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Piperaquine-Induced QTc Prolongation Decreases With
Repeated Monthly Dihydroartemisinin-Piperaquine
Dosing in Pregnant Ugandan Women

Emma Hughes,' Erika Wallender,>” Richard Kajubi, Prasanna Jagannathan,* Teddy Ochieng,® Abel Kakuru,® Moses R. Kamya,*® Tamara D. Clark,’
Philip J. Rosenthal,’ Grant Dorsey,’ Francesca Aweeka,” and Radojka M. Savic'

'Department of Bioengineering and Therapeutic Sciences, University of California San Francisco, San Francisco, California, USA; Department of Clinical Pharmacy, University of California San
Francisco, San Francisco, California, USA; *Infectious Disease Research Collaboration, Kampala, Uganda; “Department of Medicine, Stanford University, Stanford, California, USA; ®Department of
Medicine, Makerere University College of Health Sciences, Kampala, Uganda; and ®Department of Medicine, University of California San Francisco, San Francisco, California, USA

Background. Intermittent preventive treatment with monthly dihydroartemisinin-piperaquine (DHA-PQ) is highly effective
at preventing both malaria during pregnancy and placental malaria. Piperaquine prolongs the corrected QT interval (QTc), and it
is possible that repeated monthly dosing could lead to progressive QTc prolongation. Intensive characterization of the relationship
between piperaquine concentration and QTc interval throughout pregnancy can inform effective, safe prevention guidelines.

Methods. Data were collected from a randomized controlled trial, where pregnant Ugandan women received malaria
chemoprevention with monthly DHA-PQ (120/960 mg DHA/PQ; n = 373) or sulfadoxine-pyrimethamine (SP; 1500/75 mg; n = 375)
during the second and third trimesters of pregnancy. Monthly trough piperaquine samples were collected throughout pregnancy,
and pre- and postdose electrocardiograms were recorded at 20, 28, and 36 weeks’ gestation in each woman. The pharmacokinetics—
QTc relationship for piperaquine and QTc for SP were assessed using nonlinear mixed-effects modeling.

Results. A positive linear relationship between piperaquine concentration and Fridericia corrected QTc interval was identified.
This relationship progressively decreased from a 4.42 to 3.28 to 2.13 millisecond increase per 100 ng/mL increase in piperaquine
concentration at 20, 28, and 36 weeks’ gestation, respectively. Furthermore, 61% (n = 183) of women had a smaller change in QTc
at week 36 than week 20. Nine women given DHA-PQ had grade 3-4 cardiac adverse events. SP was not associated with any change

in QTc.
Conclusions.

Repeated DHA-PQ dosing did not result in increased risk of QTc prolongation and the postdose QTc intervals

progressively decreased. Monthly dosing of DHA-PQ in pregnant women carries minimal risk of QTc prolongation.

Clinical Trials Registration. NCT02793622.
Keywords.
pharmacokinetic/pharmacodynamic modeling.
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Malaria during pregnancy continues to pose serious health risks
to both the mother and developing fetus [1, 2]. Malaria infec-
tion can cause maternal anemia, stillbirth, low birth weight, and
infant death [2-4]. In Africa, an estimated 822 000 low-birth-
weight deliveries and 100 000 infant deaths are attributed to ma-
laria each year in regions with moderate to high transmission
[5, 6]. Low birth weight has been shown to affect individuals
throughout their life and is a risk factor for infant morbidity and
mortality as well as cardiovascular disease in adulthood [7-9].
To reduce the burden of malaria and adverse birth outcomes, the
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World Health Organization recommends the use of long-lasting
insecticide-treated nets and intermittent preventive treatment
during pregnancy (IPTp) with sulfadoxine-pyrimethamine (SP)
[5]. Due to the spread of parasite resistance to SP and vector
resistance to pyrethroid insecticides, malaria prevention with
approved measures has become suboptimal in some areas, in-
cluding throughout East Africa [10, 11]. A recent study in
Uganda reported 50% (n =49/98) of pregnant women had
placental malaria after receiving insecticide-treated nets and
IPTp-SP where 78% (n = 154/198) of the parasites detected car-
ried the quintuple mutation (mutations at pfdhfr 511, 59R, and
108N; pfdhps 437G and 581G), associated with decreased sensi-
tivity to SP [12, 13]. New safe and effective malaria prevention
methods are urgently needed.

(DHA-PQ), an
artemisinin-based combination therapy, has been the focus of

Dihydroartemisinin-piperaquine

recent prevention studies [13-16]. Monthly prevention with
DHA-PQ is highly efficacious and is an attractive alternative
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for malaria prevention [13, 14]. However, in clinical trials,
piperaquine has been shown to prolong the corrected QT
(QTc) interval at peak concentrations, raising safety concerns
[17-19]. Additionally, during malaria treatment, higher par-
asite densities have been shown to lengthen the QTc interval,
irrespective of treatment [20, 21]. Most studies have reported
mild QTc changes after piperaquine treatment (~4 hours after
the last dose), with values returning toward baseline within 7
days [22-25]. Although extremely rare in noncardiovascular
drugs, severe QTc prolongation can lead to arrhythmias, in-
cluding torsades de points, which can, in turn, lead to sudden
cardiac death [26]. Piperaquine-associated QTc prolongation is
concentration dependent and, given piperaquine’s long half-life
(~20-30 days), repeated dosing, as required during prevention,
could lead to accumulation and elevated drug concentrations,
potentially resulting in increased risk of QTc prolongation
over time [25, 27]. However, the relationship between repeated
dosing of piperaquine and QTc prolongation during long-term
use of DHA-PQ has not been defined.

