that artemether—lumefantrine
is an effective treatment for uncomplicated falci-
parum malaria in children from Papua New
Guinea. However, artemether-lumefantrine is less
efficacious than dihydroartemisinin—piperaquine
against P. vivax, both for primary infection and
in suppressing its emergence after treatment for
P. falciparum. Although dihydroartemisinin—piper-
aquine has been used rarely, if at all, in Papua New
Guinea, the relatively high failure rate of the com-
bination treatment against P. falciparum is in con-
trast to that reported in Asia, Africa, and South
America, where efficacies have exceeded 95%
over periods of up to 63 days.3! Artesunate—sulfa-
doxine-pyrimethamine was inferior to artemether—
lumefantrine for treatment against P. falciparum
and inferior to dihydroartemisinin—piperaquine
against P. vivax, whereas chloroquine—sulfadoxine—
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pyrimethamine was the least efficacious regimen
against both plasmodium species.

The adequate clinical and parasitologic re-
sponse against P. falciparum in the artemether—
lumefantrine group was more than 95% at day
42 (after correction for reinfection through PCR
genotyping), which is within the WHO-recom-
mended range for adoption of a new therapy.?
However, most patients receiving artemether—
lumefantrine had P. vivax parasitemia by day 28;
this was true for many fewer patients receiving
dihydroartemisinin—piperaquine, probably reflect-
ing faster elimination of lumefantrine than piper-
aquine.3? However, the 28-day P. falciparum fail-
ure rate for dihydroartemisinin—piperaquine, after
correction through PCR genotyping, was well
below the WHO-recommended threshold of 95%
for adequate clinical and parasitologic response.?
The association between in vitro chloroquine and
piperaquine levels that inhibited growth of local
D. falciparum isolates by 50%, which parallels a
weaker positive correlation in isolates from
Cameroon,?? suggests that cross-resistance of
local P. falciparum strains may have contributed.

Consistent with previous studies,?3* we found
that children receiving dihydroartemisinin—piper-
aquine in whom treatment failed tended to have
low plasma piperaquine levels at day 7. Although
piperaquine bioavailability is improved by coad-
ministration of fat,3 this is not part of current
dosing recommendations (unlike for artemether—
lumefantrine) and was not required in several
dihydroartemisinin—piperaquine efficacy studies
with high cure rates.2%3¢ In a study in which
dihydroartemisinin—piperaquine was administered
with fat,® 38% of children under 15 years of age
had a plasma piperaquine level of less than 30 ng
per milliliter,®* as compared with 52% in our
patients, who were generally younger. Although
this difference might reflect reduced absorption
in our patients, it could also result from age-
specific differences in the pharmacokinetic prop-
erties of piperaquine3” that have led to a call for
increased dihydroartemisinin—piperaquine doses
in children.>* The few treatment failures occur-
ring with artemether—lumefantrine in our study
were associated with low plasma lumefantrine
levels, consistent with the results of an African
study®® and highlighting the importance of ad-
herence to complex dosing regimens.

We found that the P. falciparum density at base-

N ENGLJ MED 359;24 WWW.NEJM.ORG
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Figure 3. Levels of Piperaquine and Chloroquine Inhibiting Plasmodium

The P. falciparum isolates were from the Madang area. A fitted regression

line predicted whether dihydroartemisinin—piper-
aquine treatment would fail. This finding has not
been reported in other studies of dihydroartemi-
sinin—piperaquine with high cure rates,¢-2%3¢ per-
haps because the study children had limited
malarial immunity and a consequently lower pyro-
genic parasite burden (geometric mean, <10,000
per microliter, vs. approximately 50,000 per micro-
liter in our patients). Piperaquine has the longest
half-life of the drugs used in our study,® and
exposure to therapeutic drug levels over many
parasite life cycles is an important determinant
of response.*° However, pharmacokinetic data
from children in Papua New Guinea suggest that
piperaquine is distributed extensively, with a sub-
stantial post-treatment fall in plasma levels.2®
This phenomenon, together with relatively high
densities of piperaquine-resistant P. falciparum,
could result in early subtherapeutic plasma piper-
aquine levels in children treated with dihydro-
artemisinin—piperaquine.

