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ABSTRACT Despite the rising rates of resistance to dihydroartemisinin-piperaquine
(DP), DP remains a first-line therapy for uncomplicated malaria in many parts of
Cambodia. While DP is generally well tolerated as a 3-day DP (3DP) regimen, com-
pressed 2-day DP (2DP) regimens were associated with treatment-limiting cardiac re-
polarization effects in a recent clinical trial. To better estimate the risks of piper-
aquine on QT interval prolongation, we pooled data from three randomized clinical
trials conducted between 2010 and 2014 in northern Cambodia. A population phar-
macokinetic model was developed to compare exposure-response relationships be-
tween the 2DP and 3DP regimens while accounting for differences in regimen and
sample collection times between studies. A 2-compartment model with first-order
absorption and elimination without covariates best fit the data. The linear slope-
intercept model predicted a 0.05-ms QT prolongation per ng/ml of piperaquine (5
ms per 100 ng/ml) in this largely male population. Though the plasma half-life was
similar in both regimens, peak and total piperaquine exposures were higher in those
treated with the 2DP regimen. Furthermore, the correlation between the plasma pip-
eraquine concentration and the QT interval prolongation was stronger in the popu-
lation receiving the 2DP regimen. Neither the time since the previous meal nor the
baseline serum magnesium or potassium levels had additive effects on QT interval
prolongation. As electrocardiographic monitoring is often nonexistent in areas where
malaria is endemic, 2DP regimens should be avoided and the 3DP regimen should
be carefully considered in settings where viable alternative therapies exist. When DP
is employed, the risk of cardiotoxicity can be mitigated by combining a 3-day regi-
men, enforcing a 3-h fast before and after administration, and avoiding the concom-
itant use of QT interval-prolonging medications. (This study used data from three
clinical trials that are registered at ClinicalTrials.gov under identifiers NCT01280162,
NCT01624337, and NCT01849640.)
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iperaquine, a bisquinoline antimalarial drug structurally similar to chloroquine (CQ)
and other 4-aminoquilunes, was first synthesized in China and distributed as mass
monotherapy as part of Chinese National Malaria Control Program campaigns starting
in 1978. It was progressively abandoned in the late 1980s due to the emergence of
Plasmodium falciparum resistance. It was rediscovered as a suitable partner compound
for artemisinin combination therapies (ACTs) (1, 2). In recent years, dihydroartemisinin
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(DHA)-piperaquine (DP) has been widely adopted as a first-line treatment for uncom-
plicated malaria in areas of multidrug resistance, particularly in Southeast Asia.

While treatment with DP is generally a well-tolerated, low-cost, short-course regi-
men that results in a high cure rate, piperaquine, like chloroquine, is known to interfere
with cardiac repolarization, prolonging the QT interval on surface electrocardiograms
(EKGSs). While the clinical significance remains poorly defined, piperaquine is known to
inhibit a slow-rectifier potassium channel expressed by the human ether-a-go-go gene,
known as IK, or the hERG channel. While piperaquine is a lipophilic drug with a large
volume of distribution and long half-life, peak plasma levels decline rapidly and
clinically significant QT interval prolongation typically occurs in the first 4 to 8 h after
dosing, resolving over 24 h (3). As is the case with chloroquine, the risks of clinically
significant events are thought to be relatively low, and DP is widely used in Cambodia
and elsewhere, even though limited or no ability to monitor cardiac safety is available
in those regions. A version of the drug (Eurartesim) manufactured under good manu-
facturing practices is licensed by the European Medicines Agency, and the associated
labeling recommends a 3-h fast before and after dosing to reduce the effect of food on
bioavailability.

