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The tolerability, safety, and disposition of dihydroartemisinin (DHA) and piperaquine (PQ) were assessed in 32 pregnant (sec-
ond/third trimester) and 33 nonpregnant Papua New Guinean women randomized to adult treatment courses of DHA-PQ (three
daily doses) or sulfadoxine-pyrimethamine (SP)-PQ (three daily PQ doses, single dose of SP). All dose adminstrations were ob-
served, and subjects fasted for 2 h postdose. Plasma PQ was assayed by using high-performance liquid chromatography, and
DHA was assessed by using liquid chromatography-mass spectrometry. Compartmental pharmacokinetic models were devel-
oped using a population-based approach. Both regimens were well tolerated. There was an expected increase in the rate-cor-
rected electrocardiographic QT interval which was independent of pregnancy and treatment. Two pregnant and two nonpreg-
nant women had Plasmodium falciparum parasitemia which cleared within 48 h, and no other subject became slide positive for
malaria during 42 days of follow-up. Of 30 pregnant women followed to delivery, 27 (90%) delivered healthy babies and 3 (10%)
had stillbirths; these obstetric outcomes are consistent with those in the general population. The area under the plasma
PQ concentration-time curve (AUC0 –�) was lower in the pregnant patients (median [interquartile range], 23,721
�g · h/liter [21,481 to 27,951 �g · h/liter] versus 35,644 �g · h/liter [29,546 to 39,541 �g · h/liter]; P < 0.001) in association with a
greater clearance relative to bioavailability (73.5 liters/h [69.4 to 78.4] versus 53.8 liters/h [49.7 to 58.2]; P < 0.001), but preg-
nancy did not influence the pharmacokinetics of DHA. The apparent pharmacokinetic differences between the present study and
results from other studies of women with uncomplicated malaria that showed no effect of pregnancy on the AUC0 –� of PQ and
greater bioavailability may reflect differences in postdose fat intake, proportions of women with malaria, and/or racial differ-
ences in drug disposition.

Malaria in pregnancy is associated with preterm birth, low
birth weight, intrauterine growth retardation, and maternal

anemia (1, 2) and may attenuate the development of antimalarial
immunity in infants (3). Various strategies have been employed in
countries where malaria is endemic to improve obstetric outcome,
including prompt treatment of symptomatic infections and inter-
mittent presumptive treatment in pregnancy (IPTp) (4, 5). The
World Health Organization (WHO) recommends sulfadoxine-
pyrimethamine (SP) as IPTp in combination with the use of in-
secticide-treated bed nets (ITNs) (6, 7). However, as SP-resistant
Plasmodium falciparum continues to spread, new IPTp regimens,
including azithromycin-SP (AZI-SP), dihydroartemisinin-piper-
aquine (DHA-PQ), and AZI-PQ are being assessed (8–15).

In Papua New Guinea (PNG), IPTp originally comprised a
treatment dose of chloroquine (CQ) plus SP at first antenatal pre-
sentation, followed by weekly CQ until delivery (16). More re-
cently, and in line with WHO guidelines (7), this has changed to
SP administered early in the second trimester and then at routine
(at least monthly) antenatal visits. Women in PNG are usually first
seen relatively late in pregnancy, and clinic attendance may be
problematic for logistic and economic reasons (16). This can re-
strict IPTp to limited and/or irregular SP doses, which may dimin-

ish the potential benefits for mother and infant (17), in part be-
cause the two-component drugs have short elimination half-lives
relative to 4-aminoquinolines and related compounds, such as PQ
(18, 19). In addition, there is evidence that P. falciparum is devel-
oping resistance to SP in PNG (20), while SP has limited activity
against Plasmodium vivax (21), which is a significant contributor
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to adverse obstetric outcomes in regions where it is transmitted
(22).

Of novel chemoprophylactic regimens with potential use in
pregnancy, DHA-PQ may be the most suitable for countries such
as PNG, where there is intense transmission of multiple Plasmo-
dium species. Artemisinin derivatives clear malaria parasites rap-
idly and are considered safe beyond the first trimester (5). Preclin-
ical studies have provided reproductive toxicity data for PQ (23,
24), which has an elimination half-life of several weeks (24). A
fixed-dose combination is in widespread use for treatment of un-
complicated falciparum and vivax malaria outside pregnancy (25,
26). Available pharmacokinetic and efficacy data from Southeast
Asia (14, 27, 28) and Africa (12, 13) suggest that DHA-PQ is safe,
well tolerated, and efficacious in pregnant women with uncompli-
cated malaria and that PQ exposure is similar in pregnant and
nonpregnant women, even if DHA exposure may be lower in
pregnancy.

There is, however, the view that artemisinin derivatives are not
a logical choice as a component of IPT regimens, given that their
very rapid elimination limits the benefit (apart from in individuals
who are parasitemic when dosed) at additional cost and risk (29).
In an African pediatric IPT efficacy study of monthly DHA-PQ or
SP-PQ (30), incident malaria was lower in the SP-PQ-treated chil-
dren. There is evidence that the elimination half-life of the pyri-
methamine component of SP may be particularly long in preg-
nancy (19 days versus 10 days in nonpregnant women) (19)
which, given that DHA is eliminated within hours of dosing (14,
27), might suggest that SP-PQ is a better choice for IPTp than
DHA-PQ.

We have shown that there are significant ethno-geographic
differences in the disposition of antimalarial drugs in pregnancy
and these may have clinical implications (19, 31). In the case of
DHA-PQ given as IPTp, the periodicity of administration should
be determined primarily by the duration of postdose PQ prophy-
laxis, which reflects the elimination half-life (14). Since these fac-
tors may vary across populations, our primary aim was to conduct
a pharmacokinetic study of DHA-PQ in pregnant and nonpreg-
nant PNG women and to compare the data obtained to those from
similar studies in women from other countries where malaria is
endemic. In contrast to previous pharmacokinetic and efficacy
studies which only enrolled women with malaria (12–14, 27, 28),
we aimed to replicate real-life IPTp by recruiting patients from the
antenatal clinic regardless of malaria status. In addition, we in-
cluded SP-PQ treatment arms to provide parallel tolerability,
safety, and preliminary efficacy data, as well as the opportunity to
assess potential interactions between PQ, SP, and DHA.