Pregnancy can independently affect both piperaquine phar-
macokinetics (PK) and QTc measurements [25, 28, 29]. Previous
studies have revealed that pregnancy lowers piperaquine ex-
posure, and hormonal changes during pregnancy decrease
QTc intervals [25, 28, 29]. Hence, understanding the longi-
tudinal PK-QTc relationship will be needed to inform opti-
mized DHA-PQ IPTp regimens. While most studies indicate
that piperaquine is safe even after multiple doses, QTc meas-
urements following repeated DHA-PQ dosing in pregnant
women are scarce [23, 30-32]. In this study, we used repeated
QTc measures from a large malaria prevention trial in pregnant
women to develop a population PK-QTc model for piperaquine
and a separate QTc model for women given SP.

METHODS

Study Design and Participants
Data analyzed originated from a placebo-controlled, dou-
ble-blind, randomized trial in Busia District, Uganda, which
compared monthly SP with DHA-PQ for malaria prevention
during pregnancy. Eligible participants were human immuno-
deficiency virus (HIV)-uninfected pregnant women between 12
and 20 weeks’ gestation confirmed by ultrasound with no history
of antimalarial use during the current pregnancy. Complete eli-
gibility criteria and main trial findings were previously published
[14]. Women received all medical care at a dedicated study clinic
and were encouraged to come to the clinic any time they felt ill.
All participants provided written informed consent. All
procedures were approved by the ethics committees of the
University of California San Francisco, Makerere University
School of Biomedical Sciences, and the Ugandan Nation
Council for Science and Technology. The clinical trial registra-
tion number is NCT02793622.

Routine visits occurred every 4 weeks, at which time partici-
pants received study drugs. Chemoprevention began at either
16 or 20 weeks’ gestation, with each regimen given monthly:
(1) SP was a single dose of 3 tablets (each 500 mg sulfadoxine
and 25 mg pyrimethamine; Kamsidar, Kampala Pharmaceutical
Industries, Kampala, Uganda) and (2) DHA-PQ was 3 tab-
lets (each 40 mg dihydroartimisinin and 320 mg piperaquine;
Duo-Cotexin, Holley-Cotec, Beijing, China) given once daily
for 3 consecutive days. Women received placebos to control for
regimen duration and number of tablets. For all participants,
administration of the first dose of study drug was directly ob-
served in the clinic with the second and third doses (DHA-PQ
or placebo) taken at home. At 20, 28, and 36 weeks’ gestation,
when electrocardiograms (ECGs) were performed, the third
daily dose of DHA-PQ or placebo was also directly observed
in the clinic.

Laboratory Procedures

At each routine visit, women provided a pre-study drug trough
blood sample to measure piperaquine concentrations (Figure
1). Venous samples were collected on weeks 20, 28, and 36.
The remaining samples collected were capillary blood from a
finger prick. Additionally, at weeks 20, 28, and 36, women re-
ceived a single-trace 12-lead ECG on day 1, prior to study drug
administration, and on day 3, 3-4 hours following the final
DHA-PQ or placebo dose. A linear regression of the QTc and
RR interval was plotted for the Fridericia and Bazett corrections
(Supplementary Figure 1). The QTc interval is reported using
the Fridericia formula (QTc¢F = 3Q—RTR), as this minimized the
influence of heart rate. The change in QTc interval (AQTcF:
postdose QTcF — predose QTcF) was calculated for each of the
3 ECG occasions.

Piperaquine Quantitation
Three routine trough samples from women who received
DHA-PQ were randomly selected from each participant for
piperaquine concentration quantitation. In half of the women,
2 samples from the second trimester and 1 from the third were
selected, and in the remaining half, 1 sample from the second
trimester and 2 from the third trimester were selected. In addi-
tion, for a separate analysis, piperaquine concentrations were
also quantitated when malaria (fever with parasitemia by mi-
croscopy) or asymptomatic parasitemia (by quantitative pol-
ymerase chain reaction [PCR]) was diagnosed as part of the
parent trial and were included in the present analysis [14].
Blood samples for piperaquine quantitation were centri-
fuged at 2000 g for 10 minutes within 60 minutes of being
collected. Plasma was stored at —80°C until analysis. Two high-
performance liquid chromatography-tandem mass spectrom-
etry methods were used for piperaquine quantitation [33]. The
calibration ranges were 10-1000 ng/mL and 0.5-50 ng/mL,
with 0.5 ng/mL as the lower limit of quantitation (LLOQ). The
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Figure 1.  Summary of trial procedures. Tablets indicate when each prevention course of DHA-PQ and SP were provided. The dots indicate when plasma sampling for
piperaquine PK occurred relative to the expected PK profile. The arrows indicate when ECGs were recorded relative to the expected PK profile and PK sample collection. The
number of participants listed reflects those who received at least 1 course of prevention. Abbreviations: DHA-PQ, dihydroartemisinin-piperaquine; ECG, electrocardiogram;
PK, pharmacokinetics; QTc, corrected QT interval; 4wk, every-4-week dosing regimen; SP, sulfadoxine-pyrimethamine.

inter- and intraassay coeflicient of variation (CV) was less than
10% for all quality-control samples.

