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Abstract
Tafenoquine is being developed for relapse prevention in Plasmodium vivax malaria. This Phase I, single-blind, randomized, placebo- and active-
controlled parallel group study investigatedwhether tafenoquine at supratherapeutic and therapeutic concentrations prolonged cardiac repolarization
in healthy volunteers. Subjects aged 18–65 years were randomized to one of five treatment groups (n¼ 52 per group) to receive placebo, tafenoquine
300, 600, or 1200mg, or moxifloxacin 400mg (positive control). Lack of effect was demonstrated if the upper 90% CI of the change from baseline in
QTcF following supratherapeutic tafenoquine 1200mg versus placebo (DDQTcF) was<10milliseconds for all pre-defined time points. The maximum
DDQTcFwith tafenoquine 1200mg (n¼ 50) was 6.39milliseconds (90%CI 2.85, 9.94) at 72 hours post-final dose; that is, lack of effect for prolongation
of cardiac depolarization was demonstrated. Tafenoquine 300mg (n¼ 48) or 600mg (n¼ 52) had no effect on DDQTcF. Pharmacokinetic/
pharmacodynamic modeling of the tafenoquine–QTcF concentration–effect relationship demonstrated a shallow slope (0.5ms/mgmL–1) over a wide
concentration range. For moxifloxacin (n¼ 51), maximumDDQTcF was 8.52milliseconds (90%CI 5.00, 12.04), demonstrating assay sensitivity. In this
thorough QT/QTc study, tafenoquine did not have a clinically meaningful effect on cardiac repolarization.
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Plasmodium vivax malaria has been a neglected disease
until recently, overshadowed by the infant mortality
associated with P. falciparum.1,2 However, P. vivax
also causes severe disease and death,2 and the large
burden of illness from this infection is now being
appreciated.3,4 Unlike P. falciparum, P. vivax is
associated with multiple relapses caused by the
reactivation of persistent dormant parasites in the liver
(hypnozoites), even if the initial blood stage infection
is treated successfully.5,6

Primaquine, co-administered with a blood schizonti-
cide (usually chloroquine), is the only treatment currently
available for the radical cure of P. vivax infection.
However, current dosing recommendations require
14 days of primaquine treatment and patients must be
compliant with the dosing regimen in order for therapy to
be effective.7–9

Tafenoquine is an 8-aminoquinoline primaquine
analogue with activity against both blood and liver stages
of Plasmodium spp.10–13 Tafenoquine has a long half-life
(2–3 weeks),14,15 and is being developed as a single-dose
therapy for the radical cure of P. vivax malaria when
co-administered with standard 3-day chloroquine.16,17

Recent clinical studies indicate 300mg as the optimal
clinical dose.18,19

QT interval prolongation is associated with quinoline
anti-malarial agents, though there is wide diversity within
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the class.20 Only halofantrine and quinidine are known to
have clinically significant effects on ventricular repolari-
zation at therapeutic doses in malaria patients.20–22

However, QT prolongation and torsades de pointes
have been described after long-term use of chloroquine
at supratherapeutic doses for mixed connective tissue
disease,23 and in the chronic treatment of rheumatoid
arthritis and systemic lupus erythematosus.24

In studies of tafenoquine for the prevention of relapse
in patients withP. vivaxmalaria, there has been no clinical
evidence of any significant cardiac adverse effects for
total doses up to 2100mg over 7 days, 1800mg over
3 days, or 600mg as a single dose.19,25 In a drug
interaction study performed in healthy subjects receiving
tafenoquine (900mg over 2 days) co-administered with
chloroquine, there was no apparent trend for an additional
effect on QT interval compared with chloroquine
administered alone.26 Nevertheless, because of the class
effect of quinolone anti-malarials on QT prolongation, a
thorough QT study was conducted in accordance with
International Conference for Harmonization (ICH) E14
guidance.27 In this study, the effect of supratherapeutic
(1200mg) and therapeutic doses (300 and 600mg) of
tafenoquine on QT corrected for heart rate using
Fridericia’s correction (QTcF) in healthy volunteers
was evaluated.

Methods
Study Objectives
The primary objective of the study was to demonstrate a
lack of effect of supratherapeutic tafenoquine (1200mg)
on QTcF as determined by the baseline-adjusted,
maximum time-matched QTcF effect as compared to
placebo (DDQTcF). Demonstrating a lack of effect of
tafenoquine therapeutic doses (300 and 600mg) on
DDQTcF was a secondary objective. Further secondary
objectives included describing tafenoquine pharmacoki-
netics and characterizing the pharmacokinetic/pharmaco-
dynamic (PK/PD) relationship between tafenoquine
concentrations and any change in QTcF.