The differences between the rates of adequate
clinical and parasitologic response with and with-
out correction for reinfection through PCR geno-
typing suggest that one quarter of patients were
reinfected with P. falciparum by day 42, confirm-
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ing intense transmission. The emergence of P. vi-
vax parasitemia after treatment for P. falciparum
monoinfection is well recognized, even with arte-
misinin-based combination therapy,’® but not to
the extent observed in the current study. Most of
our patients who had falciparum malaria at en-
rollment became positive for P. vivax during the
follow-up period. Although the vivax infection
was largely asymptomatic, it could still contrib-
ute to adverse outcomes.®® For example, although
hemoglobin levels increased in each treatment
group, the levels at day 42 remained lower than
those reported in a study from an area with less
intense transmission that also showed a greater
improvement with dihydroartemisinin—piper-
aquine than artemether—lumefantrine.®

Our study had limitations. There was an unex-
pectedly large attrition rate among the children
with falciparum malaria receiving chloroquine—
sulfadoxine—pyrimethamine. This potential source
of bias may have reflected a relatively slow initial
symptomatic response or disappointment of
parents or guardians that their children did not
receive one of the new treatments. However, even
if all these children had completed the study with
adequate clinical and parasitologic response, the
failure rate of chloroquine—sulfadoxine—pyri-
methamine would have remained relatively high.
The relatively small numbers of children in the
D. vivax treatment groups and the fact that PCR
correction for reinfection is not currently feasible
for this plasmodium species mean that these data
should be viewed as preliminary. Nevertheless,

clear between-treatment differences emerged for
both falciparum and vivax malaria.

This study highlights key issues complicating
choice of antimalarial therapy in areas with in-
tense transmission of multiple plasmodium spe-
cies. Although the similar rates of reappearance
of any P. falciparum parasitemia across treatments
suggest that chloroquine—sulfadoxine—pyrimeth-
amine might still be useful, the need to ensure
continuing high-level efficacy against this poten-
tially life-threatening infection favors artemether—
lumefantrine as a replacement for chloroquine—
sulfadoxine—pyrimethamine in Papua New Guinea
at this time. Dihydroartemisinin—piperaquine
could be used where P. vivax is especially prob-
lematic. However, neither regimen is optimal for
this epidemiologic circumstance, suggesting the
need for more broadly efficacious and affordable
treatment that could include other artemisinin-
based combination therapies, including new part-
ner drugs.

Supported by grants from the WHO Western Pacific Region,
Rotary against Malaria in Papua New Guinea, and the National
Health and Medical Research Council of Australia (no. 353663).

No potential conflict of interest relevant to this article was
reported.

We thank Sister Valsi Kurian and the staff of Alexishafen
Health Center for their kind cooperation during the study; Sister
Maria Goretti, Jovitha Lammey, Wesley Sikuma, Donald Paiva,
Bernard (Ben) Maamu, Lena Lorry, Petronilla Wapon, Jane Sim-
brandu, Merilyn Uranoli, Peter Maku, Moses Lagog, Thomas
Adiguma, Jonah Iga, John Taime, Michelle England, Thomas
Schulz, and Kaye Baea for clinical, laboratory, database, or lo-
gistic assistance; Wendy Davis for help with statistical analysis;
and Peter Zimmerman for review of a previous draft of the manu-
script.

REFERENCES

1. Feachem R, Sabot O. A new global tion surrounding Madang, Papua New 11. Marfurt J, Mueller I, Sie A, et al. Low

malaria eradication strategy. Lancet 2008;
371:1633-5.

2. Guidelines for the treatment of malar-
ia. Geneva: World Health Organization,
2006. (WHO/HTM/MAL/2006.1108.)

3. Miiller I, Bockarie M, Alpers M, Smith
T. The epidemiology of malaria in Papua
New Guinea. Trends Parasitol 2003;19:
253-9.

4. Genton B, al-Yaman F, Beck HP, et al.
The epidemiology of malaria in the Wos-
era area, East Sepik Province, Papua New
Guinea, in preparation for vaccine trials.
11. Mortality and morbidity. Ann Trop Med
Parasitol 1995;89:377-90.

5. Moir]JS, Garner PA, Heywood PF, Alpers
MP. Mortality in a rural area of Madang
Province, Papua New Guinea. Ann Trop
Med Parasitol 1989;83:305-19.

6. CattaniJA, Tulloch JL, Vrbova H, et al.
The epidemiology of malaria in a popula-

N ENGL) MED 359;24 WWW.NEJM.ORG

Guinea. Am J Trop Med Hyg 1986;35:3-15.
7. Cox MJ, Kum DE, Tavul L, et al. Dy-
namics of malaria parasitaemia associ-
ated with febrile illness in children from
arural area of Madang, Papua New Guinea.
Trans R Soc Trop Med Hyg 1994;88:191-7.
8. Drice RN, Tjitra E, Guerra CA, Yeung
S, White NJ, Anstey NM. Vivax malaria:
neglected and not benign. Am J Trop Med
Hyg 2007;77:Suppl:79-87.

