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Intermittent Preventive Treatment for Malaria in 
Pregnancy: Optimization of Target Concentrations of 
Dihydroartemisinin-Piperaquine
Rada M. Savic,1,a Prasanna Jagannathan,2,3,a Richard Kajubi,4 Liusheng Huang,5 Nan Zhang,1 Moses Were,4 Abel Kakuru,4  
Mary K. Muhindo,4 Norah Mwebaza,6 Erika Wallender,2 Tamara D. Clark,2 Bishop Opira,4 Moses Kamya,7 Diane V. Havlir,2  
Philip J. Rosenthal,2 Grant Dorsey,2 and Francesca T. Aweeka5

Departments of  1Bioengineering and Therapeutic Sciences and 2Medicine, University of California, San Francisco; 3Department of Medicine, Stanford University, California; 4Infectious Diseases 
Research Collaboration, Kampala, Uganda; 5Department of Clinical Pharmacy, University of California, San Francisco; and Departments of  6Pharmacology and Therapeutics and 7Medicine, 
Makerere University College of Health Sciences, Kampala, Uganda

Background. Dihydroartemisinin-piperaquine (DHA-PQ) is highly efficacious as intermittent preventive therapy for malaria 
during pregnancy (IPTp). Determining associations between piperaquine (PQ) exposure, malaria risk, and adverse birth outcomes 
informs optimal dosing strategies.

Methods. Human immunodeficiency virus–uninfected pregnant women (n = 300) were enrolled in a placebo-controlled trial of 
IPTp at 12–20 weeks’ gestation and randomized to sulfadoxine-pyrimethamine every 8 weeks, DHA-PQ every 8 weeks, or DHA-PQ 
every 4 weeks during pregnancy. Pharmacokinetic sampling for PQ was performed every 4 weeks, and an intensive pharmacokinetic 
substudy was performed in 30 women at 28 weeks’ gestation. Concentration-effect relationships were assessed between exposure to 
PQ; the prevalence of Plasmodium falciparum infection during pregnancy; outcomes at delivery including placental malaria, low birth 
weight, and preterm birth; and risks for toxicity. Simulations of new dosing scenarios were performed.

Results. Model-defined PQ target venous plasma concentrations of 13.9 ng/mL provided 99% protection from P.  falciparum 
infection during pregnancy. Each 10-day increase in time  above  target PQ concentrations was associated with reduced odds of 
placental parasitemia, preterm birth, and low birth weight, though increases in PQ concentrations were associated with QT interval 
prolongation. Modeling suggests that daily or weekly administration of lower dosages of PQ, compared to standard dosing, will 
maintain PQ trough levels above target concentrations with reduced PQ peak levels, potentially limiting toxicity.

Conclusions. The protective efficacy of IPTp with DHA-PQ was strongly associated with higher drug exposure. Studies of the 
efficacy and safety of alternative DHA-PQ IPTp dosing strategies are warranted.

Clinical Trials Registration. NCT02163447.
Keywords. intermittent preventive treatment for malaria in pregnancy; dihydroartemisinin-piperaquine; Plasmodium 

falciparum; pharmacokinetic/pharmacodynamic modeling.

In sub-Saharan Africa, >25 million pregnancies occur each year 
in areas where malaria is endemic, and malaria in pregnancy is 
estimated to cause nearly 1 million low-birth-weight deliveries 
[1–3]. The World Health Organization recommends malaria 
preventive measures in African countries where Plasmodium 
falciparum remains endemic, including use of long-lasting 
insecticide-treated bed nets (LLIN) and intermittent preven-
tive treatment during pregnancy with sulfadoxine-pyrimeth-
amine (IPTp-SP) [4]. Despite these measures, rates of placental 
malaria and poor birth outcomes are high in many parts of 

Africa. In Tororo District in eastern Uganda, the prevalence 
of histopathologically confirmed placental malaria was 50% 
among women receiving both LLINs and IPTp-SP [5]. This and 
other studies have raised concern for waning efficacy of both 
LLINs due to resistance to pyrethroid insecticides [6–8], and SP 
due to P. falciparum resistance [9].