Population PK and QTc Modeling

All data were analyzed by nonlinear mixed-effects modeling using
NONMEM VII (Icon Development Solutions, Ellicott City, MD).
All parameters were estimated using the first-order conditional
estimation with interaction algorithm. Only 6 (0.5%) PK samples
fell below the LLOQ and were excluded from the analysis. Given
that only trough samples were available, the model structure and
parameter estimates from a piperaquine population PK model
developed from pregnant Ugandan women (n = 200) who re-
ceived DHA-PQ for malaria prevention in a nearby district were
used as the prior base model [32]. This included an established
linear equation (CCap =1.35x C_ ~ 0.34) to account for differ-
ences between capillary and venous concentrations.

A stepwise covariate (SCM) search was performed to iden-
tify any influence of patient and clinical characteristics on PK
parameters, including age, weight, body mass index, gestational
weeks, trimester, gravidity, monthly parasite density (both a
continuous and binary variable), and body temperature. Linear
and nonlinear relationships were investigated, including allo-
metric scaling. A significance cutoff of P < .05 was applied for
forward inclusion, followed by a cutoff of P < .01 for backwards
elimination.

The relationship between piperaquine concentration and ab-
solute QTcF interval was modeled simultaneously. A separate
model without PK data was constructed for the QTcF data from
women who received SP. As described above, an SCM anal-
ysis was performed for the QTc parameters. In addition to the
covariates listed above, the predose QTc, piperaquine concen-
tration, and dose were tested.

Model selection was guided by goodness-of-fit plots, the
objective function value (OFV), parameter estimates, and

relative standard error values. Simulation-based diagnostics
such as visual predictive checks (VPCs; n = 500) and a nonpa-
rametric bootstrap (n = 500) were also performed to determine
the model’s predictive power and the robustness of parameter
estimates.

RESULTS

Study Cohort and Data

A total of 373 and 375 women were enrolled and received at least 1
dose of DHA-PQ or SP, respectively (Table 1 and Figure 1). There
were 1226 piperaquine trough concentrations available, with an
average venous concentration of 11 ng/mL and capillary concen-
tration of 15 ng/mL (Table 2 and Supplementary Figure 2). There
was an average 3-ng/mL increase in piperaquine concentration
over the course of pregnancy. Each QTcF model was built using
2070 and 1990 QTcF measurements from the DHA-PQ and SP
arms, respectively (Table 2 and Figure 2). There were 19 women
(QTcF measurements = 22) in the DHA-PQ arm and 12 women
(QTcF measurements = 14) in the SP arm with QTcF measure-
ments greater than 450 milliseconds. No woman was reported
to have a QTcF value greater than 500 milliseconds. There were
9 women (AQTcF measurements = 9), all in the DHA-PQ arm,
who had grade 3-4 adverse events due to AQTcF >60 millisec-
onds (maximum, 81 milliseconds), but no arrhythmias or cardiac
symptoms were detected. In the DHA-PQ arm, the AQTcF was
noted to decrease between each evaluation from 18.0 to 12.0 to
10.0 milliseconds at week 20, 28, and 36, respectively. Individual-
level trends in the AQTCcF were investigated and revealed 4 dif-
ferent trajectories (Figure 3). Only 30 (10%) women consistently
had an increase in AQTCcE, with 65 (22%) having a consistent de-
crease and the majority (n = 204; 68%) showing no consistent
trend. Regardless of trajectory, 61% (n = 183) of women had a
smaller AQTCcF at week 36 compared with week 20. No clinically
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Table 1. Demographic Characteristics at the Time of First Study Drug Administration