The U.S. Army Medical Component of the Armed Forces Research Institute of Medical
Sciences, in partnership with the National Malaria Control Program and Royal Cambo-
dian Armed Forces, conducted three clinical trials of DP in Cambodia between 2010 and
2014 to evaluate the therapeutic and protective efficacy of DP. EKG monitoring was
performed in all three studies to estimate the potential for clinically significant repo-
larization injury. In 2010 and 2011, a comparison of a 3-day DP (3DP) regimen and a
compressed 2-day DP (2DP) regimen revealed that both had similar efficacies for the
treatment of uncomplicated malaria in northern Cambodia. A mean prolongation of
the QT interval corrected using Fridericia’s formula (QTcF) of 20 to 30 ms between the
predose QT interval and the QT interval at the time of the trough piperaquine levels at
24 h postdosing was measured (4). In 2012, a follow-on randomized, double-blind,
placebo-controlled study evaluating a 2-day DP regimen as a monthly malaria prevention
therapy was halted after 4 out of 69 volunteers met prespecified criteria to stop the
study because of individual cardiac safety endpoints with a QTcF prolongation of >500
ms. An unblind review by the Data Safety Monitoring Board (DSMB) revealed a 46-ms
mean QTcF prolongation over that achieved with placebo at the time of the maximum
plasma concentration (C,,,,) of piperaquine on day 2. A moderate, statistically signifi-
cant correlation between the piperaquine concentration and the QTcF increase over
the baseline was observed, and a strong correlation was observed for the four volun-
teers whose findings precipitated the cessation of the study (3). Lastly, in 2013 there
was a moderate correlation between the piperaquine concentration and corrected QT
interval (QTc) interval changes when DP was used as a 3-day regimen for the treatment
of P. falciparum infection, though the effect was less pronounced than that found in the
previous studies (5). Unfortunately, by then the efficacy of DP compared to that just 3
years earlier in the same area of Cambodia had declined dramatically.

The direct comparability of concentration-effect relationships is limited by the sampling
intervals of the respective studies. The 2010 study omitted piperaquine C,,,, values
altogether, collecting only trough levels at 24 h postdosing. The 2012 study determined
Cinax Values at 4 and 28 h after the first and second doses, respectively, but collected
no data during the terminal elimination phase. The 2013 study determined C,,,,, values
after the first and third doses at 4 and 52 h, respectively. To better understand the
relationship between plasma piperaquine levels and QT interval prolongation, we
performed a population pharmacokinetic (POPPK) analysis with data from the 3 studies
and incorporated these pharmacokinetic (PK) data in a PK-pharmacodynamic (PD)
analysis of the effects of the piperaquine concentration on the QT interval.

RESULTS
There were 256 evaluable volunteers from the 3 DP studies. All subjects were of
Khmer ethnicity, and nearly all were male. Baseline demographic data, the manually
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TABLE 1 DP dosing regimens and characteristics of volunteers from three clinical trials conducted between 2010 and 2014 in Anlong
Veng, Cambodia

Value(s) for study conducted in“:

Characteristic 2010 2012 2013

DP dosing regimen® 2DP or 3DP 2DP or placebo 3DP

Patients studied Patients infected with Healthy subjects Patients infected with P. falciparum
P. falciparum and P. vivax or mixed P. falciparum and

P. vivax and infections

Total no. of evaluable volunteers® 80 (40 receiving 2DP regimen/40 69 (47 receiving 2DP regimen/22 107
receiving 3DP regimen) receiving placebo)
Median (IQR):
Age (yr) 32 (27-49) 26 (22-56) 25 (21-34)
Wt (kg) 56.2 (34-62) 60.0 (55-65) 56.0 (52-60)
Ht (cm) 163 (160-167) 165 (161-169) 164 (160-168)
Body mass index (kg/m?) 21.2 (20-22) 22.0 (21-24) 20.7 (19-23)
Baseline QTcF,, (ms) 400 (383-415) 390 (378-403) 393 (375-410)
Baseline QTcB,,, (ms) 418 (413-425) 396 (393-402) 412 (411-421)
Maximum QTcF,, prolongation (ms) 431 (425-436) 430 (425-440) 430 (427-437)
Maximum QTcB,,, prolongation (ms) 439 (435-447) 436 (433-447) 439 (436-445)
No. of volunteers with:
AQTcF,, of >30 ms 40 42 (39/3)4 76
AQTcB,, of >30 ms 40 26 (22/4) 43
AQTCcF,,, of >60 ms 6 21 (21/0)4 17
AQTcB,, of >6 Oms 9 7 (5/2)4 1
Median (IQR):
Baseline serum K* concne (mM) Not assessed 3.8 (3.7-4.1) 3.6 (3.3-4.0)
Baseline serum Mg?* concnf Not assessed 1.9 (1.8-2.0) 1.8 (1.6-2.0)
(mg/dl)
Time to previous meal prior to 1st Not assessed 2.9 (1.9-4.5) 2.7 (1.8-4.1)
dose (h)
Avg (IQR) time to previous meal prior Not assessed 2.9 (2.0-3.3) (3.6 (3-4.4)

to all doses (h)

9The studies conducted in 2010 (4), 2012 (3), and 2013 (31) have been described previously.
bThe total DHA-piperaquine phosphate (DP) dose was 360/2,880 mg.