IPTp with dihydroartemisinin-piperaquine (DHA-PQ) [5, 
10] offers a promising alternative to IPT-SP, as it provides rapid 
killing of circulating parasites by the short-acting artemisinin, 
DHA, and prolonged posttreatment prophylaxis due to the long 
PQ half-life [11]. Pregnant women living in Tororo randomized 
to IPTp with DHA-PQ had a significantly reduced burden of 
malaria and lower prevalence of histopathologically confirmed 
placental malaria compared to women randomized to IPTp-SP 
[5]. DHA-PQ dosed every 4 weeks was superior to DHA-PQ 
every 8 weeks, but did not eliminate malaria risks. Similarly, 
pregnant women living in western Kenya randomized to IPTp 
with DHA-PQ had significantly lower prevalence of malaria 

M A J O R  A R T I C L E

© The Author(s) 2018. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/cid/ciy218

Received 26 November 2017; editorial decision 7 March 2018; accepted 9 March 2018;  
published online March 14, 2018.

aR. M. S. and P. J. contributed equally to this work.
Correspondence: F. T. Aweeka, University of California, San Francisco, San Francisco General 

Hospital, 1001 Potrero Ave, Bldg 100, Rm 157, San Francisco, CA 94110 (fran.aweeka@ucsf.edu).

Clinical Infectious Diseases®  2018;67(7):1079–88

STANDARD

XX

XXXX

mailto:fran.aweeka@ucsf.edu?subject=


1080 • CID 2018:67 (1 October) • Savic et al

infection during pregnancy and at delivery compared to those 
receiving IPTp with SP or undergoing intermittent screening 
and treatment with DHA-PQ [10].

Associations during pregnancy between DHA-PQ pharma-
cokinetic (PK) exposure, risks of malaria, adverse birth out-
comes, and potential toxicity have not been previously defined, 
and are necessary to optimize DHA-PQ regimens for IPTp. To 
address this goal, we performed population PK sampling every 
4 weeks during pregnancy, and integrated data from an inten-
sive PK substudy [12], to develop a detailed, population phar-
macokinetics/pharmacodynamics (PK/PD) model.

METHODS

Study Design and Clinical Procedures

This study was part of a double-blinded randomized controlled 
trial comparing SP every 8 weeks vs DHA-PQ every 8 weeks or 
every 4 weeks among 300 HIV-uninfected women [5] in Tororo, 
Uganda, an area of high malaria transmission intensity [13]. 
Eligible participants were pregnant women of all gravidities with 
an estimated gestational age between 12 and 20 weeks confirmed 
by ultrasound. Complete entry criteria have been summarized 
previously [5]. Study participants provided written informed 
consent. Women received an LLIN at enrollment and all medical 
care at a dedicated study clinic. Routine visits occurred every 4 
weeks, including dried blood spot collections to determine the 
presence or absence of P. falciparum DNA using loop-mediated 
isothermal amplification (LAMP; Eiken Chemical, Japan) [14]. 
Women presenting with fever (temperature ≥38.0°C) or history 
of fever in the previous 24 hours and with Plasmodium parasites 
by thick smear were diagnosed with malaria and treated with 
artemether-lumefantrine. Adverse events (AEs) were assessed 
and graded according to standardized criteria at every visit [15]. 
At delivery, an evaluation for adverse birth outcomes including 
birth weight and preterm birth was completed, and biological 
specimens including placental blood and tissue were collected.

Procedures were in accordance with the ethical standards 
of the responsible committees on human experimentation of 
Makerere University, the Uganda National Council of Science 
and Technology, and the University of California, San Francisco.