MATERIALS AND METHODS
Study site, approval, and participants. The present study was conducted
at Alexishafen Health Center, Madang Province, which is located on the
north coast of PNG, where there is transmission of P. falciparum and P.
vivax (32). Pregnant women attending their first antenatal clinical visit at
the Alexishafen Antenatal Clinic and who were at �14 weeks of gestation
were invited to participate, together with one age-matched nonpregnant
female (as confirmed on pregnancy testing) from the same community as
each pregnant woman. Subjects were eligible if (i) they had not taken
study drugs in the previous 28 days, (ii) they had no history of significant
allergy to study drugs, (iii) there was no significant comorbidity or clinical
evidence of severe malaria, and (iv) they were available for follow-up
assessments. Witnessed informed consent was obtained from each partic-
ipant. Approval for the study was obtained from the PNG Institute of

Medical Research Institutional Review Board and the Medical Research
Advisory Committee of the PNG Health Department.

Baseline assessment and treatment allocation. A detailed medical
history and symptom questionnaire (including full details of recent drug
treatment) was completed and a physical examination (including body
weight, height, axillary temperature, lying and standing blood pressure
and pulse rate, respiratory rate, and estimation of gestational age by fundal
height in those who were pregnant) was performed. Thick and thin blood
films were taken for determination of parasite density and determination
of species. An intravenous cannula was inserted, and a 2-ml baseline ve-
nous blood sample was collected for hemoglobin and blood glucose, while
the remaining blood was centrifuged and the plasma was stored at �20°C
for subsequent drug and biochemical assays. The red cell pellet was re-
tained for molecular assays. Each woman had a baseline electrocardio-
gram (ECG) with the QT interval measured from lead II of the 12-lead
trace and corrected for the heart rate using Bazett’s method (QTc � QT/
�RR interval).

Participants were randomized by a computer-generated schedule to
receive either (i) three DHA-PQ tetraphosphate tablets (Eurartesim;
Simga-Tau Industrie Farmaceutiche Riunite S.p.A., Italy) containing 40
mg DHA and 320 mg PQ tetraphosphate at a DHA dose of 7 mg/kg of
body weight and a PQ dose of 58 mg/kg (equivalent to 33 mg/kg PQ base
for a 50-kg woman) daily with water for 3 days (at 0, 24, and 48 h), or (ii)
four PQ tablets containing 320 mg (Sigma-Tau Industrie Farmaceutiche
Riunite S.p.A) daily with water for 3 days (at 0, 24, and 48 h) plus a single
dose of SP (25 mg/kg S, 1.25 mg/kg P) as a single dose with the first PQ
dose. All dose administrations were directly observed. Patients were fasted
for 2 h before and after dosing, consistent with the recommendations of
the manufacturer. Women who vomited within 30 min of drug adminis-
tration were retreated. All pregnant women were provided with ITNs and
educated on their use, with instructions to employ them for the duration
of their pregnancy as an alternative to additional regular chemoprophy-
laxis.

Monitoring and follow-up. Detailed clinical assessment, including a
side effect questionnaire and blood smear, was carried out at each fol-
low-up visit on days 1, 2, 3, 7, 14, 21, 28, and 42. Additional monitoring
comprised (i) hemoglobin and blood glucose concentrations at 4, 8, and
12 h and then at each follow-up visit, (ii) lying and standing blood pres-
sure measurements at 4, 8, and 12 h and on days 1, 2, 3, 7, 14, 28, and 42,
(iii) ECG at 4, 12, and 24 h, (iv) assessment of fetal viability (including
movements detected by mother and fetal heart beat on auscultation) daily
for the first 4 days and then at each subsequent sampling time point (see
below), and (v) ultrasound scans on days 28 and 42 to determine fetal
lie/presentation and to confirm gestational age.

All blood smears from each patient were examined initially on site and
then were reexamined with quantification of parasite density by two
skilled independent microscopists in a central laboratory. Discrepancies
in species determinations and density between the two microscopists were
adjudicated by a third microscopist. Parasite densities were calculated
from the number of parasites per 200 or 500 white cells (depending on
parasitemia) and an assumed total peripheral white cell count of 8,000/�l,
with the final density taken as the geometric mean of the two values (33).

Further 3-ml blood samples for drug assay were taken at 0.5, 1, 1.5, 2,
4, 8, 12, 18, 24, 32, and 48 h (the 24- and 48-h samples being taken
immediately before the second and third doses, respectively), and by ve-
nipuncture on days 3, 4, 7, 14, 21, 28, and 42. The exact time of each
sample was recorded. All blood samples were centrifuged promptly, with
plasma separated and stored at or below �20°C prior to assay. There were
a total of 19 samples for each study subject, including baseline in each case,
equating to a total blood volume of 60 ml over 6 weeks.

After completion of study procedures, the pregnant participants were
returned to usual antenatal care. At the time of delivery, thick and thin
blood films were prepared, and the hemoglobin concentration was mea-
sured. A 3-ml sample of cord blood was taken for PQ assay, multiple thick
and thin films were prepared from cord blood, a placental smear was
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prepared, and a section of placenta was collected into formal saline for
evaluation if the cord or placental smears were positive for malaria para-
sites.

Drug assays. Plasma PQ concentrations were measured by a validated
high-performance liquid chromatography assay using liquid-liquid ex-
traction followed by reversed-phase chromatography (34). In brief, ex-
tracted plasma samples were injected onto a Gemini C6-phenyl (150- by
4.6-mm internal diameter) 5-�m column coupled with a guard column
(Phenomenex, Lane Cove, Australia). Analytes were detected at 346 nm
and quantified using Chemstation software (version 9; Agilent Technol-
ogy, Waldbronn, Germany). The intraday relative standard deviations
(RSDs) of PQ in plasma were 8.1, 5.4, 7.4, 5.2, and 2.5 at 5, 25, 50, 200, and
500 �g/liter, respectively (n � 5), while interday RSDs were 8.4, 9.6, 6.5,
7.8, and 3.6 at 5, 25, 50, 200, and 500 �g/liter, respectively (n � 25). The
limit of quantification (LOQ) and limit of detection (LOD) were 2 �g/liter
and 1 �g/liter, respectively, with a signal-to-noise ratio of 3.0.