9. Kitua AY, Smith TA, Alonso PL, et al.
The role of low level Plasmodium falciparum
parasitaemia in anaemia among infants
living in an area of intense and perennial
transmission. Trop Med Int Health 1997;
2:325-33.

10. Standard treatment of common illness-
es of children in Papua New Guinea. 7th
ed. Port Moresby, Papua New Guinea:
Papua New Guinea Department of Health,
2000.

efficacy of amodiaquine or chloroquine
plus sulfadoxine-pyrimethamine against
Plasmodium falciparum and P. vivax malaria
in Papua New Guinea. Am J Trop Med Hyg
2007;77:947-54.

12. Faye B, Ndiaye JL, Ndiaye D, Dieng Y,
Faye O, Gaye O. Efficacy and tolerability
of four antimalarial combinations in the
treatment of uncomplicated Plasmodium
falciparum malaria in Senegal. Malar J 2007;
6:80.

13. Kamya MR, Yeka A, Bukirwa H, et al.
Artemether-lumefantrine versus dihydro-
artemisinin-piperaquine for treatment of
malaria: a randomized trial. PLoS Clin
Trials 2007;2(5):e20.

14. Mohamed AQ, Eltaib EH, Ahmed OA,
Elamin SB, Malik EM. The efficacies of
artesunate-sulfadoxine-pyrimethamine and
artemether-lumefantrine in the treatment
of uncomplicated, Plasmodium falciparum

DECEMBER 11, 2008

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.

Copyright © 2008 Massachusetts Medical Society. All rights reserved.



ANTIMALARIAL THERAPIES IN CHILDREN FROM PAPUA NEW GUINEA

malaria, in an area of low transmission in
central Sudan. Ann Trop Med Parasitol
2006;100:5-10.

15. Mukhtar EA, Gadalla NB, El-Zaki SE,
et al. A comparative study on the effica-
cy of artesunate plus sulphadoxine/pyri-
methamine versus artemether-lumefan-
trine in eastern Sudan. Malar J 2007;6:
92.

16. Ratcliff A, Siswantoro H, Kenangalem
E, et al. Two fixed-dose artemisinin com-
binations for drug-resistant falciparum
and vivax malaria in Papua, Indonesia: an
open-label randomised comparison. Lan-
cet 2007;369:757-65.

17. Zongo I, Dorsey G, Rouamba N, et al.
Artemether-lumefantrine versus amodi-
aquine plus sulfadoxine-pyrimethamine
for uncomplicated falciparum malaria in
Burkina Faso: a randomised non-inferior-
ity trial. Lancet 2007;369:491-8. [Erratum,
Lancet 2007;369:826.]

18. Tangpukdee N, Krudsood S, Thana-
chartwet W, et al. An open randomized
clinical trial of Artekin vs artesunate-
mefloquine in the treatment of acute un-
complicated falciparum malaria. Southeast
Asian J Trop Med Public Health 2005;36:
1085-91.

19. Hutagalung R, Paiphun L, Ashley EA,
et al. A randomized trial of artemether-
lumefantrine versus mefloquine-artesunate
for the treatment of uncomplicated multi-
drug resistant Plasmodium falciparum on the
western border of Thailand. Malar J 2005;
4:46.

20. Smithuis F, Kyaw MK, Phe O, et al.
Efficacy and effectiveness of dihydroar-
temisinin-piperaquine versus artesunate-
mefloquine in falciparum malaria: an
open-label randomised comparison. Lan-
cet 2006;367:2075-85.

21. Assessment and monitoring of anti-
malarial drug efficacy for the treatment
of uncomplicated falciparum malaria.
Geneva: World Health Organization, 2003.
(WHO/HTM/RBM/2003.50.)

22. World Health Organization. Severe fal-
ciparum malaria. Trans R Soc Trop Med
Hyg 2000;94:Suppl 1:51-S90.

23. The WHO child growth standards.
Geneva: World Health Organization, 2006.
(Accessed November 14, 2008, at http://
www.who.int/childgrowth/standards/en/.)
24. Cattamanchi A, Kyabayinze D, Hub-
bard A, Rosenthal PJ, Dorsey G. Distin-
guishing recrudescence from reinfection
in a longitudinal antimalarial drug effi-
cacy study: comparison of results based
on genotyping of msp-1, msp-2, and glurp.
Am J Trop Med Hyg 2003;68:133-9.