<All volunteers were male, except for 3 females in the study conducted in 2013.

9Data in parentheses represent the number in each category receiving DP/placebo.

€The normal K* concentration range is 3.5 to 5.1 mM.

The normal Mg2* concentration range is 1.8 to 2.4 mg/dl.

determined QTcF (QTcF,,,), serum electrolyte concentrations, and the time since the
previous meal appear in Table 1. The latter two were not determined in the 2010 study.
There were no significant differences among the 3 studies in the values of the parameters
listed, with the exception of those observed between the numbers of subjects with
moderate and severe QT interval prolongations determined on the basis of correction
methods. Correction of the QT interval using Bazett's formula (QTcB) resulted in
substantially fewer volunteers with both moderate (>30-ms) and severe (>60-ms) QT
interval prolongations compared to the number of volunteers with moderate and
severe QT interval prolongations when QTcF was used.

Observed plasma piperaquine concentrations and QT interval. The median plasma
piperaquine base (PIP) concentrations were significantly higher following the 2DP regimen
than the 3DP regimen, with similar concentrations at 4 h postdosing being seen in the
groups receiving the 2DP regimen in the trials conducted in 2010 and 2012 (Fig. 1).
Figure 2 illustrates significant changes in the QTcF,,, over that at the baseline (AQTcF,,)
when the AQTcF,, for the group receiving placebo in the study conducted in 2012 was
compared to the AQTCcF,, values in all three studies, with the highest increase being
seen in the group receiving the 2DP regimen in the study conducted in 2012. The mean
AQTCcF,, determined from the QTcF,, values at the times of the C,,,, values at 4 and
28 h following the first and second doses of DP, respectively, was significantly higher
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FIG 1 Plots of observed maximum concentrations of piperaquine from three clinical studies evaluating DP (2010
to 2013). Blue, red, and green symbols, data from the 2010, 2012, and 2013 studies, respectively; circles, 2DP
regimen; diamonds, 3DP regimen; horizontal bars, median and interquartile ranges; value above each column, the
median piperaquine concentration; red bars above the columns, individual comparisons of statistical significance
(**, significant differences [P < 0.01]; ****, very highly significant differences [P < 0.0001]).

in the group receiving the 2DP regimen in the study conducted in 2012 than the mean
AQTCcF,, determined from the QTcF,, values at the times of the C,,,,, values at 4 and 52
h following the first and third doses of DP, respectively, in the group receiving the 3DP
regimen in the study conducted in 2013.

Population pharmacokinetics of piperaquine and its effect on the QT interval.
Preliminary findings relating the PIP concentration to effects on the QT interval led to
the selection of a 2-compartment model over a 1-compartment model. Since a thor-
ough analysis of covariates did not improve the fit, a covariate-free 2-compartment
model with first-order absorption and elimination, interindividual random variability,
and a log additive residual error was used as the final model. The data predicted by the
model were in good agreement with the experimental data, as shown by the goodness
of fit based on standard diagnostic plots (Fig. 3), particularly for individual predicted
concentrations. Conditional weighted residuals were generally within 2 standard devi-
ations of the mean. A visual predictive check of the model was also in good agreement
with the experimental data (Fig. 4). Population pharmacokinetic parameter estimates
for PIP from the clinical studies that evaluated the 3DP regimen are shown in Table 2.
The final model was used to predict secondary parameters and found that the area
under the concentration-time curve (AUC) and C,,,,, were significantly higher in the 2DP
regimen than the 3DP regimen (Table 3). The compressed 2-day dosing regimen led to
2-fold higher levels of piperaquine exposure (AUC) and 4-fold higher C,,,.s, with little
or no difference in half-lives being detected (Table 3).