Plasma DHA concentrations were measured by liquid chromatogra-
phy-mass spectrometry as previously described using solid-phase extrac-
tion and reversed-phase chromatography (35). In brief, extracted plasma
samples were injected onto a Synergy fusion-RP C18 (150- by 2.0-mm
internal diameter) column coupled with a 4-mm by 3-mm internal diam-
eter 5-�m C18 guard column (Phenomenex). Optimized mass spectra
were acquired, and quantitation was performed by selected ion monitor-
ing using the dual ionization source mode on a single quad mass spec-
trometer (Shimadzu, Kyoto, Japan). Interday accuracy deviations across
clinically relevant concentration ranges were �15%. The LOQ and LOD
for DHA were 2 and 1 �g/liter, respectively.

Pharmacokinetic modeling. Loge plasma concentration-time data
sets for PQ and DHA were analyzed by nonlinear mixed effects modeling
using NONMEM (v 7.2.0; ICON Development Solutions, Ellicott City,
MD, USA) (36) with an Intel Visual Fortran 10.0 compiler. The Laplacian
with interaction estimation method was used for PQ, and the first order
conditional estimation (FOCE) with interaction estimation method was
used for DHA. The minimum value of the objective function (OFV),
goodness-of-fit plots, and condition number (�1,000) were used to arrive
at suitable models during the model-building process. Allometric scaling
was employed a priori, with volume terms multiplied by a factor of (BW/
70)1.0 and clearance terms by a factor of (BW/70)0.75, where BW is body
weight (37). Two structures for residual variability (RV), equivalent to
proportional and combined RV structures on the normal scale, were used
for the log-transformed data. Secondary pharmacokinetic parameters, in-
cluding area under the curve (AUC0 –�) and elimination half-lives (t1/2)
for the participants, were obtained from post hoc Bayesian predictions in
NONMEM using the final model parameters. Previously published equa-
tions for calculation of half-lives were used (38). Base models were param-
eterized using ka (absorption rate constant), VC/F (central volume of dis-
tribution), CL/F (clearance), VP/F and Q/F (peripheral volumes of
distribution[s] and their respective intercompartmental clearance[s]),
where F represents bioavailability.

For PQ, two- and three-compartment models (ADVAN 4 and 12)
with zero-, first-, or mixed-order absorption with and without lag time
were tested. As found previously (39), there was significant variability in
the absorption phase of PQ. Therefore, a transit compartment model,
previously shown to be effective in characterizing the absorption phase of
PQ (39), was also tested. In this model, the dose passes through a series of
transit compartments before entering the absorption compartment, in
order to model the delay often associated with drug absorption. A single
rate constant (ktr) describes the entry and exit for all transit compart-
ments. Using a previously described implementation of the transit com-
partment model in NONMEM (40), the number of transit compartments
(NN) and the mean transit time [MTT � (1 	 NN)/ktr] were estimated as
continuous variables. For the DHA data set, 1- and 2-compartment mod-
els (ADVAN 2 and 4) with first-order absorption with and without lag
time were evaluated. Once the structures of the models were established,
interindividual variability (IIV), interoccasion variability (IOV), and cor-

relations between IIV terms were estimated, where supported by the data.
In particular, IOV of FPQ (relative bioavailability) was estimated to exam-
ine the potential differences in the relative bioavailability of PQ between
doses, as noted previously for PQ and other lipophilic antimalarial drugs
(31, 35, 39).

Finally, relationships between model parameters and the covariates
pregnancy, dose group, and gestational age were identified through in-
spection of scatter plots and box plots of eta versus covariate and subse-
quently evaluated within NONMEM. The effect size (as a percentage) of
pregnancy and dose group was assessed, while both linear and power
relationships were evaluated for gestational age. For effect size, the indi-
vidual parameter value was equal to the (population parameter value) 

{1 	 [effect parameter 
 covariate value (0 or 1)]}. For linear relation-
ships, the individual parameter value was equal to the (population param-
eter value) 
 {1 	 [(effect parameter) 
 (covariate value for individual)/
(average value of covariate)]}. For power relationships, the individual
parameter value was equal to the (population parameter value) 
 {(co-
variate value for individual)/[(average value of covariate)effect parameter]}.
A stepwise forward inclusion and backward elimination method was used,
with a significance of P � 0.05 required for inclusion of a covariate rela-
tionship and P � 0.01 to retain a covariate relationship.

Model evaluation. A bootstrap using Perl speaks NONMEM (PSN)
with 1,000 samples was performed, and the parameters derived from this
analysis were summarized as the median and 2.5th and 97.5th percentiles
(95% empirical confidence interval [CI]) to facilitate evaluation of final
model parameter estimates. In addition, prediction corrected visual pre-
dictive checks (pcVPCs) were performed with 1,000 data sets simulated
from the final models, and these were stratified according to pregnancy for
PQ. The observed 10th, 50th, and 90th percentiles were plotted with their
respective simulated 95% CIs. Numerical predictive checks (NPCs) were
performed to complement the pcVPCs in assessing the predictive perfor-
mance of the model.

Statistical analysis. Statistical analysis was performed using IBM SPSS
Statistics version 20 (IBM Corporation, Somers, NY, USA). Data are sum-
marized as means � standard deviations (SD) or medians and interquar-
tile ranges [IQRs], as appropriate. Two-sample comparisons for normally
distributed variables were performed using Student’s t test, for nonnor-
mally distributed variables the Mann-Whitney U test was used, and for
proportions the Fisher’s exact test was used. For multiple samples, analysis
of variance (ANOVA) or the Kruskal-Wallis test was used. Differences
between baseline parameters by pregnancy status and treatment group
were assessed using Bonferroni-adjusted pairwise comparisons, and Fish-
er’s two-by-four exact test was used to determine differences in frequen-
cies of side effects by pregnancy status and treatment group. A two-tailed
level of significance of 0.05 was used throughout.

