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Supplementary Submission 
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Ms Lyn Beverley 

Committee Secretary 

Senate Foreign Affairs, Defence and Trade references Committee 

PO Box 6100 parliament House 

Canberra ACT 2600 

Re Senate Inquiry – Use of the Quinoline anti-malarial drugs Mefloquine and 

Tafenoquine in the Australian Defence Force – Mr Brian McCarthy’s statement that 

Mark Reid mislead the Committee on the 30th August 2018 

Mr Brian McCarthy made a statement to the Committee on the 30th August 2018 during his 

oral testimony that I additionally conducted mefloquine vs. doxycycline studies in East Timor 

and had deliberately misled the Committee by not disclosing this information. I asked the 

Committee Secretary to strike this statement from the Hansard record, but he recommended I 

make a submission instead. 

I would like to offer “alternative facts” to the Committee for their consideration. 

Michael Patrick Reid was born on the 3rd June 1976 at 2103 hours. 

Lieutenant (Dr) Michael Patrick Reid (Retired) served 20 years in the Australian Army and 

the Royal Australian Navy as a medic and medical doctor. He deployed on six occasions to 

Bougainville, East Timor and the International Coalition Against Terrorism (ICAT) 

(Maritime support for the Afghan Mission).  

Mark George Reid was born on the 3rd June 1976 at 2111 hours, 8 minutes after Michael 

Patrick Reid. 

Captain Mark George Reid (Retired) served 12 years in the Australian Army in the Royal 

Australian Infantry Corp and the Royal Australian Army Medical Corp. I also deployed on 

two occasions to East Timor.  

I therefore describe the relatively common situation, where two siblings happen to share an 

initial and served in the same Army unit before Lieutenant Reid transferred to the Royal 

Australian Navy. 

Our birth certificates clearly identify each of us as immigrants to Australia. In case this is 

raised as a point of dispute regarding eligibility to serve in the ADF, I confirm that both 

Michael Patrick Reid and Mark George Reid are Australian Citizens and were naturalised 

prior to enlisting in the Australian Army at 18 years of age. 
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Mefloquine assignments for the Australian Army: 

Lieutenant Michael Patrick Reid was involved in the mefloquine studies and is a co-author on 

the following publication: 

• Charles BG, Blomgren A, Nasveld PE, Kitchener SJ, Jensen A, Gregory RM, 
Robertson B, Harris IE, Reid MP, Edstein MD. Population pharmacokinetics of 
mefloquine in military personnel for prophylaxis against malaria infection during field 
deployment. Eur J Clin Pharmacol 2007; 63(3): 271-8 (Attachment 1). 

Michael Patrick Reid is also acknowledged in the following publication as “Private Michael 

Reid” while still an enlisted soldier in the Australian Army. 

• Kitchener SJ, Nasveld PE, Gregory RM and Edstein MD. Mefloquine and 
doxycycline malaria prophylaxis in Australian soldiers in East Timor. Med J Australia 
2005; 182(4): 168-171 (Attachment 2) 

Tafenoquine assignments for the Australian Army: 

I was never involved in mefloquine vs. doxycycline studies for the Australian Army. In my 

written and oral testimony, I declared that I conducted one malaria assignment for the 

Australian Army on the orders of my Commanding Officer, Lieutenant Colonel Michael
Edstein and this was the study coordinator role for Study 033 “Randomized, double-blind 

study of the safety, tolerability and efficacy of tafenoquine versus mefloquine for malaria in 

prophylaxis in nonimmune subjects”.  

My declaration therefore stands as an accurate (but alternative fact) that disagrees with Mr 

Brian McCarthy’s statement. Peer-reviewed medical publications published by the ADF 

where I am named are as follows: 

• Nasveld PE, Edstein MD, Reid M, Brennan L, Harris IE, Kitchener SJ, Leggat PA, 
Pickford P, Kerr C, Ohrt C, Prescott W; Tafenoquine Study Team. Randomized, 
double-blind study of the safety, tolerability, and efficacy of tafenoquine versus 
mefloquine for malaria prophylaxis in nonimmune subjects. Antimicrob Agents 
Chemother 2010; 54(2): 792-8 (Attachment 3).

• Charles BG, Miller AK, Nasveld PE, Reid MG, Harris IE, Edstein MD. Population 
pharmacokinetics of tafenoquine during malaria prophylaxis in healthy subjects. 
Antimicrob Agents Chemother 2007; 51(8): 2709-15 (Attachment 4). 

Lieutenant Michael Patrick Reid is also acknowledged as a Tafenoquine Study Team member 

as “Michael Reid” in the publication Nasveld-2010.