Plasma PIP concentrations were compared to the AQTCcF,, (Fig. 5). The strongest
correlations were found in the group receiving the 2DP regimen in the 2012 chemo-
prophylaxis study (Fig. 5B). The correlations for the four volunteers whose findings
precipitated the cessation of the study were strong on the basis of Spearman’s p statistic,
while the correlations for the other volunteers treated with the 2DP regimen in that
study were moderate. In contrast, only weak correlations were observed in the 2010
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FIG 2 Plots of the medians and interquartile ranges of the observed QTcF , at 0, 24, 48, and 52 h after the first dose of DP or
placebo (A) and the change in QTcF, over the baseline at 4, 24, 28, 48, and 52 h after the first dose (B) from the three clinical
trials conducted between 2010 and 2013 in northern Cambodia. Light blue, orange, green, pink, dark blue, and red, data for
times of 0, 4, 24, 28, 48, and 52 h after the first dose, respectively; horizontal bars, median and interquartile ranges; value above
each column, median; red bars above the columns, individual comparisons of statistical significance (**, significant differences
[P < 0.01]; ****, very highly significant differences [P < 0.0001]). Note that the volunteers in the 2010 and 2013 studies were
treated for uncomplicated malaria, while those in the 2012 study were healthy volunteers administered DP as prophylaxis. The
2010 study collected trough drug levels and EKG results only at 24 and 48 h postdosing.

and 2013 studies (Fig. 5A and C). Comparisons of plasma PIP concentrations with
QTcB,,, revealed similar results, though overall the associations were weaker (see Fig. S2
in the supplemental material). Figure 5D describes the overall linear slope-intercept
model of the effect of PIP exposure on AQTCcF,,. The additive residual error was
sufficient to describe the QT interval prolongation following an oral dose of PIP, with
the baseline intercept being 6.55 ms (relative standard error [RSE] = 10.01%) and the
slope estimate being 0.05 ms per ng/ml, or a 5-ms increase for every 100 ng/ml of
piperaquine (RSE = 5.26%).

Somewhat surprisingly, a higher baseline serum potassium level was weakly asso-
ciated with a higher AQTcF,, (Fig. 6A). There was little effect of the baseline serum
magnesium concentration or time since the previous meal on AQTcF,,, (Fig. 6B and C).
There was a weak but statistically significant negative correlation between the maxi-
mum AQTcF,,, and the QTcF,,, at the baseline (Fig. 6D), suggesting that patients with
longer baseline QTcF,,, values tended to experience less of a prolongation of the QTcF,,
over the QTcF,, at the baseline. There were no effects of patient age or body temper-
ature on the model.

DISCUSSION

By pooling the data sets from three clinical trials of the cardiac safety of dihydroartemisinin-
piperaquine, a piperaquine population PK (POPPK) exposure-response model of the QT
interval prolongation revealed that the risk of cardiotoxicity, manifested as a prolon-
gation of the corrected QT interval, increased linearly with higher levels of piperaquine
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FIG 3 Basic goodness-of-fit plots for the final piperaquine population model. (A, B) Observed concentrations were
plotted against population predicted natural logarithm-transformed concentrations (A) and against individual
predicted concentrations (B) and compared to the line of identity (solid line). (C, D) Conditional weighted residuals
were plotted against population predicted concentrations (C) and the time after dose administration (D).

exposure. The compressed 2-day DP regimen resulted in a 2-fold higher level of
exposure (AUC) and a 4-fold greater maximum piperaquine concentration than the
more widely used 3-day DP regimen. Higher levels of exposure corresponded with a
higher risk of a prolonged QT interval and greater changes in QTc over the baseline
values.

Few covariates influenced the model. There were no effects of age or body temperature
on the QT interval. The latter finding is perhaps unexpected, given the potential differences
in the QT interval between healthy volunteers and malaria patients due to fever and
tachycardia. In malaria patients, early measurements might be lengthened by fever and
tachycardia, with the measurements declining as the patients defervesce clinically over
24 to 48 h. However, we did not see evidence for this phenomenon in our population.
There were few differences in the QT interval parameters between the healthy and the
infected groups (Fig. 2), and no effect of body temperature on the QT interval was
found in our model. The baseline potassium and magnesium concentrations and the
time since the previous meal had little or no additional influence on prolongation of the
QT interval independently of the piperaquine concentration. Patients with longer
baseline QT intervals tended to have less subsequent prolongations of the QT interval,
a previously well-described phenomenon referred to as “regression to the mean.” As a
result, there appear to be few, if any, measurable predictors of repolarization injury risk
in settings where DP is likely to be used, as many facilities in areas where malaria is
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FIG 4 Visual predictive check of the final piperaquine model. Circles, observed data; red and black lines,
5th, 50th, and 95th percentiles of the observed and predicted data, respectively. The concentrations were

transformed into their natural logarithms. The second peak at about 720 h (30 days) represents the
second month of dosing from the DP prophylaxis study in 2012 in a small subset of subjects.

endemic lack the ability to monitor patients by the use of EKGs, and piperaquine levels
are rarely, if ever, obtained outside of selected research settings. While QTcF,, is the
most widely reported method of correction of the QT interval, its reliance on manual
reading and the possibility that it underestimates the true prolongation of the QT
interval remain important caveats. Low levels of interreader variability and the obser-
vations in our data set indicating that QTcB appeared to underestimate rather than
overestimate the prolongation of the QT interval compared to the values obtained by
the use of QTcF provide reassurance in the overall accuracy of our results.