Study Design
This was a Phase I, single-blind, randomized, placebo-
and active-controlled parallel group study following
accepted guidelines on the evaluation of pharmaceuticals
for their potential to cause QT/QTc interval prolonga-
tion.27 The study was conducted between July 2011 and
June 2012 at two centers in the USA (Parexel at Glendale,
CA and Baltimore, MD) in accordance with the
Declaration of Helsinki (Seoul 2008), Good Clinical
Practice and applicable country-specific requirements.
The study protocol and consent forms were approved by
Aspire Institutional Review Board, CA, USA. Written

informed consent was obtained from all subjects prior to
participation in the study.

Subjects were randomized to one of five treatment
groups to receive placebo, tafenoquine 300, 600, or
1200mg, or moxifloxacin 400mg (positive control). The
long half-life of tafenoquine precluded a cross-over
design and a parallel group design was used. Tafenoquine
(GlaxoSmithKline) was provided as 100mg capsules. A
supratherapeutic tafenoquine dose of 1200mgwas chosen
based on the known adverse event profile.16,17 Efficacy
and safety data from the clinical trial program indicated
tafenoquine 600mg as the upper therapeutic dose and
300mg as a lower therapeutic dose. Moxifloxacin
hydrochloride (Avelox1, Bayer) 400mg was used as a
concurrent positive control to establish assay sensitivi-
ty.27 Tafenoquine 1200mg was given over 3 days
(400mg/day on Days 1, 2, and 3) to minimize
gastrointestinal disturbance. Tafenoquine, 300, 600mg
and moxifloxacin were given on Day 3. All active
treatment doses were matched with placebo controls
across all treatment groups to maintain blinding.
Tafenoquine required administration with food to
increase drug exposure and reduce gastrointestinal
disturbance.14,15,28 Thus, moxifloxacin was also adminis-
tered with food to maintain blinding, though labelling
advice is to administer without food and so lower drug
exposure was anticipated. Subjects were admitted to the
clinical unit on the evening of Day –2 and remained in the
unit until the morning of Day 6. Subjects returned for
follow up at 5, 10, 24, and 60 days after the last dose of
study medication.

Sample size. The hypothesis test for lack of QT effect
controlled the overall Type I error rate at 5%. As per the
ICH E14 guidelines,27 if the upper 90% CI for DDQTcF
was <10milliseconds for all time points, a lack of effect
of tafenoquine 1200mg on QTcF was demonstrated.
Assuming a true treatment difference of 2milliseconds
and between-subject standard deviation of 10millisec-
onds, to rule out an effect size of �10milliseconds, with
overall 90% power at the one-sided 5% (or two-sided
10%) significance level, 42 evaluable subjects were
required per group. Allowing for a 20% drop-out rate,
target recruitment was 52 subjects per group.

Subjects
Eligible subjects were male or female healthy volunteers
aged 18–65 years of age who had a normal medical
history, physical examination, baseline electrocardio-
graphs (ECGs) and laboratory tests, body weight �50 kg
for men and �45 kg for women, body mass index within
the range of 18.5–31.0 kg/m2 (inclusive), and the ability to
provide written informed consent and comply with the
study protocol. A negative pregnancy test was required
for females of childbearing potential; pregnant or
lactating females were excluded. Exclusion criteria
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included, but were not limited to: glucose-6-phosphate
dehydrogenase (G6PD) deficiency determined by a
quantitative assay of enzyme activity (<90% for females
or<70% formales of study site median for G6PD enzyme
activity); history of thalassemia or current or past history
of methemoglobinemia. Use of prescription or non-
prescription drugs was not allowed within 7 days of study
start or within 14 days for potential enzyme-inducing
agents.

Assessments
ECG data. Digital ECG data were obtained from 12-

lead continuous Holter monitoring (Mortara H12þ at
1000Hz; Milwaukee, WI, USA) starting on the morning
of Day –1 until 72 hours post-final dose. Day –1 ECGs
were time-matched and used as baseline to all ECGs post-
first dose. Triplicate ECGs were acquired at the following
time points: pre-dose on Days 1, 2, and 3, and post-final
dose on Day 3 at 1, 2, 3, 4, 5, 6, 9, 12, 15, 20, 24, 36, 48,
and 72 hours. Subjects remained in a supine or semi-
supine position for at least 30minutes prior to ECG
acquisition and had not eaten within the preceding 2 hours
whenever possible. All ECGs were read by an indepen-
dent cardiologist blinded to treatment and the same
cardiologist read all the ECGs from any given subject.
Mean QT interval from three separate beats was
calculated for each ECG. Analysis of lead II was
conducted with V5 as a back-up, and V2 as an alternative
when T waves were not well defined in leads II or V5.
Other leads could have then been used if these primary
leads provided unacceptable recordings. QT interval for
an individual beat was calculated from the preceding RR
interval.