Use of the Quinoline anti-malarial drugs Mefloquine and Tafenoquine in the Australian Defence Force
Submission 71 - Supplementary Submission 2



Attachment 1: Charles-2007a 

Use of the Quinoline anti-malarial drugs Mefloquine and Tafenoquine in the Australian Defence Force
Submission 71 - Supplementary Submission 2



PHARMACOKINETICS AND DISPOSITION

Population pharmacokinetics of mefloquine in military
personnel for prophylaxis against malaria infection
during field deployment

B. G. Charles & A. Blomgren & P. E. Nasveld &

S. J. Kitchener & A. Jensen & R. M. Gregory &

B. Robertson & I. E. Harris & M. P. Reid & M. D. Edstein
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# Springer Verlag 2007

Abstract
Objective The purpose of this study was to determine the
population pharmacokinetics of mefloquine in healthy
military personnel during prophylaxis for malaria infections.
Methods The subjects were 1,111 Australian soldiers
participating in two studies: a randomised double-blinded
study (group A, 161 subjects) and an open-label study
(group B, 950 subjects). Following a loading dose (250 mg
mefloquine base daily, 3 days), subjects received an oral
weekly maintenance dose of 250 mg over 6 months. Blood
was collected after the last split loading dose then at weeks
4, 8 and 16 for group A, and at weeks 13 and 26 for group
B. Plasma mefloquine concentrations were measured by
high-performance liquid chromatography (HPLC). Pharma-
cokinetic modelling was performed using NONMEM.
Results A two-compartment model with inter-occasion
variability (IOV) for clearance satisfactorily described the
pharmacokinetics. Typical values were clearance (CL/F,
2.09 l/h), central volume of distribution (V1/F, 528 l),
absorption rate constant (KA, 0.24 h 1), inter-compartmen-
tal clearance (Q/F, 12.5 l/h), peripheral volume of distribu-
tion (V2/F, 483 l) and elimination half-life (t1/2, 14.0 days).
Weight had a positive influence on central volume but was

insufficient to warrant dosage adjustments. The inter-
individual variability (coefficient of variation, CV%) for
CL/F and V1/F was 24.4% and 29.6%, respectively. The
IOV for CL/F was 17.8%. The proportional residual error
(CV%) for groups A and B was 11.5% and 19.5%,
respectively, and the additive error standard deviation
(SD) was 57 ng/ml and 149 ng/ml, respectively.
Conclusion The typical parameter values were comparable
with those estimated in much smaller cohorts of healthy
subjects and in malaria patients treated with single-dose
mefloquine. The lower unexplained variability in the
blinded study suggested these subjects may have been
more compliant in taking their medication than soldiers in
the open-label study.

Keywords Mefloquine . Population pharmacokinetics .

NONMEM .Malaria prophylaxis . Healthy subjects

Introduction

Mefloquine, a quinoline methanol structurally related to
quinine, has been extensively used for more than 20 years
for malaria prophylaxis. Of the three drugs, doxycycline,
atovaquone/proguanil and mefloquine, that are currently
recommended for malaria prophylaxis by the World Health
Organization (WHO) [1] and the US Centers for Disease
Control and Prevention, [2], mefloquine is the only one that
is administered weekly, the others having to be taken daily.
Weekly chemoprophylaxis has been favoured by both
civilian and military populations due to the likelihood of
better compliance and, therefore, potentially increased
effectiveness compared with a daily regimen [3, 4]. The
effectiveness, safety and tolerability of mefloquine for
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malaria prophylaxis have been established in different
populations across various study designs, such as cohort
or randomised control studies [3–12].

Mefloquine has a long terminal half-life of about
2 weeks, partly because it is highly lipophilic and
extensively distributed into tissues [13]. Much of the earlier
published pharmacokinetic data for mefloquine were
obtained in small, single-dose studies in healthy subjects
and in patients with acute falciparum malaria [13–18].
Despite the extensive clinical use of mefloquine for malaria
prophylaxis, to our knowledge, there are no pharmacoki-
netic data on mefloquine from very-large-scale studies
involving long-term prophylaxis in soldiers in military
operations. Here we report the results of the first population
pharmacokinetic study of mefloquine in a large cohort of
healthy soldiers who received oral mefloquine prophylact-
ically for 6 months while deployed in field operations in the
tropics.