The overall pharmacokinetic properties of piperaquine defined in our POPPK model
were consistent with those presented in previously published reports (1, 6). The results
obtained with the POPPK model presented here are consistent with those of our
previously reported individual noncompartmental analysis (NCA) of PIP indicating that
the level of PIP exposure (C,,,., and AUC) from the 2-day DP regimen was higher than
that from the 3-day DP regimen (4). The maximum plasma concentrations of piper-
aquine achieved with oral dosing were reached at approximately 4 h postdosing, which
corresponded to the time of the peak prolongation of the QT interval. The terminal
half-life in our model was very long as a consequence of a significant distribution
of piperaquine to the peripheral compartment. The resulting long half-life and large

TABLE 2 POPPK parameter estimates from the final model describing the PK of PIP in
volunteers in three clinical trials of DP conducted from 2010 to 2013 in Cambodia

Parameter@ POPPK estimate (% RSE) 95% Clb

K, (1/h) 0.06 (7.09) 0.05-0.07

V (liters) 94.6 (16.5) 64-125

V, (liters) 19863 (3.8) 18,392-21,334
CL (liters/h) 36.3(3.3) 34-39

CL, (liters/h) 105 (6.1) 92-117

o (SD) 0.47 (2.0) 0.45-0.49
Beta t,,, (h) 512 (5.09) 461-563

t,,» (days) 21.3¢

aK,, absorption rate constant; V, volume of distribution; V,, volume of distribution of the peripheral
compartment; CL, clearance; CL,, clearance of the peripheral compartment; o, log of the additive residual
error; beta t,,,, elimination-phase half-life; t, ,, half-life.

bCl, confidence interval.

Calculated from the elimination-phase half-life.
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TABLE 3 Values of the secondary PK parameters in volunteers in three clinical trials of DP
conducted from 2010 to 2013 in Cambodia®

Regimen AUC (ng - h/ml)® Beta_hl (h)?  t,, (days) T, (h) Cpnax (Ng/ml)?
2DP 27,460.5 (25,574-29,347) 485 (427-543) 20.0 (18-23) 2.7 (1.9-3.5) 562 (499-627)
3DP 11,875 (10,978-12,772) 457 (407-506) 19 (17-21) 2.2 (1.5-3.0) 138 (122-154)

aData are presented as the mean (95% confidence interval). AUC, area under the concentration-time curve;
Beta_h1, elimination phase half-life; t, ., half-life; T,,,,,, time to maximum concentration of drug in plasma;
Crnaxe Maximum concentration of drug in plasma.

bThe differences between the two regimens were statistically significant on the basis of an unpaired t test.

volume of distribution observed are characteristic of highly lipid-soluble drugs and
are similar to the findings described in previous reports, in which large volumes of
distribution and an extensive distribution in peripheral tissue were found (7-10).
While analysis of covariates did not improve our model, previous reports have indicated
that food has various effects on the bioavailability of piperaquine (10-12), with in-
creased concentrations being achieved in the fed state. This finding supports the
general recommendation for a 3-h fast before and after dosing.

The slope estimate (0.05 ms per ng/ml, or an increase of 5 ms for every 100 ng/ml
piperaquine) of the piperaquine exposure-QT interval response from the pooled anal-
ysis is similar to that described in recent publications (3, 13). The QT-lengthening effects
of piperaquine have been observed in clinical studies for more than a decade. DP
therapy produced a mean prolongation of QTcF of 11 ms in a study of 62 patients with
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FIG 6 Effects of baseline serum potassium concentration (A), baseline serum magnesium concentration (B), time
since the previous meal (C), and baseline QTcF , on the maximum change in the manually read QTcF (max AQTcF,,,)