Pharmacokinetics. Serial blood samples for pharmaco-
kinetic assessment were collected to correspond with
ECG assessment time points. Tafenoquine and moxi-
floxacin concentrations in human plasma samples were
determined using validated assays. For tafenoquine, the
lower limit of quantification (LLQ) was 2 ngmL–1 and the
higher limit of quantification (HLQ) was 3000 ngmL�1.
For moxifloxacin the LLQ was 25 ngmL�1 and the HLQ
was 5000 ngmL�1. At all validation concentrations
examined for both tafenoquine and moxifloxacin, the
within- and between-run precision values were less than
or equal to 15% (20% at the LLQ), and therefore
acceptable. The maximum within- and between-run
precision observed for tafenoquine was 8.2% and 4.1%,
respectively, and for moxifloxacin, 4.6% and 3.7%,
respectively. Pharmacokinetic analyses of plasma tafe-
noquine and moxifloxacin concentration–time data were
conducted using non-compartmental Model 200 (for
extravascular administration) of WinNonlin Professional
Edition Version 5.2 (Pharsight Corporation, Mountain
View, CA). Actual elapsed time from dosing was used to
estimate all individual plasma pharmacokinetic param-

eters for evaluable subjects. The following pharmacoki-
netic parameters were determined: maximum observed
plasma concentration (Cmax), time to Cmax (tmax), time of
last quantifiable concentration (tlast), and area under the
concentration–time curve (AUC(0–t)) for both tafenoquine
andmoxifloxacin, and AUC(0–1) and terminal phase half-
life (t1/2) for moxifloxacin only. Based on the long
terminal half-life of tafenoquine (2–3weeks) and the short
sampling collection time up to 72 hours post-dose,
AUC(0–1) for tafenoquine was not determined in this
study.

Safety. Safety was evaluated by physical examination,
vital signs, clinical laboratory tests (hematology, bio-
chemistry, and urinalysis) and adverse event monitoring.
In addition, resting single 12-lead ECGs (safety ECGs)
were performed at screening, and Days –2, 1, 2, 3, 4, 5, 6,
27, and 63.

Statistical Analysis
The primary endpoint was the change from baseline in the
QT interval corrected for heart rate by Fridericia’s
formula (QTcF¼QT/RR1/3) following administration of
tafenoquine 1200mg at the pre-defined matched sample
times as compared to placebo (DDQTcF). The least square
means (LM)DDQTcF and corresponding 90% confidence
intervals (CI) were constructed for each time point. A
repeated measures analysis of covariance (ANCOVA)
model was fitted for the change from time-matched
baseline QTcF using subject as a random effect, and time,
treatment, center, sex, and time by treatment interaction as
fixed effects. Time-matched baseline QTcF was included
as a time-dependent covariate. All final statistical models
were fitted using a spatial power covariance structure to
account for the within-subject correlation between QTcF
measurements over the 14 time points post-final dose. The
covariance structure was chosen after fitting various
structures, such as unstructured, compound symmetry,
heterogeneous compound symmetry, and ante-
dependence and was based on the smallest Akaike
information criterion (AIC). All statistical analyses were
conducted using SAS Version 9.1 or higher (SAS
Institute, Inc., Cary, NY, USA).

Similar analyses as described above were performed
for DDQTcF for tafenoquine 300mg, tafenoquine 600mg
or moxifloxacin as secondary endpoints. Moxifloxacin
was used as a positive control to determine assay
sensitivity. Assay sensitivity was demonstrated if the
lower bound of the 2-sided 90% CI for the time-matched
DDQTcF for moxifloxacin was �5milliseconds for at
least one time point. Categorical analysis was conducted
to summarize the number of subjects with a maximum
change in QTcF from baseline of>30–60milliseconds or
>60milliseconds based on the mean value from replicate
Holter ECGs at each post-dose time point. Other
secondary endpoints were QT interval and heart rate as
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compared to placebo evaluated for each tafenoquine dose
or moxifloxacin.

The adequacy of using QTcF for the primary outcome
was evaluated based on pre-dose data using scatter plots of
QTcF versus RR and the associated correlation coefficient.
This was compared with similar analyses for QT interval
corrected with Bazett’s formula (QTcB¼QT/RR1/2), or
the individual-based corrected QT interval which was
derived fromQTcI¼QTþb (1�RR) where the slopes b
were estimated by fitting linear regression models QT¼
aþb*RR for each individual (b is the estimate of the
average correction factor obtained from the baseline time
point values at pre-dose on Day 1 of QT and RR for each
subject before the start of treatment). If QTcF was not
deemed to be adequate, the primary objective was to be
evaluated using QTcI with QTcF analyzed as a secondary
objective.