Methods

Subjects, study design and drug administration

Study subjects were 1,111 Australian soldiers on a 6-
monthly deployment for peace-keeping duties to East
Timor. Three contingents (1st, 2nd, 3rd) of soldiers
participated from October 2000 to April 2002. There were
161 subjects (seven females) from the 1st contingent
(designated as group A for this analysis) who were
participating in a phase III randomised, double-blind trial
to compare the effectiveness, tolerability and safety of
tafenoquine and mefloquine for malaria prophylaxis [22],
the clinical findings of which will be published elsewhere.
There were 950 subjects (one female) from the 2nd and 3rd
contingents (designated as group B) who were involved in
an open-label study to evaluate the tolerability of meflo-
quine [23]. All subjects were determined to be healthy by a
complete medical history and physical examination
to satisfy the medical requirements for military deployment
and were willing and able to give written informed consent
and comply with the study protocol. Women were excluded
if they were pregnant, lactating or unwilling/unable to
comply with recognised contraceptive methods during
deployment, and for a period of 30 days after cessation
of the drug. A subject was excluded if there was a history of
allergy or intolerance to mefloquine or a history of drug or
alcohol abuse.

After an oral loading dose of mefloquine (Lariam;
Roche, Switzerland) equivalent to 250 mg mefloquine base
per tablet administered daily for 3 days in group A and
250 mg mefloquine delivered every second day on three
occasions in group B, all subjects subsequently received an

oral weekly maintenance dose of mefloquine (250 mg)
during their 6 months of deployment. For group A subjects
who were participating in the double-blind trial, each
received their dose as an opaque Swedish Orange hard
gelatine capsule (size 1, Capsugel) containing the Lariam
(250 mg base) tablet at loading and for maintenance dosing
during the deployment. Dosage administration was ob-
served and recorded for each subject.

Ethics

The double-blind trial was approved by the US Army
Human Use Research Review Board and the Australian
Defence Human Research Ethics Committee (ADHREC).
The open-label study was approved by ADHREC. In-
formed consent was obtained in writing from all subjects
prior to their participation.

Blood sampling

Venous blood samples (7 ml) were collected into ethyl-
enediamine tetraacetic acid EDTA (haematology) tubes
after the last loading dose and at weeks 4, 8 and 16 for
group A and weeks 13 and 26 for group B. A total of 2,141
plasma samples were obtained. Most subjects in group A
(155/161) had four blood samples collected, with three
samples from each of the remaining six subjects. In group
B, two samples were collected from 553/950 subjects, with
one sample per subject obtained from the remainder.
Subjects’ characteristics, sampling and observational data
are displayed in Table 1.

The samples were transported on ice to the field
laboratory within 3 h of collection. The plasma was
separated (1,200 g, 15 min), stored in liquid nitrogen or at
−25 °C for no longer than 4 weeks then air freighted on dry
ice to the Australian Army Malaria Institute (Brisbane,
QLD, Australia) for storage at −80°C pending analysis.

Mefloquine analysis

Plasma mefloquine concentrations were measured by high-
performance liquid chromatography (HPLC) [24, 25], with
some minor modifications. Briefly, plasma work-up in-
volved protein precipitation and centrifugation. Chromato-
grams of the injected supernatant fluid were developed on a
Symmetry C18 cartridge (150×3.9 mm; Waters; Milford,
MA, USA), with a mobile phase consisting of 1-octane-
sulfonic acid (PIC B-8) low ultra-violet (UV) reagent
(5 mM) in acetonitrile:methanol:water (5:65:30 v/v/v),
which was delivered isocratically at 0.6 ml/min and
monitored at 222 nm. Retention times for the internal
standard [WR184806; 2,8-bis(trifluoromethyl)-4-[1-hy-
droxy-3-(N-tertbutylamino)-propyl]quinoline] and meflo-
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quine were 6.6 and 9.5 min, respectively. The limit of
quantification (LOQ) of mefloquine from 0.2 ml of plasma
was set at 100 ng/ml. The inter-day assay coefficients of
variation (CV%) for the measurement of mefloquine at 200,
500 and 2,000 ng/ml were 6.2%, 4.4% and 3.3% (n=41),
respectively. The inaccuracy of the method at 100 ng/ml
and 500 ng/ml was 10% and 2%, respectively.

Pharmacokinetic modelling and statistical methods

Population pharmacokinetic modelling was performed
using NONMEM (version 5, level 1.1; Globomax LLC,
Hanover, MD, USA), with a G77 compiler and Wings for
NONMEM (WFN; http://wfn.sourceforge.net/). One- and

two-compartment models with first-order absorption and
elimination were fitted to the plasma-concentration-time
data using first-order conditional estimation (FOCE) with
interaction. A model for lag time was screened to account
for any time delay between administration and the
beginning of drug absorption.