RESULTS
Subject characteristics. A total of 32 pregnant and 34 nonpreg-
nant women were recruited. However, one nonpregnant woman
withdrew consent prior to the administration of antimalarial
drugs, and her data were not included in the analyses. The baseline
characteristics of the participants by pregnancy status and treat-
ment allocation are shown in Table 1. The groups were well
matched except that, consistent with normal physiological
changes of pregnancy, the pregnant participants had a higher
pulse rate and a lower hemoglobin and blood glucose level than
the nonpregnant subjects in each treatment group.

Efficacy, tolerability, and safety. Both treatments were well
tolerated by pregnant and nonpregnant participants. Table 2 sum-
marizes the self-reported side effects which were experienced by at
least 3% of the sample during the first 7 days after start of treat-
ment. All were mild (they did not interfere with daily activities)
and self-limiting (resolution of symptoms within 2 days). There
were no significant between-group differences in the frequency of
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symptoms (P � 0.09 by Fisher’s exact test). No participant devel-
oped hypoglycemia (blood glucose, �2.5 mmol/liter) or severe
anemia (hemoglobin, �50 g/liter) during the 42-day follow-up
period. There were no significant between-group differences in
hemoglobin concentrations at any time point during follow-up
(data not shown).

The QTc increased from baseline to 4 h after the first dose by a
median (IQR) of 13.5 ms0.5 (5 to 26 ms0.5) in pregnant DHA-PQ-
treated women, 14.5 ms0.5 (9 to 30 ms0.5) in pregnant SP-PQ-
treated women, 3.5 ms0.5 (�7 to 19 ms0.5) in nonpregnant DHA-
PQ-treated women, and 16 ms0.5 (8 to 27 ms0.5) in nonpregnant
SP-PQ-treated women (P � 0.17 by Kruskal-Wallis test). Values
for most participants had returned toward baseline at 12 h (Fig. 1).
Nineteen of 32 pregnant women (59%) and 12 of 33 nonpregnant
women (36%) developed a QTc of �440 ms0.5 at 4 h postdose,
with the longest QTc recorded being 512 ms0.5. None of the

women experienced episodic palpitations, breathlessness, or
light-headedness during follow-up. Postural hypotension (�20
mm Hg systolic fall after standing) occurred in nine pregnant
women from the DHA-PQ group (60%) and three from the
SP-PQ group (30%) and in three nonpregnant women from the
DHA-PQ group (30%) and four from the SP-PQ group (27%)
(P � 0.053 by Fisher’s exact test), but there were no associated
symptoms in any of these subjects.

There were four cases of asymptomatic P. falciparum infections
detected by microscopy at baseline. Two of these were in pregnant
women randomized to DHA-PQ and the other two were in non-
pregnant women randomized to SP-PQ. In all four cases, parasites
had cleared by day 2 and no recurrent parasitemias were detected
by microscopy during follow-up. Another nonpregnant woman
randomized to SP-PQ had P. falciparum gametocytes by micros-
copy at enrollment but no asexual forms were seen. Gameto-
cytemia persisted for 14 days in this woman. No subject was found
to be slide positive for malaria during the 42-day follow-up period
or at delivery in the cases of pregnant participants.

Obstetric outcomes. Of the 30 pregnant women who com-
pleted study procedures, 10 successfully delivered their baby in
their home village without seeking medical assistance, and 17
women delivered healthy babies at the Alexishafen Health Center
(mean � SD birth weight of 2.9 � 0.6 kg; 57% males). Three
participants had stillbirths. One of these women was high risk due
to advanced maternal age (39 years) and a history of two previous
stillbirths out of nine pregnancies. She delivered in her village at 22
weeks’ gestation (26 days after DHA-PQ). The placenta and fetus
were not available for examination. The remaining two stillbirths
were intrauterine deaths during labor attributed to asphyxia. Both
mothers presented with cervical effacement and footling breech
and buttock presentations, respectively, and a nonpulsating cord
on view. Heavy meconium staining was present in both cases.
Review by a panel of three independent physicians concluded that
all three stillbirths were unlikely to be a result of study medication,

TABLE 1 Baseline characteristics of the women included in each treatment groupa

Characteristic

Pregnant Nonpregnant

P valueDHA-PQ (n � 16) SP-PQ (n � 16) DHA-PQ (n � 16) SP-PQ (n � 17)

Age (yrs) 27 (21 to 37) 25 (20 to 32) 21 (18 to 30) 25 (22 to 37) 0.35
Weight (kg) 51.6 � 5.3 53.9 � 7.5 54.7 � 7.2 52.5 � 5.8 0.53
Height (cm) 155 � 4 153 � 5 157 � 5 155 � 5 0.19
Axillary temp (°C) 36.8 (36.5 to 37.0) 36.8 (36.6 to 37.0) 36.7 (36.5 to 36.9) 36.7 (36.2 to 37.0) 0.68
P. falciparum parasitemia (%) 12.5 6.2 0 11.8 0.74
Gestational age (wk) 26 (20 to 31) 29 (24 to 31) 0.35
Gravidity 3 (1 to 5) 2 (1 to 4) 1 (0 to 3.8) 0 (0 to 3) 0.71
Parity 2 (0 to 4) 1 (0 to 3) 0.5 (0 to 2.8) 0 (0 to 3) 0.98
Respiratory rate (min�1) 18 (18 to 20) 18 (18 to 20) 20 (18 to 21) 20 (18 to 20) 0.38
Pulse rate (min�1) 83 � 13 79 � 10 73 � 10 68 � 9**,� 0.001
Systolic blood pressure (mm Hg) 99 � 11 99 � 8 102 � 12 101 � 11 0.79
Diastolic blood pressure (mm Hg) 59 � 8 60 � 8 65 � 14 64 � 10 0.43
Systolic fall on standing (mm Hg) 0 (�4 to 0) �2 (�5 to 0) 0 (�10 to 8) �2 (�5 to 0) 0.57
Diastolic fall standing (mm Hg) �2 (�4 to �2) �4 (�4 to 0) 0 (�6 to 0) �3 (�10 to 0) 0.78
Hemoglobin (g/liter) 91 � 13 94 � 19 116 � 17**,�� 120 � 19***,��� �0.001
Blood glucose (mmol/liter) 5.4 � 0.7 5.0 � 0.9 5.9 � 1.0� 5.9 � 0.9� 0.010
QTc (ms0.5) 423 � 16 435 � 16 433 � 20 424 � 17 0.19
a Data are percentages, means � SD, or medians (with IQRs indicated in parentheses). For comparisons with pregnant women receiving DHA-PQ: *, P � 0.05; **, P �
0.01; ***, P � 0.001. For comparisons with pregnant women receiving SP-PQ: �, P � 0.05; ��, P � 0.01; ��� P � 0.001.