Study Drug Administration

Study pharmacists allocated treatment and prepared study  
drugs [5]. Each treatment (dose) with DHA-PQ (Duo-Cotexin, 
Holley-Cotec, Beijing, China, 40 mg/320 mg tablets, Ugandan 
national drug authority registration number NDA/MAL/
HDP/2743) consisted of 3 tablets given once daily for 3 con-
secutive days. Participants allocated to every-8-week DHA-PQ 
received study drugs at 20, 28, and 36 weeks of gestational 
age. Women allocated to every-4-week DHA-PQ received 
study drugs starting at either 16 or 20 weeks of gestational 
age (Figure  1A). Matching placebos were used so all women 
received the same number of pills.

PK Sample Collection

Women provided blood samples for population PK 28 or 56 days 
after DHA-PQ administration. Sparse venous samples were col-
lected at 24, 32, and 40 weeks’ gestation, and capillary samples at 
20, 28, and 36 weeks’ gestation. A subset of women randomized 
to DHA-PQ every 8 weeks (n = 17) or every 4 weeks (n = 13) 
were enrolled in an intensive PK substudy completed after 
DHA-PQ administration around the 28-week gestational visit 
[12]. Sampling for PQ quantitation occurred before and after 
DHA-PQ administration on the third day of the 3-day treat-
ment dose; specifically, 13 venous samples were collected from 
0 to 456 hours (19 days) postdose (Supplementary Methods). 
PQ 24-hour capillary and venous results were used to establish 
a correlation that was incorporated into the final PK/PD model. 
Twelve-lead electrocardiograms (ECGs) were carried out prior 
to DHA-PQ administration on the first day and 3–4 hours fol-
lowing administration on the third day. QT and RR intervals 
were measured manually using calipers, and the corrected 
QT interval (QTc) was calculated using the Fridericia formula 

(QTcF, 
QT
RR3 ), which provided better heart rate correction than 

the Bazett formula in this study (Supplementary Figure 1).

PQ Quantitation

PK samples were centrifuged within 60 minutes at 2000g for 10 
minutes, and plasma was stored at –80°C. PQ concentrations 
were determined using high-performance liquid chromatog-
raphy–tandem mass spectrometry, as described previously [16], 
with modifications to lower the calibration range to 0.5–50 ng/
mL and a new calibration range of 10–1000 ng/mL. The lower 
limit of quantification was 0.5 ng/mL and the coefficient of var-
iance was <10% for all quality control concentrations.

Population PK Analysis of PQ

Data were analyzed using the nonlinear mixed-effects approach 
in NONMEM VI and the first order conditional estimation 
method. An initial PK model using venous data was developed 
and, in a stepwise manner, capillary samples were added to a 
joint model (Supplementary Methods).

Malaria in Pregnancy, Adverse Events, and Delivery Outcomes

Malaria infection during pregnancy was assessed by the presence 
or absence of parasites at each routine visit using LAMP [5]. Grade 
3–4 AEs and serious adverse events (SAEs) assessed at clinic vis-
its were included as outcomes. Delivery outcomes were placen-
tal malaria (by histopathology or LAMP of placental blood), low 
birth weight (<2500 g), and preterm birth (<37 weeks).

Statistical Analysis

Statistical analyses were performed using NONMEM, R version 
3.2.2, and Stata version 14 (StataCorp). Relationships between 
population PQ concentrations, gestational weeks of pregnancy, 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
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and parasite prevalence during pregnancy were assessed using 
mixed-effects logistic regression.

Derivation of Target PQ Concentrations for Protection Against 
Malaria Infection During Pregnancy
A simultaneous continuous-categorical PK/PD modeling 
approach was applied to link PQ PK data to longitudinal LAMP 
measurements by mixed-effects logistic regression modeling 
using NONMEM and the LAPLACE method. Target concen-
trations were defined as venous plasma PQ concentrations 

using the upper bounds of uncertainty for 95% and 99% pro-
tection. Once the target concentration was estimated by inte-
gration, secondary PK parameters, such as cumulative area 
under the concentration–time curve (AUC), time above target 
concentration, and cumulative AUC above target concentration 
were derived.