In formulating the fixed effects (structural) model, an
initial analysis was conducted by estimating the base model
parameters without the inclusion of factors (covariates) that
could modify the pharmacokinetic values. Potential factors
centred about the average population value for that factor
were screened by individual addition to the base model for
each pharmacokinetic parameter. A reduction in the
objective function value (OFV) of at least 6.6 was con-
sidered to be statistically significant (P<0.01). All signif-
icant factors were included in the full model, which was
then tested for masking by backwards elimination in which
the value of each factor in turn was set to 0, and the model
was re-run; a factor was eliminated from the model if the
OFV value did not increase by at least 6.6 (X 2

1; 0:01). The
final structural model took the form of the following
general equation:

P ¼ θ1 þ θ2 � Fac1 � Fac1;A
� �þ :::::þ θN � FacM�FacM;A

� �

where P is the typical population value of a pharmacoki-
netic parameter, and θ1 is the typical value of P for subjects
having average population values of Fac1,A .... FacM,A for
factors Fac1 .... FM, respectively. Estimated parameters
θ2 .... θN modify the value of P above or below the typical
value.

For the variance (random effects) model, the inter-
individual variability (IIV) about P was modelled as
follows:

Pij ¼ P � exp hPi þ kPij

� �

where, Pij represents the true but unknown value of P in the
ith individual on the jth occasion, ηPi and κPij are random
variables distributed normally with means of 0 and
variances of w2

P and p2P, respectively. The IIV and the
inter-occasion variability (IOV) of ωP and πP, respectively,
are approximately equal to a CV (expressed as a fraction).
An “occasion” was defined as a group of sequential dosing
records terminated by at least one observation event
(concentration), and the variances were considered to be
sampled from the same distribution. The covariance
(w2

P1;P2) between the variances (w2
P1; w

2
P2) of parameters

P1 and P2 was simultaneously estimated, with the
correlation coefficient (r) being calculated as:

r ¼ w2
P1;P2 � w2

P1
�w2

P2

� �0:5

Table 1 Characteristics of study subjects and observational data

Characteristics

Number of subjects
Group A (1st contingent) 154 male, 7 female
Group B (2nd, 3rd contingents) 949 male, 1 female
Age (years)a

Group A 26 (18 51)
Group B 26 (18 55)
Pooled 26 (18 55)
Weight (kg)a

Group A 81 (53 135)
Group B 82 (57 121)
Pooled 82 (53 135)
Plasma samples per subject b

Group A 3 (3 4)
Group B 1 (1 2)
Pooled (1 4)
Mefloquine concentration (ng/ml) a

Group A 762 (248 1914)
Group B 785 (62 2549)
Pooled 778 (62 2549)
Pooled (trough concentrations)c 547 (108 1914)
Post dose sample times (h) a

Group A (1st contingent):
Post third loading dose (week 1) 5.4 (0.9 167.9)
Post maintenance dose (week 4) 76.0 (0.0 173.4)
Post maintenance dose (week 8) 65.3 (0.2 170.7)
Post maintenance dose (week 16) 79.4 (0.1 173.8)

Group B
2nd contingent:
Post maintenance dose (week 13) 39.8 (0.0 176.3)
Post maintenance dose (week 26) 78.6 (1.0 170.4)
3rd contingent:
Post maintenance dose (week 13) 75.4 (0.2 174.7)
Post maintenance dose (week 26) 88.9 (1.2 168.2)

aMean (range)
bMedian (range)
c Samples drawn within 5% of scheduled 168 h (weekly) post dose
sampling time
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The residual unexplained variability (RUV) representing
the variance between the observed plasma concentrations
and those predicted by the model were estimated using a
combined proportional-additive error model:

Cij ¼ Cij;PRED � 1þ "1;ij
� �þ "2;ij

where Cij is the i
th observed plasma concentration in the jth

individual, Cij=Cij,PRED is the corresponding concentration
predicted by the pharmacokinetic model, and ε1,ij and ε2,ij
are randomly distributed variables each with a mean value
of 0 and variances of s2

1 and s2
2, respectively, conveniently

expressed as the CV% (A1) and the standard deviation (A2).

Model evaluation

A visual predictive check (VPC) [35] was performed on the
final model via an ActivePerl script (version 5.8.4; http://
www.activestate.com) in which 1,000 concentration-time
profiles were simulated from the model to obtain the 5%,
50% (population median) and 95% percentiles for the
predicted concentrations onto which the raw concentration-
time data were superimposed. Standard diagnostic plots of
weighted residuals (WRES) versus population model-
predicted concentration and post-dose sampling time were
examined, together with the values of the parameters and
their imprecision [relative standard deviation (RSD%)],
estimated by expressing the asymptotic standard error of
estimation as a percentage of the parameter value.