Pharmacokinetic/Pharmacodynamic Model
Initial exploratory graphical assessments of QTcF
interval versus time were undertaken for Day 3 from
all five cohorts to examine the circadian rhythmicity in
the QTcF interval. Additionally, plots of individual
QTcF interval versus tafenoquine or moxifloxacin
concentrations in ascending order of time were
generated to examine direct versus delayed effect
(hysteresis) relationships for inclusion in the PK/PD
analysis. A population analysis approach was used to
establish the PK/PD relationship between tafenoquine
and moxifloxacin concentrations versus the QTcF
interval using the nonlinear mixed effects modeling
technique (NONMEM v7.0, double precision, Version
7, ICON Development Solutions, Ellicott City, MD,
USA). The model included data for those subjects
who provided evaluable tafenoquine and moxifloxacin
concentrations and corresponding ECG measures at the
same time point and baseline.

The basic effect model for QTcF interval was:

QTcF ¼ baselineþ placeboþ drug effectþ error

where baseline is the off-treatment or drug-free average
QTcF interval, placebo is the change from baseline
attributable to any placebo effect including circadian
rhythmicity, drug effect consists of terms to describe
the relationship between drug concentrations and
QTcF interval following tafenoquine or moxifloxacin
treatment, and error is a normally distributed residual
error. Construction of the PK/PD model proceeded in
a step wise fashion and the structures of the model
components were determined in the following order:
(1) baseline and its covariates, (2) placebo effect, and
(3) net drug effects of tafenoquine and moxifloxacin.
Further details of the model are in Supplementary
Appendix S1.

Results
Subjects
A total of 260 subjects were randomized, 52 to each
treatment group. Demographic characteristics were
similar between the treatment groups (Table 1). Subject
disposition is shown in Table 1. Nine subjects withdrew
from the study; the majority were lost to follow-up
or withdrew consent and one (tafenoquine 1200mg
group) withdrew because of an adverse event of mild
nausea and vomiting on Day 1 after receiving 400mg of
tafenoquine.

Effect of Tafenoquine on DDQTcF
Supratherapeutic tafenoquine (1200mg) showed a maxi-
mum effect on DDQTcF of 6.39milliseconds (90% CI
2.86, 9.92) at 36 hours post-final dose and 6.39milli-
seconds (90% CI 2.85, 9.94) at 72 hours post-final dose

Table 1. Subject Disposition and Demographic Characteristics

Placebo TQ 300mg TQ 600mg TQ 1200mg Moxifloxacin

Randomized 52 52 52 52 52
Completed study 50 48 52 50 51
Withdrawn 2 4 0 2 1
Safety population 52 52 52 52 52
ECG evaluable 50 48 52 50 51
PK evaluable 0 51 52 51 52
PK/PD evaluable 52 51 52 51 52
Sex, male 32 38 36 36 39
Ethnicity
Caucasian 29 28 26 31 28
African/African American 19 21 23 21 19
Othera 4 3 3 0 5

Mean age (year) (SD) 34.4 (10.6) 35.0 (10.9) 38.7 (11.8) 36.0 (10.1) 34.4 (9.8)

All values are number in each category except for age. TQ, tafenoquine.
aAmerican Indian/Alaskan Native (3), Asian (6), Native Hawaiian or other pacific islander (2), African-American and White (3), or Asian and White (1).
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(Figure 1, Supplementary Table S1). The effect on
DDQTcF became noticeable at around 12 hours post-dose
and peaked between 36 and 72 hours. However, a lack of
effect of tafenoquine onQTc interval was demonstrated as
the upper 90% CI for DDQTcF was just within the
threshold of regulatory concern of <10milliseconds.27

For tafenoquine 300 and 600mg compared to placebo,
the upper bounds of the 90% CIs for DDQTcF were
<10milliseconds at all time points (Figure 1, Supple-
mentary Table S1). Therefore, a lack of effect on QTcF
interval prolongation was demonstrated for the clinical
doses of tafenoquine. Assay sensitivity to detect a QT
effect was demonstrated as the lower bound of the 90%CI
for the difference in mean change from time-matched
baseline QTcF for moxifloxacin compared to placebo was
5.0milliseconds at 4 hours post-dose (Figure 1, Supple-
mentary Table S1).

Categorical analyses of ECGdata showed that no subject
in any tafenoquine group had an increase in QTcF interval
>30milliseconds. In the moxifloxacin group, an increase in
QTcF interval of>30 to<60milliseconds was noted in one
subject at 12 hours and one at 36 hours post-dose.