TABLE 2 Side effects reported by participants during the first week after
treatment

Side effect

No. (%) of participants with symptom in
group

P value

Pregnant Nonpregnant

DHA-PQ
(n � 16)

SP-PQ
(n � 16)

DHA-PQ
(n � 16)

SP-PQ
(n � 17)

Fever 4 (27) 1 (7) 2 (13) 5 (29) 0.29
Chills 1 (7) 0 (0) 0 (0) 3 (18) 0.15
Headache 5 (33) 2 (13) 5 (33) 8 (47) 0.20
Nausea 1 (7) 3 (20) 3 (20) 4 (24) 0.63
Vomiting 0 (0) 2 (13) 0 (0) 1 (6) 0.37
Abdominal pain 0 (0) 1 (7) 1 (7) 2 (12) 0.80
Anorexia 1 (7) 2 (13) 0 (0) 1 (6) 0.80
Insomnia 1 (7) 0 (0) 0 (0) 1 (6) 0.74
Dizziness 1 (7) 0 (0) 1 (7) 2 (12) 0.80
Bone or joint pain 5 (33) 0 (0) 2 (13) 2 (12) 0.09
Rash 2 (13) 0 (0) 0 (0) 1 (6) 0.56
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which had been administered 26, 70, and 137 days beforehand,
respectively.

Pharmacokinetic modeling. There were 1,078 PQ and 209
DHA individual plasma concentrations available for analysis. For
PQ there were no concentrations below the LOQ, while for DHA
there were 12 (6%), of which 10 (5%) were below the LOD. Given
that �10% of data were below the LOQ, data points that were
below the LOD were excluded from the analysis while those be-
tween the LOD and LOQ were included at their measured con-
centrations. For PQ, there were 17 observations in pregnant sub-
jects that were made after delivery, and these were excluded from
the analysis.

When 2-compartment models were tested for PQ plasma con-
centration-time data, a pattern in the CWRES was seen, suggest-
ing model misspecification. With the exception of the absorption
process, CWRES improved adequately with a 3-compartment
model, and it was accompanied by a drop in the OFV of 68.415
(P � 0.001). Therefore, models with more distribution compart-
ments were not tested. The absorption process remained poorly
characterized with models that used a zero- and/or first-order
absorption process with and without lag time. The use of a
transit compartment model significantly improved the model
fit (
OFV � �724.96; P � 0.001) and the characterization of
the absorption process. As the ka was poorly estimated (high
percent residual standard error [RSE] and high correlation
with MMT) for models using transit compartments, it was set
to be equal to the ktr {i.e., ka � ktr � [(1 	 NN)/MTT]}.

The structural model parameters for the PQ model were,
therefore, NN, MTT, VC/FPQ, VP1/FPQ, VP2/FPQ, CL/FPQ, Q1/FPQ,
and Q2/FPQ. Of these, the IIV of NN, MTT, VC/FPQ, and CL/FPQ

could be estimated. Correlation between IIV terms could be esti-

mated for VC/FPQ and CL/FPQ, as this was estimated to be 0.99 and
was fixed to 1 to help successful minimization of model estima-
tion. The addition of IOV for FPQ resulted in a significant fall in
the OFV (�485.338; P � 0.001). On examination of the initial
pcVPC and NPC results, there appeared to be greater variability in
the concentrations from pregnant women than from nonpreg-
nant controls. To examine this potential difference, two separate
IOVs were estimated, one for each of the two groups. The inclu-
sion of this additional variable model parameter resulted in a sig-
nificant improvement in the fit of the model (
OFV � �8.990;
P � 0.002), and it improved pcVPC and NPC results. Finally, of
the tested covariates, only pregnancy on CL/FPQ was significant
(
OFV � �44.788; P � 0.001), with a 42.1% increase in the
pregnancy group.

The final model parameter estimates and the bootstrap results
for PQ are summarized in Table 3. All bootstrap runs produced
estimates. Bias was �2% and �8% for all structural and random
model parameters, respectively. Figures 2 and 3 show goodness-
of-fit plots and pcVPCs (stratified according to pregnancy status),
respectively. From the NPCs, 10% and 8% for nonpregnant
women and 7% and 5% for pregnant women of the data points
were above the 80% prediction interval, and all were within their
respective 95% CI. Secondary pharmacokinetic parameters are
shown in Table 4. Consistent with the results of modeling, CL/
FPQ, t½�, t½ �, t½ �, and AUC0 –� were significantly different be-
tween the groups, with a 33% lower AUC0 –� in the pregnant
group. A trend to a significant difference in VC/FPQ (P � 0.054)
was consistent with both a difference in BW between the two
groups (53.5 versus 52.7 kg for pregnant and nonpregnant partic-
ipants, respectively) and a correlation between CL/FPQ and VC/
FPQ in the model.