Prevention Arm

Characteristics DHA-PQ SP
n 373 375
Age, mean (95% percentile), years 23 (17-36) 24 (17-38)
Weight, mean (95% percentile), kg 55.0 (43.2-74.5) 55.8 (44.0-78.6)
Height, mean (95% percentile), cm 158 (147-169) 158 (147-171)
Body mass index, mean (95% percentile), kg/m? 22.0 (17.6-29.0) 22.0 (18.3-29.8)
Hemoglobin, mean (95% percentile), g/dL 11.4 (8.9-13.8) 11.5 (8.7-13.7)
Anemic (hemoglobin <10 g/dL), n (%) 33(9) 52 (14)
Gravidity, mean (range), n (%) 3(1-9) 3(1-9)
First 84 (22.5) 98 (26.1)
Second 101 (27.1) 81(21.6)
Third or greater 188 (50.4) 196 (562.3)
Gestational weeks at enrollment, mean (range) 15 (12-20) 15 (12-20)
Study drug started at, n (%)
16 weeks' gestation 234 (63) 221 (59)
20 weeks' gestation 139 (37) 154 (41)
Abbreviations: DHA-PQ, dihydroartemisinin-piperaquine; SF. sulfadoxine-pyrimethamine.
Table 2. Pharmacokinetic and Toxicity Data
DHA-PQ SP
Data Gestational Weeks n Value n Value
Pharmacokinetic
Piperaquine concentration, mean (95% percentile), ng/mL
Venous 20 176 9 (2-28)
Capillary 24 245 13 (3-41)
Venous 28 247 12 (3-43)
Capillary 32 236 16 (6-47)
Venous 36 237 12 (3-38)
Capillary 40 85 16 (5-35)
Average
Venous 660 11 (2-38)
Capillary 566 15 (4-43)
Total samples 1232
Samples below the limit of quantification, n (%) 6 (0.5)
Toxicity
QTcF, mean (95% percentile), milliseconds
Predose 20 361 394 (3564-438) 355 396 (356-436)
Postdose 354 409 (369-454) 343 398 (351-438)
Predose 28 349 396 (356-436) 341 395 (356-446)
Postdose 344 407 (365-446) 333 395 (360-442)
Predose 36 335 393 (3565-429) 316 391 (355-442)
Postdose 327 402 (360-442) 302 391 (349-436)
Total samples 2070 1990
QTcF >450 milliseconds, n (%)
Predose 4/1045 (0.4) 7/1012 0.7)
Postdose 18/1025 (1.8) 7/978 0.7)
AQTcF, mean (95% percentile), milliseconds 20 354 18.0 (-33.2 to 56.2) 343 0.0 (-44.5 to 44.8)
28 344 12.0 (-33.7 t0 52.0) 888 0.0 (—44.0 to 44.0)
36 327 10.0 (-31.9 t0 51.0) 302 -1.0 (-46.0 to 45.0)
Total samples 1025 978
AQTcF >60 milliseconds, n (%) 9/1025 (0.9) 0/978 (0.0)

QTc values are reported using the Fridericia correction. QTc = QT/RR"""®. AQTcF: QTcF (postdose) — QTcF (predose).

Abbreviations: DHA-PQ, dihydroartemisinin-piperaquine; QTc, corrected QT interval; SP, sulfadoxine-pyrimethamine; ..., not applicable.
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Figure 2. Absolute and change in Fridericia corrected QT interval (QTcF) stratified by prevention regimen and gestational week. A, QTcF pre- and postdose measurements
for SP (left) and DHA-PQ (right), respectively. B, Change in QTcF interval. Points represent the observed data, boxes indicate 75% of the data, and bars indicate 95% of the
data. Shaded regions indicate different cutoffs set by the FDA for grading the absolute and delta QTcF values [40]. Abbreviations: DHA-PQ, dihydroartemisinin-piperaquine;
ECG, electrocardiogram; FDA, Food and Drug Administration; AQTcF, QTcF (postdose) — QTcF (predose); SP, sulfadoxine-pyrimethamine.

significant AQTcF was noted in the SP arm and values (1.0 to 0
milliseconds) were consistent over pregnancy.

Population PK Model

A 2-compartment model provided an adequate fit of the PK
data. Pharmacokinetic parameters were fixed to their respec-
tive values from the prior analysis to improve model stability
[32], but additive and proportional errors (separate for venous
and capillary samples), bioavailability, and inter-occasion var-
iability on clearance were estimated (Table 3). Interindividual
variability was included as a fixed value on the central volume
compartment and the absorption rate. No covariates were
identified from the SCM analysis. A VPC of the final model

demonstrated satisfactory predictive performance (Figure 4A)
and a bootstrap indicated good precision in parameter esti-
mates (Table 3).

Population QTc Model

The final PK model was used to estimate piperaquine con-
centrations at the time of ECG recording. A significant pos-
itive linear relationship was identified between piperaquine
concentration and absolute QTcF measurements (Figure 5).
Interestingly, the extent of QTc prolongation decreased over
time despite an increase in observed piperaquine trough and
simulated maximum concentrations (Cmax) (Figure 3). The
decreasing slope of the PK-QTc relationship was best captured
by estimating 3 separate slope terms (OFV, —353; P <.001),
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central tendencies. QTc values were corrected using the Fridericia formula (QTcF). Abbreviations: Cmax, maximum concentration; DHA-PQ, dihydroartemisinin-piperaquine;

PK, pharmacokinetics; QTc, corrected QT interval.

and no other covariate tested was able to explain this observa-
tion. At 20, 28, and 36 weeks’ gestation, the model predicted
a4.42-,3.28-, and 2.13-millisecond increase in QTcF per 100-
ng/mL increase in piperaquine concentration, respectively
(Table 3).