Assessment of QTcF as correction method. The use of QT
correction method was explored by comparing baseline
QTcF, QTcB, and QTcI to baseline RR (Supplementary
Figure S1). The plot of QTcF versus RR showed a random
scatter of data points and virtually flat trend lines. Hence,
QTcF was considered to be the best correction across the
range of heart rates. QTcI was determined from individual
correction factors obtained from fitting linear models to
their baseline QT and RR data (Supplementary
Figure S1). Additional plots that combined all treatment
groups and included the post-baseline data for compar-
isons between QTcF, QTcB, QTcI, and RR confirmed that
QTcF was the appropriate correction to use for this study
(data not shown).

Effect of Tafenoquine on Uncorrected QT and Heart
Rate
The upper limits of the 90% CIs for mean change from
time-matched baseline in uncorrected QT for all
tafenoquine dose levels were <10milliseconds at all
time points (data not shown).

There was no evidence of a dose-related effect of
tafenoquine on heart rate compared to placebo (Supple-
mentary Table S2). The largest effect of tafenoquine
1200mg compared to placebo was observed at 6 hours
post-final dose (mean 3.06 bpm 90% CI 0.53, 5.59). The
largest treatment difference was observed with tafeno-
quine 300mg compared to placebo at 72 hours post-dose
(mean 5.98 bpm 90% CI 3.43, 8.54).

Pharmacokinetics
Tafenoquine and moxifloxacin pharmacokinetic param-
eters are summarized in Table 2. Tafenoquine was slowly

absorbed with median tmax values of 15.0 hours for the
300mg dose and 12.0 hours for the 600 and 1200mg
doses. AUC and Cmax exhibited moderate inter-subject
variability. AUC and Cmax values increased with increas-
ing tafenoquine dose in a dose-proportional manner.
Following administration of 400mg moxifloxacin in the
fed state,moxifloxacinwas readily absorbedwith amedian
tmax value of 3 hours. Geometric meanCmax andAUC(0–1)

values were 1544 ng/mL and 23778 ngmL�1 h, respec-
tively, and exhibited moderate inter-subject variability.
Administration of moxifloxacin with food decreased both
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Figure 1. Primary outcome: Least squares (LS) mean of treatment
differences from placebo for QTcF change from baseline (DDQTcF) and
90% confidence intervals show lack of effect for tafenoquine: upper 90%
CI <10milliseconds at all time points. Assay sensitivity was confirmed
with the positive moxifloxacin control: lower 95% CI �5milliseconds
for at least one time point (5.0milliseconds at 4 hours).
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the rate and extent of absorption as evidenced by the lower
Cmax and AUC values for moxifloxacin in comparison to
literature values for moxifloxacin obtained in the fasted
state.29

Pharmacokinetic/Pharmacodynamic Model
The final PK/PD model describing the relationship
between drug plasma concentrations and QTcF interval
included the covariates sex and race (two groups, black
and all others) describing the baseline and placebo data,
two cosine functions (an 8-hour cycle and a 24-hour
cycle) and two slope terms, one for the tafenoquine
concentrations versus QTcF interval and the second for
the moxifloxacin concentrations versus QTcF interval
(Table 3). The slope describing the PK/PD relationship
between the QTcF interval versus the change in

tafenoquine concentrations over time was shallow
(0.5ms/mgmL–1) demonstrating that there was no
discernable relationship between tafenoquine plasma
concentrations and changes in QTcF interval. The
bootstrap analysis using resampling with replacement
resulted in similar parameter estimates as those obtained
with the final NONMEM model. These results show that
the final NONMEM model provides a reliable and robust
description of the data with good precision (Table 3).
Additionally, visual predictive check assessments from
200 simulations showed that most of the observed data
were within the 5th to 95th percentiles of the simulated
individual values (Figure 2). Hence, the final model
adequately described the PK/PD relationship between
QTcF interval and tafenoquine or moxifloxacin
concentrations.

Table 2. Summary of Tafenoquine and Moxifloxacin Plasma Pharmacokinetic Parameters

AUC(0–t) AUC(0–1) Cmax tlast tmax t1/2
Group N (ng mL–1 h) (ng mL–1 h) (ng/mL) (h) (h) (h)

TQ 300mg 51 10611 (29.7) N/C 186 (31.3) 72.0 (71.9–73.0) 15.0 (9.0–48.2) N/C
TQ 600mg 52 22986 (29.6) N/C 422 (32.4) 72.0 (72.0–73.0) 12.0 (5.0–36.4) N/C
TQ 1200mg 51 41896 (26.0) N/C 724 (24.7) 72.0 (72.0–73.0) 12.0 (3.0–48.1) N/C
Moxifloxacin 400mg 52 22554 (23.3) 23778 (23.1) 1554 (27.8) 72.0 (48.0–72.0) 3.0 (1.0–6.3) 16.1 (10.0–22.8)

AUC(0–t), AUC(0–1), and Cmax are the geometric mean (% CVb). tlast, tmax, and t1/2 are the median (range). AUC, area under the concentration–time curve; CVb,
between-subject coefficient of variance; Cmax, maximum observed concentration; N/C, not calculated; tlast, time of last quantifiable concentration; t1/2, terminal
phase half life; tmax, time of maximum plasma concentration; TQ, tafenoquine.