FIG 1 Changes in the electrocardiographic QTc interval during the first 24 h in the pregnant groups (upper panels) and nonpregnant groups (lower panels) for
dihydroartemisinin-piperaquine (left panels) and sulfadoxine-pyrimethamine-piperaquine (right panels). Data are medians (�) and ranges (vertical bars).
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For DHA, a model with two compartments fitted the data sig-
nificantly better than those with a single compartment (P � 0.001;
df � 2). A three-compartment model was not tested, as two com-
partments described the data adequately, demonstrated by no bias

in the CWRES plot. Absorption was best described by a first-order
process and was significantly improved after the inclusion of a lag
time (
OFV � �37.501; P � 0.001). Differences in disposition
between doses could not be estimated for DHA, as the sampling

TABLE 3 Final population pharmacokinetic estimates and bootstrap results for piperaquine in pregnant and nonpregnant womena

Parameter Mean % RSEb Median bootstrap value (95% CI)

Objective function value �691.189 �702.788 (�875.573 to �536.245)

Structural model parameters
MTT (h) 1.02 8 1.02 (0.88 to 1.19)
NN 1.91 24 1.94 (1.24 to 3.03)
CL/FPQ (liters/h/70 kg) 65.6 7 65.3 (57.2 to 75.5)
VC/FPQ (liters/70 kg) 3,410 11 3,386 (2,776 to 4,154)
Q1/FPQ (liters/h/70 kg) 98.5 9 97.9 (81.3 to 117)
VP1/FPQ (liters/70 kg) 24,200 8 24,157 (20,665 to 28,520)
Q2/FPQ (liters/h/70 kg) 548 14 547 (417 to 718)
VP2/FPQ (liters/70 kg) 9,883 15 9,841 (7,414 to 13,266)
Increase in CL with pregnancy (%) 42.1 18 0.420 (0.283 to 0.563)

Variable model parameters (% shrinkage)
IOV in FPQ, pregnant women 103 (44, 22, 54)c 12 103 (80 to 127)
IOV in FPQ, nonpregnant women 66 (36, 31, 44)c 8 66 (55 to 77)
IIV in MTT 52 (6) 9 51 (42 to 61)
IIV in NN 132 (22) 18 131 (86 to 177)
IIV in CL/FPQ 14 (36) 28 13 (7 to 23)
IIV in VP1/FPQ 31 (36) 47 30 (38 to 44)
r(CL/FPQ,VP1/FPQ)d 1
RV for PQ 30 (14) 5 30 (27 to 32)

a Abbreviations: RSE, residual standard error; MTT, mean transit time; NN, number of transit compartments; CL/FPQ, clearance relative to bioavailability; VC/FPQ, central volume
of distribution relative to bioavailability; Q1/FPQ, intercompartmental clearance for VP1/FPQ; VP1/FPQ, first peripheral volume of distribution relative to bioavailability; Q2/FPQ,
intercompartmental clearance for VP2/FPQ; VP2/FPQ, second peripheral volume of distribution relative to bioavailability; IOV, interoccasion variability; IIV, interindividual
variability; RV, residual variability. IOV and IIV are presented as 100% 
 �(variability estimate).
b Obtained from bootstrap results.
c Values in parentheses for IOV data represent represent shrinkage for the three doses of PQ given.
d This value was fixed at unity (see text).

FIG 2 Goodness-of-fit plots for piperaquine.
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regimen in the present study only allowed for analysis of DHA
concentrations after the first dose. The structural model parame-
ters for DHA were ka, lag, VC/FDHA, VP/FDHA,CL/FDHA, and
Q/FDHA. IIV was estimated for ka, VC/FDHA, and CL/FDHA, as well
as the correlation between the IIV terms for VC/FDHA and CL/
FDHA. None of the tested covariates resulted in a significant im-
provement in the model.

The final model parameter estimates and the bootstrap results
for DHA are summarized in Table 5. Almost all (99%) of the
bootstrap runs produced estimates, and bias was �9% for all
structural and random model parameters. Figures 4 and 5 show
goodness-of-fit plots and pcVPCs, respectively. From the NPCs,
10% of the data points were above and below the 80% prediction
interval. Secondary pharmacokinetic parameters are shown in Ta-
ble 6. There were no significant differences between the two
groups by pregnancy status.

DISCUSSION

In the present study, the pharmacokinetic properties of PQ and
DHA were examined in pregnant and nonpregnant PNG women
randomized to either DHA-PQ or SP-PQ treatment. We previ-
ously characterized the disposition of SP in these groups of sub-
jects (19), but there have been no published pharmacokinetic
studies of PQ or DHA in women from the Oceania region. We
included an SP-PQ arm because of the potential for this combi-
nation to be a more cost-effective IPTp than DHA-PQ (29, 30). In
contrast to all previous pharmacokinetic and efficacy studies uti-
lizing DHA-PQ (12–14, 27, 28), malaria was not an inclusion cri-
terion, and a detailed safety assessment was performed on all pa-
tients. Safety monitoring was primarily to ensure that the
cardiovascular effects of PQ were not augmented in pregnancy,
especially since PQ is known to prolong the QTc (24) and preg-

FIG 3 Prediction corrected visual predictive check with observed 50th (solid line) and 10th and 90th (dotted lines) percentiles within their simulated 95% CI
(gray shaded areas) for piperaquine in pregnant women (A) and in nonpregnant women (B) (data are in micrograms per liter on a log10 scale) overlying the data
points (Œ).

TABLE 4 Post hoc Bayesian estimates of pharmacokinetic parameters and derived secondary parameters for piperaquine in pregnant and
nonpregnant women

Parametera

Median (IQR) value

P valueNonpregnant (n � 33) Pregnant (n � 32)