Results

Model building

Of a total of 2,141 samples, two from different subjects
(62 ng/ml, 92 ng/ml) were below the LOQ of 100 ng/ml set
a priori by the analytical chemists. Accordingly, data were
remodelled using methods M1, M5 and M6, which re-
present some of the different ways for dealing with popu-
lation data below the LOQ [34]: M1, both concentrations
were discarded; M5, both concentrations were set to LOQ/2
(50 ng/ml); M6, the highest concentration (92 ng/ml), was
set to LOQ/2 and the other (62 ng/ml) was discarded. There
was no observable difference in the results among these
three methods or when both data points were included;
therefore, all the data were included in developing the
population model.

A two-compartment model (ADVAN4) with first-order
absorption from the gut and elimination from the central
compartment fitted the data best. The first order-rate
constants were re-parameterised (TRANS4) to estimate
clearance (CL/F), central compartment volume (V1/F),
peripheral volume of distribution (V2/F), inter-compart-

mental clearance (Q/F) and absorption rate constant (KA).
A sister model (ADVAN4 TRANS3) also was evaluated but
was discarded because the OFV was 44 points greater, and
the steady-state volume of distribution (VSS/F) could not
be estimated. Data also supported a single compartment
model (ADVAN2 TRANS2), but the fit was inferior as
judged by the residual error magnitude, the Akaike
Information Criterion (AIC) and inspection of residuals.
Addition of a lag-time parameter (ALAG1) for delayed
absorption from the gut into blood was not supported.
While the inclusion of weight decreased the IIV about V1/F
by 7%, neither weight nor age significantly reduced the
OFV when screened separately for influence on the fixed-
effects parameters. Allometric scaling on body size was not
successful, presumably because of the reasonably uniform
distribution of weights in the study population. Gender was
not considered as a potential covariate, as only eight of the
1,111 subjects were females.

For the variance model, the IIV (CV%) about CL/F and
V1/F was 24.5% and 29.6%, respectively. Modelling the
IIV about KA, Q/F and V2/F was not supported by the data.
The only covariance model supported was that between
CL/F and V1/F, in which an r value of 0.9 indicated marked
within-subject correlation of these parameters, presumably
via body size and oral bioavailability (F). The addition of
IOV to the CL/F variance model reduced the variability
from 28.2% to 24.2%. However, while a full covariance
block resulted in a small reduction in the OFV, this was not
considered further, as r values of ~1 between combinations
of parameters raised suspicions that the variance(s) about 1
or more of the blocked parameters was being explained by
the other(s). A combined additive + proportional RUV was
superior compared to when these models were evaluated
separately, shown by lower OFV values and, for the
additive model, implausible values for Q/F and V2/F.
Using indicator variables, the RUV model was partitioned
between group A and group B subjects separately, which
improved the fit seen by lower OFV values and lower IIV
and IOV about CL/F.

Final population model

Structural and variance model parameter values and the
derived parameters from the final model are summarised in
Table 2. Typical values (RSD%) for CL/F, V1/F, KA, Q/F
and V2/F were 2.09 l/h (1.2%), 528 l (12.0%), 0.24 h 1

(18.1%), 12.5 l/h (25.4%) and 483 l (14.2%), respectively.
When normalised to individual body weight, the average
CL/F and V1/F values were 0.025 l/h per kilogram and
12.3 l/kg, respectively. The population mean elimination
half-life of mefloquine was estimated to be 14 days.
Steady-state volume of distribution (VSS/F), derived from
the sum of V1/F and V2/F, was 1,011 (l). The IIV expressed
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as CV% (RSD% of estimation) for CL/F, V1/F and the IOV
for CL/F were 24.4% (10.6%), 29.6 % (29.1%) and 17.8
(27.8%), respectively. The additive (SD) and proportional
(CV%) components of the RUV model were, respectively,
56.7 ng/ml and 11.5% (group A) and 149 ng/ml and 19.5%
(group B).