PK/PD Analysis of Delivery and Safety Outcomes
Parameters derived from the population PK model (cumu-
lative AUC, time above target concentration, and cumulative 
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Figure 1. Trial profile and derivation of population pharmacokinetics (PK) model. A, Trial profile showing women enrolled, randomized, and sampled for piperaquine during 
pregnancy; infants delivered; and outcomes assessed. Numbers below population PK sampling show samples analyzed/collected at each timepoint. B–E, Raw and modeled 
PK data between dihydroartemisinin-piperaquine dosing every 4 weeks (B and C) and every 8 weeks (D and E). Abbreviations: BLQ, below the limit of quantitation; cPK, 
capillary sample; D, active drug; DHA-PQ, dihydroartemisinin-piperaquine; iPK, intensive PK study; P, placebo; q4wk, every 4 weeks; q8wk, every 8 weeks; SP, sulfadoxine-py-
rimethamine; vPK, venous sample. 
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AUC above target concentration), were used to establish expos-
ure–response models for delivery outcomes using log-bino-
mial regression models. Similarly, the relationship between 
PQ exposure parameters and any grade 3–4 AEs and SAEs 
identified was evaluated using logistic regression modeling 
and/or proportional odds models. Relationship between PK 
and QTc was modeled using simultaneous PK/PD modeling 
(Supplementary Methods).

PK/PD Analysis: Simulations
Simulations of new dosing scenarios were performed using 
final PK/PD models.

RESULTS

Study Cohort and Clinical Outcomes

Between June and October 2014, 300 women were enrolled and 
randomized; 106 to SP every 8 weeks, 94 to DHA-PQ every 
8 weeks, and 100 to DHA-PQ every 4 weeks (Figure  1A). At 
enrollment, mean age was 22 years, 69% were ≤16 weeks’ ges-
tation, 37% were primigravida, and 57% had malaria parasites 
detected by LAMP in peripheral blood. PQ analysis was com-
pleted in >99% of samples collected every 4 weeks; 289 women 
(96.3%) were followed through delivery and 282 (94.0%) had 
placental tissue collected for histopathology.

Derivation of Population PK Model

There was a significant increase in measured PQ trough con-
centrations over the course of pregnancy among women ran-
domized to every-4-week DHA-PQ (mean, 5.0  ng/mL at 24 
weeks’ gestation vs 19.5 ng/mL at 40 weeks’ gestation, P < .001; 
Figure 1B), and to every-8-week DHA-PQ (mean, 4.97 ng/mL 
at 24 weeks’ gestation vs 5.95  ng/mL at 40 weeks’ gestation, 
P = .05; Figure 1D). A linear model with a venous/capillary ratio 
of 0.91 best fit the correlation of venous and capillary concen-
trations (Supplementary Figure 2).

A 2-compartment model using intensive (n = 419) and sparse 
(n = 874) PK data adequately predicted plasma concentrations 
and provided improved stability compared to a 3-compart-
ment model, which has previously been reported for pregnant 
women receiving PQ [17, 18] (Supplementary Methods). PQ 
parameter estimates were consistent with previous estimates 
(Supplementary Table  1) [12]. Simulation-based diagnostics 
(visual predictive checks; Supplementary Figure  3) demon-
strated good agreement between observations and model 
simulations.

PQ Target Concentrations for Malaria Prevention

We used a concentration-effect approach to relate PQ con-
centrations to parasite prevalence at routine monthly visits. 
Samples with parasitemia had significantly lower PQ levels 
than those free of parasites (mean, 2.85 ng/mL vs 6.92 ng/mL, 
P <  .001; Figure 2A). There was a strong association between 

PQ concentration and the probability of parasitemia. When PQ 
concentrations fell below the level of quantification, the proba-
bility of parasitemia was 59.7% (95% confidence interval [CI], 
45.8%–72.2%); in contrast, for PQ levels >10.3 ng/mL the prob-
ability of parasitemia was 2.4% (95% CI, 0%–4.7%; Figure 2B).