MTT (h) 0.942 (0.813–1.17) 0.977 (0.766–1.75) 0.33
NN 2.57 (1.58–5.50) 1.76 (1.11–5.44) 0.28
CL/FPQ (liters/h) 53.8 (49.7–58.2) 73.5 (69.4–78.4) �0.001
VC/FPQ (liters) 2,601 (2,321–3,208) 2,296 (2,117–2,720) 0.054
Q1/FPQ (liters/h) 81.1 (73.6–84.4) 77.7 (75.1–83.6) 0.49
VP1/FPQ (liters) 18,639 (16,395–19,674) 17,604 (16,827–19,415) 0.49
Q2/FPQ (liters/h) 451 (410–470) 432 (418–465) 0.49
VP2/FPQ (liters) 7,623 (6,706–8,047) 7,200 (6,882–7,941) 0.49
t½� (h) 2.61 (2.33–2.85) 2.33 (2.21–2.51) 0.019
t½� (h) 50.7 (49.2–52.0) 45.8 (45–46.8) �0.001
t½� (h) 488 (478–499) 382 (374–388) �0.001
AUC0–� (�g · h/liter) 35,644 (29,546–39,541) 23,721 (21,481–27,951) �0.001
a Abbreviations: MTT, mean transit time; NN, number of transit compartments; CL/FPQ, clearance; VC/FPQ, central volume of distribution; Q1/FPQ, intercompartmental clearance
for VP1/FPQ; VP1/FPQ, first peripheral volume of distribution; Q2/FPQ, intercompartmental clearance for VP2/FPQ; VP2/FPQ, second peripheral volume of distribution; t½�, t½�, and
t½� (first and second distribution and elimination half-lives, respectively; Cmax, maximum plasma concentration; AUC0 –�, area under the plasma drug concentration-time curve.
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nancy can be proarrhythmic (41, 42). Both drug regimens proved
well tolerated, safe, and effective at both eliminating and, in asso-
ciation with ITNs, preventing parasitemia. While we found that
there was no pregnancy-associated change in DHA disposition,
there were significant differences in the pharmacokinetic proper-
ties of PQ between pregnant and nonpregnant women, including
a reduction in PQ exposure that may have implications for IPTp
regimens.

The conventional adult doses of DHA-PQ and SP-PQ utilized
in the present study were generally well tolerated by both pregnant
and nonpregnant women. Symptoms during the first week, in-

cluding those related to postural hypotension, were mild and
short-lived. There was the expected PQ-associated QTc prolonga-
tion, but this was not increased by pregnancy. The few women
who presented with asymptomatic P. falciparum infections cleared
their parasitemia promptly and without subsequent recurrence,
while there were no new clinical or microscopically detected ma-
laria infections during follow-up in any patient. Gametocyte car-
riage was identified in a single participant which, consistent with
the known effects of SP and PQ (43, 44), persisted for 2 weeks after
this form of treatment. The three serious adverse obstetric out-
comes during the study were unlikely to be related to drug admin-

TABLE 5 Final population pharmacokinetic estimates and bootstrap results for dihydroartemisinin in pregnant and nonpregnant women

Parametera Mean % RSE Median bootstrap value (95% CI)

Objective function value �716.816 �736.766 (�893.437 to �579.301)

Structural model parameters
Lag (h) 0.733 1 0.736 (0.448 to 2.147)
ka (h�1) 0.408 29 0.409 (0.372 to 0.472)
CL/FDHA (liters/h/70 kg) 148 13 147 (109 to 184)
VC/FDHA (liters/70 kg) 69.3 42 62.6 (20.5 to 223.6)
Q/FDHA (liters/h/70 kg) 23.5 42 23.5 (2.07 to 66.6)
VP/FDHA (liters/70 kg) 82.7 33 86.8 (17.0 to 1,379)

Variable model parameters (% shrinkage)
IIV in CL/FDHA 54 (4) 32 55 (37 to 81)
IIV in VC/FDHA 152 (9) 21 147 (83 to 236)
IIV in ka 30 (38) 31 28 (0 to 71)
r(CL/FDHA,VC/FDHA) 0.838 37 0.818 (0.464 to 0.986)
RV for DHA 51 16 48 (40 to 56)

a Abbreviations: lag, lag time; ka, absorption rate constant; CL/FDHA, clearance relative to bioavailability; VC/FDHA, central volume of distribution relative to bioavailability;
Q/FDHA, intercompartmental clearance for VP/FDHA; VP/FDHA, peripheral volume of distribution relative to bioavailability; IIV, interindividual variability; r, correlation coefficient;
RV, residual variability. IIV is presented as 100% 
 �(variability estimate).

FIG 4 Goodness-of-fit plots for dihydroartemisinin.
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istration and were consistent with the background risks of such
events in pregnant PNG women, even when they receive hospital
care (45).

As in similar previous pharmacokinetic studies of PQ in preg-
nancy that have employed long-duration sampling schedules (13,
14), we found that a three-compartment model with the incorpo-
ration of a transit compartment provided the best fit. Whether
DHA or SP was given with PQ did not influence PQ disposition.
Pregnancy was associated with a 42% higher CL and a 33% lower
AUC0 –� in our subjects. In a study of Thai women that used sim-
ilar population modeling as the present study (14), pregnancy also
increased the PQ CL (by 45%) in uncomplicated malaria. How-
ever, the AUC0 –92 days was not significantly different from that of
the nonpregnant women with malaria, reflecting a 46.8% in-
creased relative bioavailability (14). We did not find an effect of
pregnancy on bioavailability and, although the IOV for FPQ was
greater in the pregnant women, there was no evidence of the time-
dependent increase in relative bioavailability observed in both
groups in the study of Thai women with uncomplicated malaria
treated with DHA-PQ (14). The differences between the present
data and those of the Thai study may relate to the ingestion of fat
around the time of PQ dosing, differences in the proportions of
women with malaria, and/or racial differences in PQ disposition.

We kept our PNG women fasting for 2 h after dosing, and in a
healthy volunteer population pharmacokinetic study in which
Vietnamese subjects were also kept fasting for 2 h postdose, there
was also no evidence of a time-dependent increase in bioavailabil-
ity (46). Food intake was not controlled in the Thai study (14).
Although a small amount of fat (�10 g) does not increase PQ
bioavailability (47–49), greater fat intake, such as that associated
with a normal meal, can as much as double relative bioavailability
(50–52). It is possible that the women in the Thai study, whether
pregnant or not, consumed increasing amounts of fat as they re-
covered from malaria, progressively increasing bioavailability as a
result of the lipophilicity of PQ. It is also possible that the greater
time-independent relative bioavailability in the pregnant versus
nonpregnant women in the Thai study represented pregnancy-
associated physiological changes favoring PQ absorption, includ-
ing reduced small intestine motility, prolonged gastric emptying,

and increased intestinal blood flow (14, 53, 54), which are of phar-
macokinetic significance after consumption of food but not in the
fasting state.