A separate model was built from the QTc measurements re-
corded in women given SP. No significant QTcF prolongation
was detected and only 1 term was used to estimate pre- and
postdose QTcE. We did find that 36 weeks’ gestation was asso-
ciated with a 4.0-millisecond shorter QTcF compared with 20
and 28 weeks; however, 4.0 milliseconds was not deemed clin-
ically significant, and this relationship was not included in the
final model. No other covariates were identified. Visual predic-
tive check plots for both DHA-PQ and SP models demonstrated
satisfactory predictive performance (Figure 4B and 4C, respec-
tively) and a bootstrap indicated good precision in parameter
estimates (Table 3).

DISCUSSION

In the setting of treatment and prevention, piperaquine has con-
sistently been shown to prolong the QTc interval [32, 34]. Both
linear and Emax (maximum effect) PK-QTc relationships have
been observed for piperaquine [17, 32]. We previously showed
among 30 Ugandan women at 28 weeks’ gestational age that there
was a linear PK-QTc relationship for piperaquine (5-millisecond
increase in QTcF per 100-ng/mL increase in piperaquine concen-
tration). In the current trial, at 28 weeks’ gestation, our model es-
timated an increase of 3.28 milliseconds per 100-ng/mL increase
in piperaquine concentration. While we noted a lesser extent of
prolongation, both models identified a modest linear PK-QTc re-
lationship. While it is possible that an Emax relationship exists for
piperaquine during pregnancy, in this study, the predicted Cmax
concentrations (308-526 ng/mL) were likely within the linear
range of the function (EC50 [half maximal effective concentra-
tion] of 209 ng/mL and Emax of 35 milliseconds) [17].
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Table 3. Final Model Parameter Estimates

DHA-PQ, Median (95% ClI)

SP. Median (95% Cl)

Interindividual Variability/ Population Interindividual
Parameter Estimates Population Estimate Inter-Occasion Variability Estimate Variability
Piperaquine pharmacokinetic parameters
Clearance, L/days 3204° 15.8% (14.3-17.5%)°
Volume central compartment, L 5302° 56.6%
Volume peripheral compartment, L 33 584°
Absorption rate, days™' 175° 40.2%
Intercompartmental clearance, L/days 2023
Bioavailability, % 1.67 (1.58-1.75)
Ratio, venous/capillary 1.357
Intercept, venous/capillary -0.34°
Proportional error
Venous samples 37.3% (32.4-43.8%)
Capillary samples 38.2% (35.2-41.7%)
Additive error, ng/mL 2.86 (0.33-4.0)
Piperaquine pharmacodynamic parameters
Predose QTcF, milliseconds 393 (391-395) 3.18% (2.9-3.42%)
Slope of concentration-dependent effect of QTcF, milliseconds x mL/ng
Gestational week 20 0.0442 (0.0387-0.0491)
Gestational week 28 0.0328 (0.0279-0.0376)
Gestational week 36 0.0213 (0.0159-0.0264)
Proportional error 4.2% (4.1-4.4%)
SP pharmacodynamic parameters
QTcF, milliseconds 395 (394-397) 3.3% (3.0-3.6%)

Proportional error

4.4% (4.2-4.6%)

All parameters estimated are reported as the oral parameter estimates (ie, CL/F; V/F, etc).

Abbreviations: Cl, confidence interval; DHA-PQ, dihydroartemisinin-piperaquine; QTcF, Fridericia corrected QT interval; SP, sulfadoxine-pyrimethamine.

“Parameter value fixed.

PInter-occasion variability.

Perhaps our most interesting finding was the population de-
crease in the PK-QTcF relationship after repeated DHA-PQ
courses without a decrease in observed trough or simulated
Cmax piperaquine concentrations (Figure 5). Individual
AQTCF profiles showed that 22% of women had a consistent
decrease in prolongation over time and 61% of women had a
smaller AQTcF at week 36 compared with week 20 (Figure 3).
A similar observation was reported in healthy volunteers where
sotalol concentrations and QTc measurements were recorded
following a single and 7 doses [35]. Repeated doses lead to an
increase in sotalol concentration but a decrease in QTc interval
in comparison to concentration and QTc values after a single
dose. One other study in healthy volunteers from Papua New
Guinea also measured monthly ECGs among participants re-
ceiving malaria prevention with DHA-PQ [23]. While no in-
formation on piperaquine pharmacokinetics was available, the
AQTCF values for the first and last months decreased from a
median of 19.6 to 17.1 milliseconds, and similar to our study,
the predose QTc values for the second and third ECGs did not
differ significantly from the initial predose values. Together,
these data support the conclusion that repeated DHA-PQ doses
in healthy participants including pregnant women do not in-
crease the risk of QTc prolongation.

The mechanisms underlying the decreasing PK-QTc rela-
tionship we observed are unknown. One hypothesis is that,
with inhibition of hERG (human ether-a-go-go-related gene)
channels, other cardiac potassium channels are upregulated
[35]. Although piperaquine is known to inhibit hERG potas-
sium channels [18], no studies have investigated piperaquine’s
effect on cardiac ion channel expression. In vivo studies to eval-
uate the underlying mechanisms behind AQTcF shortening are
warranted.