We then performed simultaneous continuous-categorical 
PK/PD modeling to define target PQ concentrations protec-
tive against P. falciparum parasitemia (LAMP positivity) during 
pregnancy. Using this approach, we estimated that venous PQ 
levels of 10.3 ng/mL and 13.9 ng/mL define the upper bounds 
of uncertainty for 95% and 99% protection from parasitemia 
during pregnancy, respectively (Figure 2C and 2D).

Increasing PQ Exposure During Pregnancy Was Associated With Improved 
Delivery Outcomes

Using the PQ target concentration of 13.9 ng/mL, we derived 
secondary PK parameters, including cumulative AUC, time 
above target concentration, and cumulative AUC above target 
concentration, and evaluated associations between these PQ 
exposure parameters and delivery outcomes. The probability of 
placental malaria (by histopathology or placental parasitemia), 
preterm birth, and low birth weight were significantly reduced 
with increasing PQ exposure (defined as days during pregnancy 
concentrations remained >13.9  ng/mL; Figure  3). For every 
10-day increase in time >13.9 ng/mL, there was a 7% reduction 
in the odds of placental malaria by histopathology, 33% reduc-
tion in the odds of placental parasitemia, and 26% reduction in 
the odds of either preterm birth and low birth weight (Table 1). 
Similar associations were found between the cumulative PQ 
AUC and the cumulative PQ AUC above the 13.9 ng/mL target 
threshold and delivery outcomes (Table 1).

Increasing PQ Exposure and Adverse Effects

Grade 3–4 AEs and SAEs were uncommon, and of similar 
incidence among treatment groups [5]. The probability (with 
relative standard error) of experiencing grade 3–4 AEs (14.1% 
[15%], 11.7% [15%], and 7% [15%] for cumulative AUC, 
time above target, and AUC above target, respectively) or SAEs 
(5.6% [15%], 9.6% [16%], and 3% [17%] for cumulative AUC, 
time above target, and AUC above target, respectively) were not 
associated with PQ PK parameters.

We modeled PQ concentrations expected at the time of 
ECG and found a positive correlation between PQ concentra-
tion and QTc measurement (an increase of 5 msec per 100 ng/
mL increase in PQ concentration, P  <  .001; Supplementary 
Figure 4B), consistent with published reports.

PK/PD Modeling Suggests Improved Efficacy if DHA-PQ Is Administered as 
a Single Daily or Weekly Dosage

We hypothesize that DHA-PQ dose modifications, offering 
lower doses more frequently, will be associated with improved 
exposure and efficacy against malaria, and lower peak con-
centrations, limiting AEs [19]. Using our PK/PD model, we 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
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http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy218#supplementary-data
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evaluated several potential dosing strategies (Figure 4A). Our 
model predicted that more frequent (daily or weekly) PQ 
administration, with or without a loading dose of a standard 
3-day treatment course at the start of chemoprevention, would 
be associated with a greater proportion of women exceeding 
target concentrations for >95% of the time during pregnancy 
(Figure  4B). Accordingly, these models suggest that daily or 
weekly PQ administration, with or without a treatment load-
ing dose, would be associated with a lower probability of para-
sitemia during pregnancy (Figure 4C).

Regarding outcomes at delivery, for women with median PQ 
clearance, our model predicted that single daily or weekly PQ 
administration would be associated with a lower probability of 
placental malaria by histopathology in comparison to stand-
ard monthly dosing (Table 2; Supplementary Figure 5A), with 
minimal additional reduction in placental malaria if a loading 
dose was provided. Furthermore, our model predicted that, for 
high-risk women in the ≥95th percentile of PQ clearance (ie, 

low PQ exposure during pregnancy), protection against pla-
cental malaria and adverse birth outcomes would be greater 
with single daily and/or weekly administration of PQ than with 
standard monthly dosing (Table 2). Importantly, single daily or 
weekly administration is predicted to yield lower PQ peak con-
centrations (Supplementary Figure  5B), suggesting decreased 
risk of dose-dependent QTc prolongation (Supplementary 
Figure 5C).