(D) for volunteers receiving dihydroartemisinin-piperaquine in northern Cambodia. ns, no significant difference.

uncomplicated malaria in 2004 (14), though a less pronounced effect (2 to 4 ms) was
seen in a Thai study of 56 patients with uncomplicated P. falciparum malaria (15).
Electrocardiograms were performed at the time of peak drug levels only in the latter
study. More recently, the cardiovascular effects of 3 days of DP (Euratesim) therapy for
uncomplicated P. falciparum malaria determined in two pivotal studies were reviewed
(16). Subjects receiving DP were more likely to have >60-ms QTcF prolongations on
day 2 following the 3rd treatment dose than those taking artesunate-mefloquine in the
Asian study or artemether-lumefantrine in an African study (16). A study of piperaquine
alone and in combination with the novel antimalarial spiroindolone KAE609 in healthy
volunteers showed that piperaquine increased the QTcF and was not influenced by
KAE609 (17). Finally, nonlinear mixed-effects exposure-response modeling of the pro-
longation of the QT interval by single-dose combination regimens of piperaquine and
compound 0Z439 in 60 healthy volunteers revealed nearly identical changes in the QT
interval from the average baseline QTcF, as was seen in the present study, with a mean
slope increase of 0.047 ms per ng/ml piperaquine (13).

A number of antimalarials have known QT interval-prolonging effects as well as
present a clinical risk for polymorphic ventricular tachycardia, known as torsades de
pointes (TdP). Drugs in the amino alcohol class generally have the highest risk, with
quinidine (QND), quinine (QN), and, particularly, halofantrine (HF) having significant
dose-dependent cardiotoxicities (QND [tmt] QN =~ HF) in in vitro studies (18, 19) and in
vivo animal models (20). HF was also found to potentiate the QT interval prolongation
induced by mefloquine, which is not known to be toxic on its own in an animal model
(21). Clinically, both HF and QN had significant QT interval-prolonging effects compared
to those of mefloquine, artemether-lumefantrine (22), and artesunate-amodiaquine (23)
which did not.

While piperaquine has a clear QT interval-prolonging effect, its clinical significance
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remains less certain. Piperaquine, a 4-aminoquinoline drug, is essentially two covalently
bonded chloroquine (CQ) molecules and as such would be expected to behave similarly
to chloroquine with respect to its QT interval-prolonging effects. CQ is known to block
the hERG channel at two aromatic residues (Tyr652 and Phe656) on the protein’s S6
domain, increasing membrane depolarization in Xenopus oocytes (24). It is also known
to block the sodium current (ly,) and calcium current (Ic,) channels in the right
ventricular free wall of adult cats (25). Despite similarities to CQ, both the DHA-PIP
combination and artemether-lumefantrine exhibited lower potentials to induce TdP
than CQ did in the rabbit heart wedge model (26). While there have not been
documented reports of clinically significant TdP events for either CQ or PIP to date,
there are many potential limitations to accurate reporting from many of the austere
settings where antimalarials are most heavily prescribed. We recently observed that
DHA-PIP appeared to prolong the U wave, being governed by the slow rectifier
potassium channel (I,) rather than the inward rectifier potassium channel (l,,), and the
clinical significance of U-wave prolongation remains poorly understood (3).

This study of pooled piperaquine concentrations attempted to estimate the effects
of DP on the QT interval from three studies of DP with different treatment durations.
The model improved the relative standard error (in percent) of the baseline and slope
estimates of the piperaquine-corrected QT interval linear slope-intercept model to
10.1% and 5.26%, respectively. These values suggest that PK sampling and EKG
monitoring at the time of C,,,, after the first and last doses may have the greatest
impact on the parameters estimated and limit interpretation of the concentration-QTc
relationship from the 2010 study, where EKGs were not performed at the time of C,,, .
This may explain why no significant differences in adverse cardiac events between the
regimens were detected (4). The placebo-controlled 2012 study of a 2-day DP course
demonstrated by far the strongest linear PK-PD relationships, despite the fact that the
study itself was halted prematurely after four volunteers met prespecified rules to stop
the study (QTcF > 500 ms).