Model evaluation

Assessment of the model performance was based on a
number of criteria; the population typical values were
estimated with good precision and were plausible when
compared with published values from smaller, non-
population studies. The variance model parameters like-
wise were plausible, with satisfactory precision, although
the precision associated with estimating the additive and
proportional components of the RUV model was greater
for group B subjects, perhaps because there were far
fewer subjects in group A (161) than in group B (950).
Weighted residuals (WRES) versus population-model-
predicted values (Fig. 1a) and elapsed time post-dose
(Fig. 1b) showed most of the data symmetrically distributed
about and within 3 U of the null ordinate, indicating a good
fit of model to the data. The VPC showed that the raw post-
dose concentration data mirrored the concentrations simu-
lated from the final model parameters, as seen in Fig. 1c.
The structural model was deemed to be satisfactory, as the

Table 2 Population pharmacokinetic parameters of mefloquine based
on the final model

Parameter
(units)

Description Value
(RSD%)a

Structural model
KA (h 1) Absorption rate constant 0.24 (18.1)
CL/F (l/h) Clearance 2.09 (1.2)
Q/F (l/h) Inter compartmental clearance 12.5 (25.4)
V1/F (l) Central volume 528 (12.0)
V2/F (l) Peripheral volume 483 (14.2)
Variance model
5CL/F (CV%)b Inter individual variability in CL/F 24.4 (10.6)
5V1/F (CV%)b Inter individual variability in V1/F 29.6 (29.1)
:CL/F (CV%)b Inter occasion variability in CL/F 17.8 (27.8)
σ1,A (ng/ml)c Additive residual error (group A) 56.7 (86.9)
σ1,B (ng/ml)c Additive residual error (group B) 149.3 (21.5)
σ2,A (CV%)b Proportional residual error (group A) 11.5 (56.0)
σ2,B (CV%)b Proportional residual error (group B) 19.5 (33.3)
Derived parameters
t1/2 (days) Elimination half life 14.0
VSS/F (l) Steady state volume 1,011

a Relative standard deviation = Standard error of estimation . 100% ÷
Value
b Coefficient of variation
c Standard deviation

Fig. 1 Diagnostic plots of; a Weighted residual (WRES) versus
population model predicted concentration; b WRES versus post dose
time; c VPC of plasma concentration versus post dose time. The
population predicted profile (50th percentile) is shown by the central
profile (dotted line), bounded by an upper profile (dashed line) and
lower profile (solid line) representing, respectively, the 95th and 5th
percentile prediction intervals estimated from 1,000 simulated con
centrations at sampling times up to 174 h post dose using the final
population model
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raw data points were symmetrically distributed about the
50th percentile, and the variance model was satisfactory, as
11% (10% expected) of the raw data lay outside the 5th and
95th percentile profiles.

Discussion

Mefloquine has been a popular prophylactic agent due to its
effectiveness against chloroquine-resistant Plasmodium
falciparum and the convenience of weekly dosing com-
pared with alternatives such as doxycycline. This has major
advantages in terms of compliance for military personnel in
field deployment. A number of mefloquine pharmacokinet-
ic studies have been published, but most used a two-stage
analysis involving extensive blood sampling in each
individual [13–18]. Besides the inconvenience and in-
creased infection risk of multiple sampling in the tropics,
the pharmacokinetic variability in the two-stage approach
can be inflated because the uncertainty associated with
fitting the model parameters to the data is ignored. A
representative sample of these include analyses using
single-compartment models [18, 26, 27], multi-compart-
ment models [13–15, 17, 28] or non-compartmental
approaches [16–18, 24]. Simpson et al. [26] used a
population model to describe the kinetics after a single or
split dose to 257 patients with acute falciparum malaria.
Presently, a two-compartment model with first-order ab-
sorption and elimination was found to best characterise the
plasma mefloquine concentration data. While this study had
by far the largest number of subjects of any mefloquine
pharmacokinetic study yet undertaken, the data were sparse,
with only 1–4 samples per subject drawn over a lengthy
period in the field. The mean CL/F and V1/F values of
0.025 l/h per kilogram and 12.3 l/kg, respectively, were
comparable to published studies in healthy subjects and
malaria patients [13–18, 26–28]. A relatively small CL/F
and large V1/F was consistent with the long derived
elimination half-life of 14 days. In four traditional (two-
stage) pharmacokinetic analyses in healthy Caucasian sub-
jects, mean CL/F values ranged from 0.022 to 0.029 l/h per
kilogram, V/F was 8.6–15.5 l/kg and the elimination half-
lives were 13.9–20.1 days following a single oral dose of
mefloquine [13–15, 17].

Interestingly, Pennie et al. [19] reported CL/F and V/F
values in 15 Canadian tourists taking mefloquine weekly
over 3 months, which were, respectively, 1.85-fold and 1.5-
fold less than presently estimated values, but the half-lives
were comparable. As in the present study, Lariam 250 mg
had been administered to mainly healthy adult Caucasian
subjects, so this discordance is difficult to explain. Because
plasma concentrations were markedly higher in the Pennie
et al. study than reported here and in other studies [5, 20,

21], a possible explanation was that the systemic bioavail-
ability was higher. While Pennie et al. did not state whether
their subjects were fed or fasted, it is unlikely that food had
any major effect on mefloquine bioavailability [29, 30].