DISCUSSION

Control of malaria in pregnancy requires not only eliminat-
ing circulating parasites, but also preventing placental malaria 
and improving birth outcomes. Although we previously 
reported that IPTp with DHA-PQ conferred superior protec-
tion against malaria in pregnancy compared to IPTp-SP, IPTp 
with DHA-PQ every 4 weeks did not eliminate risks [5]. This 
PK/PD analysis defined target PQ concentrations associated 
with protection against malaria infection during pregnancy. 
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Importantly, increasing time above target PQ concentrations 
during pregnancy was associated with improved outcomes at 
delivery, including placental malaria, preterm birth, and low 
birth weight. Furthermore, modeling suggests that alternative 
regimens for DHA-PQ as IPTp, including single daily or weekly 
administration, may improve efficacy and safety.

One other published study has evaluated PQ exposure and 
outcomes in the context of DHA-PQ as IPT, in nonpregnant 
Thai adults. In this study of adults living in an area of low 
malaria transmission intensity in Thailand, venous PQ lev-
els >31 ng/mL at the end of a dosing interval were necessary 
to confer protection [20]. In our study of pregnant Ugandan 
women, lower concentrations achieved high levels of protec-
tion (13.9 ng/mL yielded 99% protection). Differences in these 
putative protective thresholds may be due to multiple factors, 
including pregnancy status, transmission intensity, underly-
ing immunity, and/or presence of artemisinin or partner drug 
resistance. Nonetheless, it is encouraging that the identified 
target concentrations are largely achievable with current dosing 
strategies. Furthermore, alterations in dosing may result in a 
greater proportion of women protected during pregnancy.

For any preventive therapy, limiting drug-related toxicity 
is of primary importance. With DHA-PQ, of concern is QTc 
prolongation associated with peak PQ concentrations [19]. 
Administration of a compressed, 2-day regimen of DHA-PQ 
(with the same total dose as the standard 3-day regimen) for 
malaria prevention in Cambodian male adults resulted in QTc 
prolongation of >500 msec in 4 of 47 individuals, leading to 
premature study termination [19], with QTc changes correlat-
ing with PQ peak concentrations. Considering both pregnant 
and nonpregnant women, we observed a modest QTc increase 
of 17 msec following treatment [12], consistent with recent 

reports [21]. In the present study, modeling PQ concentrations 
at the time that ECGs were obtained revealed a positive correl-
ation between PQ concentration and QTc interval, consistent 
with published reports [19]. However, no clinically worrisome 
QTc prolongations (ie, >480 msec) and no clinically significant 
arrhythmias were observed.

Although monthly DHA-PQ as IPTp was effective and safe, 
our modeling suggests that this regimen can be improved. 
Simulations suggest that daily or weekly administration at a 
lower dosage of PQ will improve efficacy, especially for women 
exhibiting high PQ clearance. Furthermore, peak PQ con-
centrations are predicted to be significantly lower with these 
alternative dosing strategies compared to standard dosing, 
mitigating peak concentration-dependent QT prolongation. 
Importantly, single weekly administration of DHA-PQ for IPT 
has also been advocated recently in simulation studies of pedi-
atric populations [22] and nonpregnant adults [23]. It is impor-
tant to note that a single weekly administration may offer a less 
complicated regimen than 3 consecutive daily administrations 
once monthly, and so one would predict improved adherence 
with the weekly regimen [23].