Interpretation of the results obtained with the present model is further limited by
the fact that nearly all volunteers were male: the study could have underestimated the
risks in females, who may have higher levels of exposure and a greater risk for TdP (27).
Nonpregnant females on the Thai-Myanmar border of comparable age and weight
administered a standard course of DP had similar piperaquine half-lives but a C,,,
nearly double that observed here in a population pharmacokinetic analysis (28).
Another limitation common to most studies of the QT interval is the exclusion of those
with QT intervals of greater than 450 ms. While this practice is necessary due to safety
concerns, it has tended to systematically exclude those at the highest risk for prolon-
gation of the QT interval. While prior reports have demonstrated that even a small
amount of fat intake may increase the level of piperaquine exposure (8), our results did
not provide additional support for this finding. The fasting time was deliberately limited
to a minimum of 3 h, where practical, only in the 2013 study, though the mean fasting
time was 1 to 3 h in the other two studies. This may have accounted for the lower peak
concentrations and lower effects of PIP on the QT interval observed in 2013. Multiple
piperaquine peak concentration increases postdosing have been observed in several
studies and were possibly the result of erratic dissolution and/or absorption from gastric
emptying, enterohepatic recirculation, and/or multisector intestinal absorption (7-10).
Other factors, including plasma protein binding of >99% (16) and moderate concentrations
in red blood cells (29), limit measurement of the total level of piperaquine exposure in
the body, and thus, the actual levels in myocardial tissue are unlikely to be approxi-
mated. Pharmacogenomic factors increasing the risk of QT interval prolongation have
recently been elucidated, though none have yet been identified for piperaquine.
Despite this growing body of evidence, even where hereditary factors are known, the
clinical significance of QT interval-prolonging effects remains undefined, given the
variable risks for TdP independent of the degree of prolongation of the QT interval for
some drugs (30).

The overall risk for QT interval prolongation with standard 3-day courses of DP
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appears to be transient and coincides with times of peak concentrations at 4 to 8 h after
dosing. The clinical risks associated with the use of DP have yet to be clearly defined.
There is a clear prolongation of the QT interval in a substantial proportion of the
population and little or no monitoring capacity. Given that a prolonged QT interval
is known to trigger episodes of TdP, further in vitro and in vivo studies of related
mechanisms of action and the pharmacogenomics of the piperaquine-induced pro-
longation of the QT interval are warranted. For now, given the lack of otherwise
identifiable or measurable risk factors in settings where DP is used, risk should be
mitigated by avoiding the concomitant use of QT interval-prolonging medications or
the treatment of those with long QT syndromes, enforcing a 3-h fast before and after
administration, and using the standard 3-day course of DP rather than the compressed
2-day courses.

MATERIALS AND METHODS

Ethics statement. This study pooled data from three clinical trials conducted in Cambodia between
2010 and 2014: WR1737 (ClinicalTrials.gov identifier NCT01280162), WR1849 (ClinicalTrials.gov identifier
NCT01624337), and WR1877 (ClinicalTrials.gov identifier NCT01849640). All protocols were approved by
the Cambodia National Ethics Committee for Health Research (NECHR) and the Walter Reed Army
Institute of Research Institutional Review Board (WRAIR IRB). All study subjects provided written informed
consent prior to participation, and all clinical trial protocols complied with the International Conference
on Harmonization good clinical practice (ICH-GCP) guidelines.

Study design and participants. Duo-cotecxin (Zhejiang Holley Nanhu Pharmaceutical, Zhenjiang,
China), which contained 40 mg of dihydroartemisinin (DHA) and 360 mg of piperaquine base (PIP), was
used in all three studies. Total cumulative doses of DHA-PIP of 360/2,880 mg were given to the
participants orally as 2- or 3-day regimens (the 2DP and 3DP regimens, respectively). Those
randomized to 2-day regimens received 4.5 tablets daily, with 3 tablets daily being given for the 3-day
regimen. The study designs of and the participants in the three clinical trials have been described
previously (3, 4, 31). Briefly, the 3 trials were (i) WR1737, which was an evaluation of the efficacy and
safety of the 2DP regimen versus those of the 3DP regimen in Cambodian military personnel at risk for
P. falciparum and P. vivax malaria conducted from September 2010 to March 2011 (referred to hereafter
as the 2010 study); (ii) WR1849, which was performed to determine the protective efficacy of a monthly
2DP regimen in healthy volunteers (referred to hereafter as the 2012 study); and (iii) WR1877, which was
an evaluation of the efficacy of the 3DP regimen with or without a single dose of 45 mg of primaquine
for the treatment of uncomplicated P. falciparum or mixed P. falciparum-P. vivax malaria (referred to
hereafter as the 2013 study).