The present study subjects constituted a reasonably
homogeneous group; thus, the final model did not justify
the inclusion of weight as a predictor of any clearance or
volume parameter, in contrast to two previous population
studies [26, 27]. The small influence of weight on V1/F
would be insufficient to require individualising the loading
dose regimen, and, in any case, would be impracticable, as
Lariam is currently available in Australia only as a 250-mg
cross-scored tablet.

In accord with other studies [5, 19, 21, 31, 32], there was
a considerable amount of inter-individual variability in the
steady-state concentrations, reflected in an IIV of 24–30%
in CL/F and V1/F. However, the IOV on CL/F was
reasonably low (17%), indicating that within individual
subjects, the steady-state concentrations could be main-
tained within a reasonably narrow band over the 6-month
deployment period. While an additive RUV model is often
sufficient over a limited range of observations, a combined
additive plus proportional model was presently used
because the plasma concentrations ranged from 62 to
2,549 ng/ml. There was approximately a two-fold larger
RUV in both the additive and proportional components of
the RUV for group A data compared with group B data.
Since the drug assay, tablet brand and dose were common
to both studies, it was possible that such a difference
reflected the fact that the subjects in the open-label study
(group B) were less stringently supervised than the blinded
study subjects (group A) and that variation in dosing times
may have contributed to the increased amount of unex-
plained error.

To minimise malaria infection, effective steady-state
mefloquine concentrations should be achieved within a
5–14 day pre-patent period for P. falciparum malaria [5].
Blood mefloquine concentrations of 500–600 ng/ml are
considered to be protective against P. falciparum malaria in
Africa [6, 33]. Presently, the average concentration
exceeded this target at 778 ng/ml and was achieved within
3 days by using a 3-day split-loading dose regimen. The
mean steady-state trough mefloquine concentration was
547 ng/ml, which was comparable with other published
studies [5, 20, 21]. Only one subject (group B) contracted
malaria in the malaria-endemic area, but this was most
likely a result of compliance difficulties after changing
from mefloquine to doxycycline.

In conclusion, the population pharmacokinetics of
mefloquine were studied using sparse data from 1,111
Australian soldiers deployed in the field who were on
weekly mefloquine for malaria prophylaxis. As the study
subjects were predominately healthy male Caucasians, the
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results may not be directly applicable to the wider
population, including children and the elderly and patients
with malaria, as a number of pathophysiological changes
may affect mefloquine absorption and distribution [26].
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This study represents the first phase III trial of the safety, tolerability, and effectiveness of tafenoquine
for malaria prophylaxis. In a randomized (3:1), double-blinded study, Australian soldiers received weekly
malaria prophylaxis with 200 mg tafenoquine (492 subjects) or 250 mg mefloquine (162 subjects) for 6
months on a peacekeeping deployment to East Timor. After returning to Australia, tafenoquine-receiving
subjects received a placebo and mefloquine-receiving subjects received 30 mg primaquine daily for 14 days.
There were no clinically significant differences between hematological and biochemical parameters of the
treatment groups. Treatment-related adverse events for the two groups were similar (tafenoquine, 13.4%;
mefloquine, 11.7%). Three subjects on tafenoquine (0.6%) and none on mefloquine discontinued prophy-
laxis because of possible drug-related adverse events. No diagnoses of malaria occurred for either group
during deployment, but 4 cases (0.9%) and 1 case (0.7%) of Plasmodium vivax infection occurred among the
tafenoquine and mefloquine groups, respectively, up to 20 weeks after discontinuation of medication. In
a subset of subjects recruited for detailed safety assessments, treatment-related mild vortex keratopathy
was detected in 93% (69 of 74) of tafenoquine subjects but none of the 21 mefloquine subjects. The vortex
keratopathy was not associated with any effect on visual acuity and was fully resolved in all subjects by 1
year. Tafenoquine appears to be safe and well tolerated as malaria prophylaxis. Although the volunteers’
precise exposure to malaria could not be proven in this study, tafenoquine appears to be a highly
efficacious drug for malaria prophylaxis.

The continuing spread of multidrug-resistant Plasmodium
species and concerns about adverse effects associated with
antimalarial drugs has made the prevention of malaria prob-
lematic for nonimmune subjects, such as tourists and soldiers
who travel to malaria endemic areas. No antimalarial drug is
completely effective in preventing malaria (10); however, an
ideal prophylactic drug would be highly effective against all
malaria-inducing species, very well tolerated, and taken infre-
quently to enhance compliance (21). Currently, mefloquine,
doxycycline, and atovaquone-proguanil are recommended for
malaria prophylaxis (5, 23). These drugs are highly effective in
preventing malaria but have shortcomings that limit their ef-
fectiveness, such as adverse effects, expense, and the difficulty
of monitoring daily compliance within deployed military pop-
ulations. Furthermore, none of these recommended drugs pre-
vents the development and relapse of Plasmodium vivax and P.
ovale dormant liver stages (hypnozoites).