Table 3. Population Pharmacokinetic/Pharmacodynamic Parameters for the Final Model of the Effect of Tafenoquine or Moxifloxacin Plasma
Concentrations on the Baseline Adjusted QTcF Interval Corrected for Placebo and Evaluation of Parameter Stability Using Bootstrap Analysis

Parameter
Model Bootstrap analysis

Mean %CV Mean 95% CI

Fixed effects
Baseline male whiteþ (ms) 399 0.3 399 397, 401
Baseline female whiteþ (ms) 410 17.8 409 404, 415
Baseline male black race (ms) 391 22.0 391 388, 396
Baseline female black race (ms) 401 22.0 401 398, 406
Amplitude 8 h (ms) 4.2 3.5 4.2 3.9, 4.4
tmax 8 h (h) –10.1 0.4 –10.1 –10.2, –10.1
Amplitude 24 h (ms) 4.0 4.1 4.0 3.7, 4.3
tmax 24 h (h) –4.5 3.2 –4.4 –4.2, –4.7
Tafenoquine slope (ms/mgmL–1) 0.5 175 0.5 –1.0, 2.3
Moxifloxacin slope (ms/mgmL–1) 3.1 17.0 3.1 2.3, 4.0

Inter-individual variability
%CV (baseline) 13.9 8.0 13.8 12.9, 14.7
%CV (amplitude 24 h) 1.6 26.0 1.6 1.2, 1.9
%CV (tmax 24 h) 1.2 25.3 1.2 1.0, 1.5
%CV (amplitude 8 h) 0.9 53.5 0.9 0.3, 1.3
%CV (tmax 8 h) 0.4 24.4 1.0 0.3, 0.5
%CV (moxifloxacin slope) 3.0 30.2 2.9 2.2, 3.7

Random residual variability (ms) 5.7 2.8 5.7 5.6, 5.8

CI, confidence interval; CV, coefficient of variance; tmax, time of maximum plasma concentration; whiteþ, white plus all other ethnicities except black.
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Pharmacokinetic/Pharmacodynamic Assessment of
Moxifloxacin as Positive Control
The slope describing the relationship between QTcF
interval versus moxifloxacin concentrations was 3.1ms/
mgmL–1, consistent with that observed in other thorough
QT studies and confirming an exposure–response effect of
moxifloxacin on QTcF.29–31 As moxifloxacin exposure
was considerably lower in this study than reported in the
literature,30 PK/PD modeling was conducted to assess the

predicted effect of higher moxifloxacin concentrations on
DDQTcF. One thousand datasets were simulated based on
doubling the individual concentrations at each time point
in the original dataset so as to be similar to those in the
typical range observed in other studies reported in the
literature.29 The design of these simulated datasets was
the same as the study reported here. Estimates ofDDQTcF
were generated for seven selected time points between 0
and 6 hours post-final dose (Table 4). The simulated data
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Figure 2. Visual predictive check for QTcF interval (milliseconds) versus time profiles following administration of placebo, 300, 600, and 1200mg
tafenoquine, and 400mg moxifloxacin. The shaded area indicates the 90% prediction intervals of the simulated QTcF values.
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resulted in a lower bound of the 90% CI of �5.0milli-
seconds at two concentrations; 2730 ngmL–1 at 3 hours
and 2530 ngmL–1 at 4 hours.

Safety
All subjects who received at least one dose of study
medication were included in the safety analysis. No
clinically significant abnormalities were reported from
12-lead safety paper ECGs (Supplementary Table S3). No
subject had a maximum QTcF value >480milliseconds.
Although Holter monitoring did not reveal any increases
in QTcF>30milliseconds in the TQ group, safety (paper)
ECGs showed maximum increases >30milliseconds in
16 subjects receiving TQ, the majority of which (11
subjects) had a maximum increase of <40milliseconds;
the highest maximum change was 51milliseconds in a
subject receiving 300mg TQ recorded at the final follow-
up visit. Thus, no subject receiving tafenoquine had a
change in QTcF from baseline >60milliseconds. One
subject receiving moxifloxacin had a maximum change in
QTcF from baseline of 63milliseconds on Day 6.