25. Felger I, Beck HP. Genotyping of Plas-
modium falciparum: PCR-RFLP analysis.
Methods Mol Med 2002;72:117-29.

26. Karunajeewa HA, Ilett KF, Mueller I,
et al. Pharmacokinetics and efficacy of
piperaquine and chloroquine in Melane-
sian children with uncomplicated malaria.
Antimicrob Agents Chemother 2008;52:
237-43.

27. Mansor SM, Navaratnam V, Yahaya N,
Nair NK, Wernsdorfer WH, Degen PH.
Determination of a new antimalarial drug,
benflumetol, in blood plasma by high-
performance liquid chromatography.
J Chromatogr B Biomed Appl 1996;682:
321-5.

28. The international pharmacopoeia. 3rd
ed. Vol. 4. Tests, methods, and general
requirements: quality specifications for
pharmaceutical substances, excipients, and
dosage forms. Geneva: World Health Or-
ganization, 1994.

29. Makler MT, Hinrichs DJ. Measure-
ment of the lactate dehydrogenase activity
of Plasmodium falciparum as an assessment
of parasitemia. Am J Trop Med Hyg 1993;
48:205-10.

30. Dupont WD, Plummer WD Jr. Power
and sample size calculations: a review and
computer program. Control Clin Trials
1990;11:116-28.

31. Myint HY, Ashley EA, Day NP, Nosten
F, White NJ. Efficacy and safety of dihy-

droartemisinin-piperaquine. Trans R Soc
Trop Med Hyg 2007;101:858-66.

32. Davis TM, Karunajeewa HA, Ilett KF.
Artemisinin-based combination therapies
for uncomplicated malaria. Med J Aust
2005;182:181-5.

33. Basco LK, Ringwald P. In vitro activi-
ties of piperaquine and other 4-aminoqui-
nolines against clinical isolates of Plasmo-
dium falciparum in Cameroon. Antimicrob
Agents Chemother 2003;47:1391-4.

34. Price RN, Hasugian AR, Ratcliff A, et
al. Clinical and pharmacological deter-
minants of the therapeutic response to
dihydroartemisinin-piperaquine for drug-
resistant malaria. Antimicrob Agents
Chemother 2007;51:4090-7.

35. Sim IK, Davis TM, Ilett KF. Effects of
a high-fat meal on the relative oral bio-
availability of piperaquine. Antimicrob
Agents Chemother 2005;49:2407-11.

36. Denis MB, Davis TM, Hewitt S, et al.
Efficacy and safety of dihydroartemisinin-
piperaquine (Artekin) in Cambodian chil-
dren and adults with uncomplicated falci-
parum malaria. Clin Infect Dis 2002;35:
1469-76.

37. Hung TY, Davis TM, Ilett KF, et al.
Population pharmacokinetics of piper-
aquine in adults and children with uncom-
plicated falciparum or vivax malaria. BrJ
Clin Pharmacol 2004;57:253-62.

38. Checchi F, Piola P, Fogg C, et al. Super-
vised versus unsupervised antimalarial
treatment with six-dose artemether-lume-
fantrine: pharmacokinetic and dosage-
related findings from a clinical trial in
Uganda. Malar J 2006;5:59.

39. Davis TM, Hung TY, Sim IK, Karuna-
jeewa HA, Ilett KF. Piperaquine: a resur-
gent antimalarial drug. Drugs 2005;65:
75-87.

40. White NJ. Assessment of the pharma-
codynamic properties of antimalarial drugs
in vivo. Antimicrob Agents Chemother
1997;41:1413-22.

Copyright © 2008 Massachusetts Medical Society.

POWERPOINT SLIDES OF JOURNAL FIGURES AND TABLES
At the Journal’s Web site, subscribers can automatically create PowerPoint slides.
In a figure or table in the full-text version of any article at www.nejm.org, click
on Get PowerPoint Slide. A PowerPoint slide containing the image, with its title
and reference citation, can then be downloaded and saved.

N ENGLJ MED 359;24 WWW.NEJM.ORG

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.

DECEMBER 11, 2008

Copyright © 2008 Massachusetts Medical Society. All rights reserved.

2557