Another potential contributor to the shortened PK-QTc rela-
tionship is that hormonal changes during pregnancy decreased
the QTcF [29, 36, 37]. A study investigated QTc prolongation
in pregnant women on the Thailand-Myanmar border given
DHA-PQ, artesunate-mefloquine, artemether-lumefantrine, or
chloroquine for malaria treatment [21] found that higher ges-
tational age was associated with a shorter QTc (-0.40 millisec-
onds/gestational week) [21]. It is believed that this pregnancy
effect may be the result of increasing progesterone levels/ratios,
a hormone reported to shorten the QTc interval during preg-
nancy [29, 36, 37]. However, if a hormone effect was the only
factor, we would expect the effect of progesterone to shift the
absolute QTcF values both pre- and postdose in the DHA-PQ
arm and for women who received SP, rather than alter the slope
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of the PK-QTc relationship. Hence, it is likely that other mech-
anisms are also involved. In the QTcF model for women given
SP there was a 4-millisecond decrease in QTcF at 36 weeks’ ges-
tation in comparison to weeks 20 and 28. This relationship was
not included in the final model. However, this small change
may reflect the differences due to progesterone that others have
noted.

A limitation of this study is that only pregnant women were
enrolled with ECGs recorded beginning at 20 weeks’ gestation.
It is possible that the lack of a nonpregnant comparator group
prevented us from identifying gestational weeks as a covariate.
While understanding if pregnancy effects the QTc interval is
important, given that pregnancy is associated with a shortening
of the QTc interval, it is unlikely to change the conclusion that

repeated dosing of DHA-PQ is safe during pregnancy. However,
caution should be taken when extrapolating these findings prior
to 20 weeks’ gestation. Additionally, all ECG values were meas-
ured by a single trace. While this could add variability to our data
itis unlikely to fully explain the trends we detected. Piperaquine
concentrations were not available at the time the peak ECG
was recorded. It is possible that there were trends in the Cmax
concentrations not captured by modeling trough piperaquine
concentrations. To account for any possible changes to the PK
profile, we performed a comprehensive covariate search. The
covariate search did not identify any clinically significant fac-
tors altering the PK profile or QTc profile for DHA-PQ or SP.
Additionally, most piperaquine studies conducted in adults
have not reported covariate effects [16, 27, 32, 38, 39]. Only the
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first dose of DHA-PQ was directly observed each month and
it is possible that some women were not fully adherent. While
nonadherence may have occurred, we found that piperaquine
trough concentrations increased over pregnancy and the con-
centrations we report are consistent if not higher than previous
studies, suggesting that adherence likely does not explain our
findings [16, 32]. Last, while the peak ECG for each woman was
consistently recorded 3-4 hours after the last dose for each of
the 3 occasions, the exact time of day differed between women.
It is possible that time of measurement affected the QTc in-
terval. However, given the range of ECG timing, any influence
likely added variability rather than consistent bias.

In conclusion, using a population approach to model re-
peated ECG and PK data from a large clinical trial, a posi-
tive linear relationship between piperaquine concentration
and QTcF prolongation was identified. We showed that clini-
cally, and by the PK-QTc relationship, QTcF prolongation was
modest and unlikely to be a safety concern. Interestingly, the
extent of piperaquine-induced QTc prolongation decreased
throughout pregnancy. This finding could not be explained
by any covariate or by the SP QTc model. Further studies are
needed to investigate the underlying mechanisms behind this

observation. Nevertheless, monthly DHA-PQ dosing for IPTp
carries minimal risk of QTc prolongation and our findings sug-
gest that DHA-PQ is a safe alternative to SP.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
s0 questions or comments should be addressed to the corresponding author.

Notes

Author contributions. E. H,, E. W, P.J,P.J.R, G.D,,F. A.and R. M. S.
contributed to the analysis plan. R. K., T. O., A. K., and M. R. K. conducted
the clinical trial and collected the data. E. H., P. J., and T. D. C. prepared
the data for analysis. E. H. performed the modeling and simulation with
support from E. W. and R. M. S. E. H. drafted the figures, tables, and man-
uscript with critical editorial support from E. W, R. K, P.J, P.J.R,, G. D,,
E A,and R.M.S.

Acknowledgments. The authors thank all the women who participated in
this study as well as the study personnel of the Infectious Disease Research
Collaboration. Additionally, they thank Ali Mohamed, Marjorie Imperial,
and the rest of Dr. Savic’s laboratory for their insight and analysis sugges-
tions. Last, they thank Liusheng Huang, Florence Marzan, Danh Huang,
and David Gingrich of Dr. Aweeka’s laboratory for their bioanalysis work.

Disclaimer. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

414 « CID 2022:75 (1 August) « Hughesetal



Financial support. This work was supported by the Bill and Melinda
Gates Foundation and the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (grant number P01 HD059454).

The sections for T.D.C. and PJ. refer to the Eunice Kennedy Shriver

National Institute of Child Health and Human Development funding and
so are redundant.