We had too few parasitemic women to examine whether ma-
laria infection, as a covariate in the modeling, influenced PQ dis-
position, and there are no published studies which have examined
this question in matched groups of patients with malaria and
healthy volunteers. While the disposition of CQ does not appear
to be influenced by malaria (55), recent population pharmacoki-
netic modeling involving mefloquine, another long-half-life anti-
malarial drug, suggests that the volume of distribution is more
sensitive to acute malaria (with a 40% reduction) than CL/F,
which is largely related to the terminal phase during convalescence
after treatment (56). However, the median total volumes of dis-
tribution for PQ in pregnant and nonpregnant Thai women with
uncomplicated malaria (529 and 829 liters/kg, respectively) (14)
were larger rather than smaller than those in our pregnant and
nonpregnant PNG women, most of whom did not have malaria
(507 and 548 liters/kg, respectively). We cannot exclude an effect
of malaria on PQ pharmacokinetics that underlies the differences
between the present study and the Thai study but, if present, it
would appear to differ from malaria-associated effects on other
slowly eliminated partner drugs.

The metabolism of PQ has not been characterized in detail but,
apart from the possibility of cytochrome P450 enzyme involve-
ment (57), there are no major metabolites seen from chromatog-
raphy of plasma from treated patients (24). Indeed, PQ has been
regarded as a drug without suspected pharmacogenetic variability
in absorption, distribution, metabolism, or excretion (57). At
present, there is not a plausible reason why PQ disposition might
differ in Melanesian populations but, as with the longer-than-
expected elimination half-life of pyrimethamine in pregnant PNG
women (19), this cannot be excluded.

Previous studies have shown that the pharmacokinetic prop-
erties of DHA after oral administration of artesunate may include
lower drug exposure during treatment for malaria in pregnancy
(58, 59), consistent with data from the Thai study involving DHA-
PQ, which revealed a reduction of 37.5% in relative DHA bioavail-
ability in pregnancy (14). In contrast, we did not find an effect of
pregnancy on DHA pharmacokinetics in a sample of women with

TABLE 6 Post hoc Bayesian estimates of pharmacokinetic parameters
and derived secondary parameters for dihydroartemisinin in pregnant
and nonpregnant women

Parametera

Median (IQR)

P valueNonpregnant (n � 33) Pregnant (n � 32)

Lag (h) 0.408 (0.408–0.408) 0.408 (0.408–0.408)
ka (h�1) 0.761 (0.708–0.801) 0.738 (0.633–0.808) 0.55
CL/FDHA (liters/h) 127 (78.1–144) 134 (90.8–188) 0.28
VC/FDHA (liters) 46.5 (23.4–79.2) 45.0 (29.7–229) 0.47
Q/FDHA (liters/h) 19.4 (17.9–20.8) 18.3 (18.1–19.8) 0.23
VP/FDHA (liters) 63.8 (57.6–70.3) 59.1 (58.5–65.6) 0.23
t½� (h) 0.235 (0.163–0.354) 0.254 (0.143–0.671) 0.52
t½� (h) 2.76 (2.71–2.87) 2.69 (2.58–2.78) 0.30
AUC0–� (�g · h/liter) 946 (834–1537) 893 (656–1,325) 0.28
a Abbreviations: lag, lag time; ka, absorption rate constant; CL/FDHA, clearance relative
to bioavailability; VC/FDHA, central volume of distribution relative to bioavailability;
Q/FDHA, intercompartmental clearance for VP/FDHA; VP/FDHA, peripheral volume of
distribution relative to bioavailability; t½� and t½�, distribution and elimination half-
lives, respectively; AUC0 –�, area under the plasma drug concentration-time curve.

FIG 5 Prediction corrected visual predictive check with observed 50th (solid
line) and 10th and 90th (dotted lines) percentiles within their simulated 95%
CI (gray shaded areas) for dihydroartemisinin.
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relatively few malaria cases. One reason for this apparent discrep-
ancy is that we used a two-compartment rather than the one-
compartment model employed in other studies (14). We had a
total of 209 individual plasma DHA concentrations from rela-
tively rich blood sampling after the first dose, of which only 12
(6%) fell below the LOQ and 10 (5%) below the LOD. This rela-
tively low number, together with the model fit and bootstrapping,
suggest that the structural model was appropriate. A one-com-
partmental model may miss late contributions to parameters such
as the AUC, which could bias comparisons between groups. In any
case, despite apparently diminished drug exposure, clearance of
parasitemia was as prompt in the pregnant as nonpregnant pa-
tients in the Thai study (14), suggesting that there are no pharma-
codynamic consequences.

The present study had some limitations. Few of the women
were parasitemic at recruitment (6.7%), but this rate was sim-
ilar to the 7.4% who were slide positive at baseline in a recent
large trial of SP versus AZI-SP as IPTp that was conducted in
pregnant PNG women at �26 weeks of gestation in Madang
Province (15). The low numbers of baseline malaria infections
meant that we could not assess the effect of malaria infection on
pharmacokinetic parameters. Our study was not powered for
assessment of prophylactic efficacy, especially since ITNs were
issued to all participants.

An appropriate DHA-PQ or SP-PQ IPTp needs to be based on
various factors. In countries such as PNG, in which monthly an-
tenatal attendances are recommended, the present and other data
(14) suggest that this may represent an appropriate time between
PQ-based regimens given in conventional adult doses to pregnant
women at risk of malaria. However, the faster elimination of PQ
in pregnant patients combined with significant between-patient
variability in plasma drug concentrations may lead to more break-
through cases of malaria if attendance is sporadic or delayed. As
well as having pharmacokinetic determinants, the duration of
protection will depend on the degree of malarial immunity.
Where there has been a reduction in exposure to malaria through
strategies, including ITNs (including PNG), immunity may de-
cline as a result (60), and pregnant women may therefore have a
shorter period of protection after the same DHA-PQ dose. There
is a clear need for monitoring the incidence of malaria in preg-
nancy where IPTp is used, as part of in vitro and other in vivo
measures of local parasite resistance.
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