The overall frequency of adverse events per treatment
group was 67.3% (35/52) with placebo, 71.2% (37/52)
with tafenoquine 300mg, 75.0% (39/52) with tafenoquine
600mg, 75.0% (39/52) with tafenoquine 1200mg, and
44.2% (23/52) with moxifloxacin (Supplementary
Table S4). Serious adverse events occurred in six
subjects: Three cases of increased blood creatine
phosphokinase, one in the placebo group, and two in
the tafenoquine 600mg group; one case each of decreased
hemoglobin and hypersensitivity in the tafenoquine
600mg group; and one case of urticaria in the tafenoquine
300mg group. Only the cases of urticaria and hypersen-
sitivity were considered by the investigator to be possibly
related to study drug.

Overall, there were no clear trends for changes in
hemoglobin in the tafenoquine-treated groups. However,
there was a mild decrease in hemoglobin in male subjects
receiving tafenoquine, with a hemoglobin nadir in the
tafenoquine 1200mg group at Day 27 with a mean change

of –0.9 g dL–1 versus baseline (range –2.4, 1.0 g dL–1),
compared with�0.5 g dL–1 (range –1.7, 0.9 g dL–1) in the
600mg group and –0.3 g dL–1 (range –2.0, 1.2 g dL–1) in
the 300mg group. The maximum decrease from baseline
in hemoglobin in any male receiving tafenoquine was
�2.7 g dL–1 in the 600mg group on Day 8. In females,
there was no clear pattern of changes in hemoglobin
versus baseline, though few femaleswere recruited. Dose-
related trends for increases in reticulocytes were noted
across all tafenoquine dose groups.

Despite the exclusion of females with <90% G6PD
enzyme activity, two subjects heterozygous for known
G6PD-deficient genotypes were recruited. On further
investigation, one subject (Vanua Lava variant) had a
G6PD screening assay of 8.8 IU gHb–1 (81% of site
median, ie, a protocol violation) and a maximum decrease
in hemoglobin of �2.1 g dL–1 on Day 6. The second
subject (G6PD A–) had a screening G6PD assay of
11.0 IU gHb–1 (102% of site median) and a maximum
decrease in hemoglobin of �1.9 g dL–1 on Day 8. Both
subjects demonstrated reticulocytosis but recovered
without any clinical symptoms or sequelae.

Methemoglobin was elevated with tafenoquine in a
dose-related manner. For tafenoquine 1200mg, the mean
maximum increase in methemoglobin from baseline was
4.1% (�2.6) at Day 13 and the maximum individual
methemoglobin value occurred with this dose; 12.2% on
Day 13. Mild methemoglobin elevations occurred at
therapeutic tafenoquine concentrations; mean maximum
change versus baseline was 1.1% (�1.2) at Day 13 in the
600mg group and 0.2% (�0.5) at final follow up in the
300mg group. Methemoglobin levels returned to normal
by the final follow-up visit and there were no signs or
symptoms of methemoglobinemia.

Overall, there were no clear trends in measurements of
liver enzymes. Two subjects receiving tafenoquine
1200mg had alanine aminotransferase (ALT) increases
of 3.3� and 4.2� ULN, though one had possible
concurrent Epstein–Barr virus infection. Two subjects
in the tafenoquine 600mg group, had ALT increases of
3.2� and 5.2� ULN, though in the former the increase
was associated with strenuous exercise and this subject’s
aspartate aminotransferase (AST) was also elevated
(6.7� ULN). One other subject in the tafenoquine
600mg group had an increased AST of 7.2� ULN and
one subject in the placebo group had an AST value>15�
ULN. For bilirubin, overall increases in total, indirect and
direct bilirubin were observed in all tafenoquine dose
groups when compared with placebo and these appeared
to be dose related. However, no subject had an increase in
total bilirubin that was >2� ULN.

Dose-related transient increases in serum creatinine
were observed across the tafenoquine dose groups
compared to placebo (mean increase �12mmol l–1 from
baseline in the tafenoquine 600 and 1200mg groups).

Table 4. Median Predicted DDQTcF Interval at Selected Time Points
AfterDoubling the Individual Moxifloxacin Concentrations at Each Time
Point in the Original Dataset (N¼ 1000 Simulated Studies)

Time
(hours)

Median
moxifloxacin
concentration
(ngmL–1)

Lower
bound
90% CI

Median
DDQTcF

(milliseconds)

Upper
bound
90% CI

0 0 –1.7 –0.02 1.7
1 1072 1.2 3.4 6.1
2 2430 4.4 7.1 9.7
3 2730 5.5 8.2 11.1
4 2560 5.3 7.9 10.6
5 2340 4.7 7.3 9.7
6 2240 4.2 6.7 9.2
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There were no other notable changes in laboratory values
and no clinically significant abnormalities reported for
vital signs.