A limitation of the current study is our focus on the PK/
PD of PQ, and not of the shorter-acting artemisinin DHA. In 
the setting of monthly dosing, where efficacy is presumably 
dependent primarily on preventing new malarial infections 
through extended exposure to PQ, PK/PD of DHA is unlikely 
to be of significant importance. However, as parasitemia may 
be present at the time DHA-PQ is first initiated, providing the 
standard 3 days of DHA-PQ administration as a “load” would 
eliminate any circulating parasites and ensure that PQ target 
concentrations are rapidly achieved. For daily or weekly dos-
ing of DHA-PQ, usage of the standard DHA-PQ ratio may be 

Table 1. Piperaquine Exposure-Response Models for Delivery Outcomes

PK Predictor

Delivery Outcome

Any Placental Malaria 
(Histopathology) Any Placental Malaria (LAMP) Preterm Birth Low Birth Weight

OR RSE, % P Value OR RSE, % P Value OR RSE, % P Value OR RSE, % P Value

DHA-PQ every 8 wk 0.68 14 <.01 0.17 18 <.0001 1.53 16 .2 1.11 17 .23

DHA-PQ every 4 wk 0.54 12 <.05 0.10 19 <.001 0.63 16 .3 0.57 15 .76

Cumulative PQ AUC 0.83 30 <.01 0.52 35 <.00001 0.67 16 <.01 0.67a 16 <.01

Time above PQ target 
of 13.9 ng/mLb

0.93 32 <.01 0.67 54 <.0001 0.74 19 <.01 0.74c 19 <.05

Cumulative PQ AUC 
above target of 
13.9 ng/mLd

0.86 31 <.01 0.46 39 <.00001 0.64 16 <.01 0.64e 16 <.05

Abbreviations: AUC, area under the concentration–time curve; DHA-PQ, dihydroartemisinin-piperaquine; LAMP, loop-mediated isothermal amplification; OR, odds ratio; PQ, piperaquine; 
RSE, relative standard error. 
aFor 1000 mg × day/L AUC increase postthreshold of AUC approximately 2000.
bFor every 10 days’ increase in time above target.
cFor 10 days’ time increase postthreshold of minimum approximately 20 days.
dFor every 1000 ng × day/L increase in AUC above target.
eFor 1000 mg × day/L AUC increase postthreshold of AUC approximately 5000.
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appropriate, assuming that toxicity will not increase appreciably 
with more frequent dosing (at lower dosages) of either PQ or 
DHA. This will require additional investigation and should 
initially be tested in nonpregnant adults. In addition, although 
there is mixed evidence in the literature regarding the impact of 
food on PQ disposition [24–26], we did not control for meals in 
this study. We focused instead primarily on the association of 
PQ exposure in the setting of “real-world” practice and the most 
relevant clinical and laboratory outcomes. Our models also did 
not account for a potential time delay from when an infection 
emerges from the liver to the time it is detectable by LAMP, and 
therefore target PQ levels proposed may be a slight underesti-
mation. Furthermore, the LAMP assay used to detect infection 

with P.  falciparum is unable to distinguish between asexual 
parasites from gametocytes which do not contribute to adverse 
pregnancy outcomes. We also did not present data modeling 
PK/PD associations with selection of potential PQ drug resist-
ance markers; these investigations are ongoing.