Plasma piperaquine concentration measurement and electrocardiograms. A total of 256 volun-
teers from the three studies for whom at least four plasma piperaquine levels were available and for
whom at least one interpretable electrocardiogram was performed following the baseline study were
considered evaluable for pharmacokinetic (PK)-pharmacodynamic (PD) modeling analysis. The plasma
piperaquine concentration, reported as the piperaquine base (PIP) concentration, was analyzed as
described previously by ultraperformance liquid chromatography coupled with mass spectrometry with
a Xevo TQ-S mass spectrometer (Waters, Milford, MA, USA). The lower limit of quantification (LLOQ) was
0.54 ng/ml PIP (4). Blood sampling was performed on the basis of the individual study designs. The 2010
study collected samples for PIP concentration determination at 0 h (predosing), at 4, 24, 48, and 72 h
postdosing, and then weekly until day 42. The 2012 study collected samples for PIP concentration
determination at 0 h (predosing) and 4, 24, and 28 h postdosing for each initial monthly dose, while the
2013 study collected samples for PIP concentration determination at 0 h (predosing), at 4, 24, 48, 52, and
72 h postdosing, and then weekly for 6 weeks. In addition, blood sampling on the day of recurrence was
performed for the 2010 and 2013 studies.

Resting 12-lead electrocardiograms were performed on each volunteer, who was in the supine
position, at 0 h (predosing), at 24, 48, and 72 h postdosing, and then weekly after the first dose until day
42 in the 2010 study; at 0, 4, 24, and 28 h after the first dose each month for the 2012 study; and at 0,
4,24, 48, and 52 h and weekly after the first dose for the 2013 study. In the 2010 study, a single EKG study
was performed, and the results for all volunteers were read by a single reader, while in the 2012 and 2013
studies, three serial EKGs were recorded at least 5 min apart and the results were read by one of three
assigned readers. A GE Mac 1200 electrocardiograph was used, and the results from all studies conducted
in 2012 and 2013 were digitized. The average of the three QT and RR intervals was recorded manually
using calipers. Details of the EKG measurements and the criteria used to halt the studies were reported
previously (3, 4). Final decisions regarding subject disposition and the grading of adverse events were
made by the principal investigators with concurrence from the DSMB on the basis of manual QTcF
(QTcF,,,) measurements. The interrater variability for the three investigators responsible for measurement
of the QT interval in the study was assessed by comparing independent readings of the same selection
of 100 deidentified EKGs obtained in a blind manner. One-way analysis of variance with Tukey’s posttest
was used to compare the average manual QT interval, RR, and the resultant QTcF from three consecutive
EKG complexes in lead IIl. A Bland-Altman plot was used to analyze the agreement between readers by
plotting the percent difference from the mean values using GraphPad Prism software (v.6).
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POPPK and concentration-versus-QT interval analysis. The PIP population pharmacokinetic (POPPK)
database included all evaluable data from subjects enrolled in the three clinical studies for whom at least
one plasma piperaquine level was available. PK-PD relationships were evaluated using nonlinear mixed-
effects modeling. Plasma PIP levels below the LLOQ and those obtained following repeated PIP dosing
due to malaria recurrence were excluded from the model. The naive pooled data (NPD) approach and the
first-order (FO) estimation method were used to produce the preliminary model. The final model was
constructed using a first-order conditional estimate (FOCE). The covariates investigated in the POPPK
analysis included age, body temperature at the time of measurement, weight, height, body mass index
(BMI), and the time that the previous meal was taken before the first dose, and the covariates were
investigated using covariate search stepwise hypothesis testing. Model discrimination was assessed by
the use of objective function values (OFV), calculated as —2 log likelihood (—2LL). A change in the OFV
of >3.84 was considered to be significant when P was <0.05 and when 1 degree of freedom (a difference
in one parameter) was used. Diagnostic plots and the predictive check method were used to evaluate the
model. An exposure-response model was evaluated to explore the relationship between plasma PIP
exposure and the changes in QTcF,,, (AQTcF,,; in milliseconds) over the QTcF,, at the baseline. Nonpara-
metric analysis was performed using the Spearman correlation with GraphPad Prism software (v.6; La
Jolla, CA). Population pharmacokinetic modeling and linear slope-intercept models were developed
using Phoenix NLME software (v.1.4; Certara USA, Princeton, NJ).
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