Potential conflicts of interest. F. A. reports an R0O1 National Institutes
of Health grant through the National Institute of Allergy and Infectious
Diseases (Rosenthal/Aweeka MPI [malaria in pregnancy]) to the University
of California San Francisco. All other authors report no potential conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential
Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Briggs ], Ategeka J, Kajubi R, et al. Impact of microscopic and submicroscopic
parasitemia during pregnancy on placental malaria in a high-transmission setting
in Uganda. J Infect Dis 2019; 220:457-66.

. Desai M, ter Kuile FO, Nosten F, et al. Epidemiology and burden of malaria in

pregnancy. Lancet Infect Dis 2007; 7:93-104.

. van Geertruyden JP, Thomas E Erhart A, D’Alessandro U. The contribution

of malaria in pregnancy to perinatal mortality. Am ] Trop Med Hyg 2004; 71
(2 Suppl):35-40.

. Guyatt HL, Snow RW. Impact of malaria during pregnancy on low birth weight in

sub-Saharan Africa. Clin Microbiol Rev 2004; 17(4):760-9.

. World Health Organization. World malaria report 2020. Geneva, Switzerland:

‘World Health Organization, 2020.

. Guyatt HL, Snow RW. Malaria in pregnancy as an indirect cause of infant mor-

tality in sub-Saharan Africa. Trans R Soc Trop Med Hyg 2001; 95:569-76.

. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal

nutrition and cardiovascular disease in adult life. Lancet 1993; 341:938-41.

. MclIntire DD, Bloom SL, Casey BM, Leveno KJ. Birth weight in relation to mor-

bidity and mortality among newborn infants. N Engl ] Med 1999; 340:1234-8.

. Risnes KR, Vatten L], Baker JL, et al. Birthweight and mortality in adulthood: a

systematic review and meta-analysis. Int ] Epidemiol 2011; 40:647-61.

Gutman J, Kalilani L, Taylor S, et al. The A581G mutation in the gene encoding
plasmodium falciparum dihydropteroate synthetase reduces the effectiveness of
sulfadoxine-pyrimethamine preventive therapy in Malawian pregnant women. J
Infect Dis 2015; 211:1997-2005.

Ranson H, N°'Guessan R, Lines ], Moiroux N, Nkuni Z, Corbel V. Pyrethroid re-
sistance in African anopheline mosquitoes: what are the implications for malaria
control? Trends Parasitol 2011; 27:91-8.

Conrad MD, Mota D, Foster M, et al. Impact of intermittent preventive treat-
ment during pregnancy on Plasmodium falciparum drug resistance-mediating
polymorphisms in uganda. J Infect Dis 2017; 216:1008-17.

Kakuru A, Jagannathan P, Muhindo MK, et al. Dihydroartemisinin-piperaquine
for the prevention of malaria in pregnancy. N Engl ] Med 2016; 374:928-39.
Kajubi R, Ochieng T, Kakuru A, et al. Monthly sulfadoxine-pyrimethamine versus
dihydroartemisinin-piperaquine for intermittent preventive treatment of malaria
in pregnancy: a double-blind, randomised, controlled, superiority trial. Lancet
2019; 393:1428-39.

Ahmed R, Poespoprodjo JR, Syafruddin D, et al. Efficacy and safety of intermit-
tent preventive treatment and intermittent screening and treatment versus single
screening and treatment with dihydroartemisinin-piperaquine for the control of
malaria in pregnancy in Indonesia: a cluster-randomised, open-label, superiority
trial. Lancet Infect Dis 2019; 19:973-87.

Chotsiri P, Gutman JR, Ahmed R, et al. Piperaquine pharmacokinetics during
intermittent preventive treatment for malaria in pregnancy. Antimicrob Agents
Chemother 2021; 65:e01150-20.

Wattanakul T, Ogutu B, Kabanywanyi AM, et al. Pooled multicenter analysis of
cardiovascular safety and population pharmacokinetic properties of piperaquine
in African patients with uncomplicated falciparum malaria. Antimicrob Agents
Chemother 2020; 64:e01848-19.

Borsini F, Crumb W, Pace S, et al. In vitro cardiovascular effects of
dihydroartemisin-piperaquine combination compared with other antimalarials.
Antimicrob Agents Chemother 2012; 56:3261-70.

European Medicines Agency. EMA/739355/2011-assessment report of
Eurartesim. European Medicines Agency, London, United Kingdom. 2011.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

https://www.ema.europa.eu/en/documents/assessment-report/eurartesim-
epar-public-assessment-report_en.pdf.

von Seidlein L, Jaffar S, Greenwood B. Prolongation of the QTc interval in African
children treated for falciparum malaria. Am ] Trop Med Hyg 1997; 56:494-7.
Saito M, Yotyingaphiram W, Cargill Z, et al. Randomized controlled trial of
the electrocardiographic effects of four antimalarials for pregnant women with
uncomplicated malaria on the thailand-myanmar border. Antimicrob Agents
Chemother 2021; 65:e02473-20.