In conclusion, increasing PQ exposure during pregnancy 
was associated with reduced placental malaria and improved 
birth outcomes. Modeling suggests that a single daily or weekly 
administration of lower dosages of PQ may limit toxicity and 
improve birth outcomes. Trials assessing modified dosing strat-
egies for DHA-PQ will be needed, beginning in nonpregnant 
adults, before definitive conclusions can be made regarding 
optimal IPTp dosing strategies.
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Figure 4. Simulated piperaquine (PQ) concentrations for dihydroartemisinin-piperaquine dosing with or without an initial loading dose for chemoprevention during preg-
nancy. A, Modeled PQ concentrations over weeks of pregnancy for 8 different dosing strategies. All simulations used 5000 virtual subjects, with chemoprevention initiation 
at 20 weeks, and continuing through 40 weeks of gestation. Regimens indicate PQ dosing in mg. For regimens with loading dose, daily regimens begin either 3 days (D3) or 
4 weeks (W24) following loading dose, and weekly regimens begin either 1 week (W21) or 4 weeks (W24) following loading dose. The horizontal dotted line represents a 
target PQ concentration of 10.3 ng/mL. B, Percentage of women predicted to have >95% of duration of pregnancy above target concentration for each dosing regimen. C, 
Model-predicted probabilities of parasitemia during pregnancy with different dosing regimens. Abbreviations: LAMP, loop-mediated isothermal amplification; Q4W, every 4 
weeks; QD, once daily; QW, once weekly. 
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Table 2. Impact of Different Regimens on Probability of Delivery Outcomes

Regimen Delivery Outcome

PQ Dosing Regimen

Loading Dose
(Standard Treatment 

Dose) Frequency
Probability of Positive 

LAMP
Probability of Positive 

Histopathology
Probability of Low 

Birth Weight
Probability of Preterm 

Birth

Woman with typical (median) PQ clearance

 2880 mg + 160 mg QD (day 3) Yes Daily <0.01 (<.01–.15) 0.12 (.05–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 2880 mg + 160 mg QD (week 24) Yes Daily <0.01 (<.01–.14) 0.15 (.08–.29) 0.05 (.03–.09) 0.03 (.02–.07)

 2880 mg + 960 mg QW (week 21) Yes Weekly <0.01 (<.01–.15) 0.13 (.06–.28) 0.05 (.03–.09) 0.03 (.02–.07)

 2880 mg + 960 mg QW (week 24) Yes Weekly <0.01 (<.01–.14) 0.17 (.09–.30) 0.05 (.03–.09) 0.04 (.02–.07)

 2880 mg Q4W No Monthly <0.01 (<.01–.13) 0.26 (.19–.35) 0.06 (.03–.11) 0.04 (.02–.08)

 160 mg QD No Daily <0.01 (<.01–.15) 0.12 (.05–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 320 mg QD No Daily <0.01 (<.01–.15) 0.12 (.05–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 960 mg QW No Weekly <0.01 (<.01–.14) 0.14 (.07–.28) 0.05 (.03–.09) 0.03 (.02–.07)

High-risk woman with high clearance (95% percentile of clearance distribution)

 2880 mg + 160 mg QD (day 3) Yes Daily <0.01 (<.01–.15) 0.12 (.05–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 2880 mg + 160 mg QD (week 24) Yes Daily <0.01 (<.01–.14) 0.16 (.08–.29) 0.05 (.03–.09) 0.03 (.02–.07)

 2880 mg + 960 mg QW (week 21) Yes Weekly 0.03 (<.01–.13) 0.33 (.28–.40) 0.07 (.04–.13) 0.05 (.02–.09)

 2880 mg + 960 mg QW (week 24) Yes Weekly 0.04 (<.01–.13) 0.35 (.29–.41) 0.08 (.04–.13) 0.05 (.03–.10)

 2880 mg Q4W No Monthly 0.07 (.02–.13) 0.39 (.33–.45) 0.11 (.07–.18) 0.08 (.04–.14)

 160 mg QD No Daily <0.01 (<.01–.15) 0.13 (.06–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 320 mg QD No Daily <0.01 (<.01–.15) 0.13 (.05–.27) 0.05 (.03–.09) 0.03 (.02–.07)

 960 mg QW No Weekly 0.03 (<.01–.13) 0.34 (.28–.40) 0.07 (.04–.13) 0.05 (.02–.10)

Data are presented as probability (95% confidence intervals).

Abbreviations: LAMP, loop-mediated isothermal amplification; PQ, piperaquine; Q4W, every 4 weeks; QD, once daily; QW, once weekly. 
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