Discussion
This thorough QT study in healthy volunteers found no
effect of clinical doses of tafenoquine (300 and 600mg)
on QTcF prolongation compared to placebo. The supra-
therapeutic dose of tafenoquine 1200mg compared to
placebo showed a maximum QTcF prolongation that was
just within the <10milliseconds 90% CI threshold as
recommended by the ICH E14 guidelines to demonstrate
a lack of effect on QTcF interval.27 Furthermore, there
was no clear concentration–response relationship as
evidenced by a shallow slope (0.5ms/mgmL–1) for the
concentration–QTcF interval (PK/PD) relationship which
was not significantly different from zero.

These results are consistent with a recent healthy
volunteer drug interaction study of tafenoquine co-
administered with chloroquine, which showed no addi-
tional effect of tafenoquine on QTcF interval compared
with the mild prolongation of this parameter observed
with chloroquine alone.26 As in the current study, no
subject receiving tafenoquine plus chloroquine had a
QTcF >480milliseconds or a change from baseline
�60milliseconds.26

Tafenoquine pharmacokinetics observed in this study
were consistent with previous reports in healthy volun-
teers and during prophylaxis.14,15,26 Exposure to tafeno-
quine increased in a dose-proportional manner and
median tmax occurred at 12–15 hours (range 3–48 hours)
after the final dose. Tafenoquine is the major circulating
drug-related component and as the absorption and
elimination processes are slow, there is a low risk of
any significant changes in single-dose tafenoquine
pharmacokinetics if co-administered with P450 inhib-
itors. The observed variability in the tmax values result
from the slow absorption and elimination of tafenoquine
and are consistent with previous observations.14,15,26 An
initial examination of the pharmacokinetic data obtained
in this study for tafenoquine using hysteresis plots
suggested no consistent trends within and across
individuals. Indirect modeling was attempted to establish
a PK/PD relationship using the effect site concentrations.
However, these runs did not converge successfully or
resulted in termination errors. Thus, PK/PDmodelingwas
progressed using direct effect models.

Moxifloxacin observed Cmax and AUC values were
approximately 50% and 30% lower than those reported
previously in studies where moxifloxacin was adminis-
tered under both fed and fasted conditions.30 Recently,
Taubel et al32 showed that moxifloxacin administration
with food resulted in an alteration of moxifloxacin
pharmacokinetics consistent with the effect on the QT

interval. In the current study, moxifloxacin administration
with food contributed to the relatively low exposures
obtained compared with previous reports.30,32,33 Despite
this, the criteria for assay sensitivity were just met at
4 hours post-dose with the lower end of the 90% CI being
exactly 5milliseconds. Additionally, PK/PD modeling
demonstrated that the estimated slope for moxifloxacin
was 3.1ms/mgmL–1, consistent with other thorough QT
studies where moxifloxacin was considered to have
demonstrated assay sensitivity.29–31 Using a dataset in
which all moxifloxacin concentrations were doubled,
simulation of 1000 studies showed that moxifloxacin
would have the expected effect on QTcF interval had the
moxifloxacin concentrations been in the range of those
observed in other thorough QT studies where moxiflox-
acin was used as the positive control. Thus, assay
sensitivity was established in this study.

Safety observations were generally consistent with
clinical reports of tafenoquine given to healthy volun-
teers,26,34 for the prevention of relapse of P. vivax
malaria,16,17 or during malaria prophylaxis.35–38 Namely,
mild and transient dose-related decreased hemoglobin,
increased methemoglobin, and at tafenoquine doses
�600mg, increased liver enzymes and serum creati-
nine.16,17,26,34–38 However, there were two hypersensitiv-
ity-related adverse events (hypersensitivity and urticaria)
which were considered new safety information on
tafenoquine.

For radical cure of P. vivax malaria, further clinical
studies are being conducted using single-dose 300mg
tafenoquine co-administered with 3-day chloroquine.
Recent publication of efficacy data from a Phase IIb
study showed that this regimen prevented P. vivax relapse
in 89.2% (95% CI 77, 95) of patients; efficacy was better
than that of chloroquine alone (treatment difference
51.7% [95% CI 35, 69], P< .0001).19 If the efficacy of
tafenoquine plus chloroquine is confirmed in Phase III
studies, and safety at least as good as primaquine can be
demonstrated, the greatly simplified dosing regimen
would be a significant advance in the prevention of
relapse following P. vivax malaria.
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