Valecha N, Phyo AP, Mayxay M, et al. An open-label, randomised study of
dihydroartemisinin-piperaquine versus artesunate-mefloquine for falciparum
malaria in Asia. PLoS One 2010; 5:e11880.

Millat-Martinez P, Ila R, Laman M, et al. Electrocardiographic safety of repeated
monthly dihydroartemisinin-piperaquine as a candidate for mass drug adminis-
tration. Antimicrob Agents Chemother 2018; 62:¢01153-18.

Moore BR, Benjamin JM, Auyeung SO, et al. Safety, tolerability and pharmaco-
kinetic properties of coadministered azithromycin and piperaquine in pregnant
Papua New Guinean women. Br J Clin Pharmacol 2016; 82:199-212.

Benjamin JM, Moore BR, Salman S, et al. Population pharmacokinetics, tol-
erability, and safety of dihydroartemisinin-piperaquine and sulfadoxine-
pyrimethamine-piperaquine in pregnant and nonpregnant Papua New Guinean
women. Antimicrob Agents Chemother 2015; 59:4260-71.

Darpo B, Nebout T, Sager PT. Clinical evaluation of QT/QTc prolongation
and proarrhythmic potential for nonantiarrhythmic drugs: the International
Conference on Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use E14 guideline. J Clin Pharmacol 2006;
46:498-507.

Hoglund RM, Workman L, Edstein MD, et al. Population pharmacokinetic prop-
erties of piperaquine in falciparum malaria: an individual participant data meta-
analysis. PLoS Med 2017; 14:¢1002212.

Kajubi R, Huang L, Jagannathan P, et al. Antiretroviral therapy with efavirenz ac-
centuates pregnancy-associated reduction of dihydroartemisinin-piperaquine ex-
posure during malaria chemoprevention. Clin Pharmacol Ther 2017; 102:520-8.
Odening KE, Koren G, Kirk M. Normalization of QT interval duration in a
long QT syndrome patient during pregnancy and the postpartum period due
to sex hormone effects on cardiac repolarization. HeartRhythm Case Rep 2016;
2:223-7.

Chan XHS, Win YN, Mawer L], Tan JY, Brugada J, White NJ. Risk of sudden
unexplained death after use of dihydroartemisinin-piperaquine for malaria: a sys-
tematic review and Bayesian meta-analysis. Lancet Infect Dis 2018; 18:913-23.
Gutman J, Kovacs S, Dorsey G, Stergachis A, Ter Kuile FO. Safety, tolerability, and
efficacy of repeated doses of dihydroartemisinin-piperaquine for prevention and
treatment of malaria: a systematic review and meta-analysis. Lancet Infect Dis
2017;17:184-93.

Savic RM, Jagannathan P, Kajubi R, et al. Intermittent preventive treatment for ma-
laria in pregnancy: optimization of target concentrations of dihydroartemisinin-
piperaquine. Clin Infect Dis 2018; 67:1079-88.

Mwebaza N, Cheah V, Forsman C, et al. Determination of piperaquine concen-
tration in human plasma and the correlation of capillary versus venous plasma
concentrations. PLoS One 2020; 15:¢0233893.

Chotsiri P, Wattanakul T, Hoglund RM, et al. Population pharmacokinetics and
electrocardiographic effects of dihydroartemisinin-piperaquine in healthy volun-
teers. Br ] Clin Pharmacol 2017; 83:2752-66.

Le Coz E Funck-Brentano C, Poirier JM, Kibleur Y, Mazoit FX, Jaillon P.
Prediction of sotalol-induced maximum steady-state QTc prolongation from
single-dose administration in healthy volunteers. Clin Pharmacol Ther 1992;
52:417-26.

Sedlak T, Shufelt C, Iribarren C, Merz CN. Sex hormones and the QT interval: a
review. ] Womens Health 2012; 21:933-41.

Seth R, Moss AJ, McNitt S, et al. Long QT syndrome and pregnancy. ] Am Coll
Cardiol 2007; 49:1092-8.

Tarning J, Thana P, Phyo AP, et al. Population pharmacokinetics and antimalarial
pharmacodynamics of piperaquine in patients with plasmodium vivax malaria in
Thailand. CPT Pharmacometrics Syst Pharmacol 2014; 3:e132.

Tarning ], Ashley EA, Lindegardh N, et al. Population pharmacokinetics of
piperaquine after two different treatment regimens with dihydroartemisinin-
piperaquine in patients with Plasmodium falciparum malaria in Thailand.
Antimicrob Agents Chemother 2008; 52:1052-61.

Food and Drug Administration. E14 clinical evaluation of QT/QTc interval pro-
longation and proarrhythmic potential for non-antiarrhythmic drugs. Rockville,
MD: Food and Drug Administration, 2005.

Piperaquine QTc Prolongation Decreases With Repeated Doses « CID 2022:75 (1 August) « 415


https://www.ema.europa.eu/en/documents/assessment-report/eurartesim-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/eurartesim-epar-public-assessment-report_en.pdf