Tafenoquine, a long-acting 8-aminoquinoline, is currently
being codeveloped by GlaxoSmithKline (GSK) Research &
Development Limited and the Walter Reed Army Institute of
Research as a replacement for primaquine and for the preven-
tion of malaria. Like primaquine, tafenoquine produces hemo-
lysis in glucose-6-phosphate dehydrogenase (G6PD)-deficient
recipients (21). Tafenoquine acts on all stages of the malaria
parasite, with the potential to protect against all species of
malaria parasites. Previous studies with a challenge model (4)
and of indigenous populations in areas in which malaria is
endemic have shown that tafenoquine was highly efficacious in
preventing P. falciparum malaria and well tolerated (9, 13, 21).
Tafenoquine was also shown to be efficacious in preventing
both P. falciparum and P. vivax malaria for up to 6 months in
Thai soldiers (22).

This first phase III study of tafenoquine for malaria prophy-
laxis was a randomized, double-blind, active controlled study
carried out with healthy Australian soldiers deployed to East
Timor as part of a United Nations (UN) peacekeeping mission.
The primary study objective was to compare the safety and
tolerability of tafenoquine with those of mefloquine in malaria
prophylaxis for 6 months. A subset of 98 subjects underwent
extra safety assessments to investigate the possible effects of
phospholipidosis, methemoglobin, and cardiac safety. Since a

* Corresponding author. Mailing address: Centre for Military and
Veterans’ Health, Mayne Medical School, University of Queensland,
Herston, QLD, Australia 4006. Phone: 61-7-33464876. Fax: 61-7-
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† For a list of Tafenoquine Study Team members, see the Ac-
knowledgments.
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placebo arm to document exposure was not possible, the key
secondary objective was to assess the efficacy of tafenoquine in
preventing P. falciparum and P. vivax malaria during and fol-
lowing deployment.

(This study was presented in part at the 51st Annual Meeting
of the American Society of Tropical Medicine and Hygiene,
Denver, CO, November 2002.)

MATERIALS AND METHODS

Study site and subjects. The subjects were Australian soldiers deployed on UN
peacekeeping duties to East Timor from October 2000 to April 2001. The
soldiers were deployed to the Bobonaro District, on the western border of East
Timor. The study included male and female subjects who were between 18 and
55 years of age, judged to be healthy by a medical history and physical exami-
nation with normal hematological and biochemical values, G6PD normal, and
willing and able to give written informed consent and comply with the study
protocol. Females were excluded if they were pregnant, lactating, or unwilling/
unable to comply with recognized contraceptive methods. Subjects with a history
of psychiatric disorders and/or seizures were also excluded. All subjects gave
written informed consent, and the study protocol was approved by the Australian
Defence Human Research Ethics Committee (ADHREC protocol no. 216/00)
and the U.S. Army Human Subject Research Review Board.

Study design and drug administration. This comparative, randomized, dou-
ble-blind, active controlled study had 4 phases: screening, loading, prophylactic
phase, and relapse follow-up (Fig. 1). Following a loading-dose regimen of 200
mg tafenoquine or 250 mg mefloquine daily for 3 consecutive days, the subjects
then received an oral weekly maintenance dose of 200 mg tafenoquine or 250 mg
mefloquine for 26 � 4 weeks, respectively. Subjects were directed to take their
study medication at the same time each week with food (breakfast/dinner) to
enhance drug bioavailability. Upon their return to Australia, subjects com-
menced a hypnozoite eradication regimen, receiving primaquine 15 mg twice a
day (for the mefloquine group) or matched placebo twice a day (for the tafeno-
quine group) for 14 days. Drug compliance was observed and recorded for each
subject by using medication logs.

Randomization. A coding memo block randomization system (block size � 8)
to provide a 3:1 ratio of tafenoquine-receiving subjects to mefloquine-receiving
subjects was used to assign the subjects to a treatment group. Study drugs were
prepackaged and prelabeled with a unique study number.

Drug sources. Tafenoquine was supplied by GlaxoSmithKline in an opaque,
hard gelatin capsule (Capsugel), each containing a 200-mg tafenoquine base.
Placebo tafenoquine capsules were of identical appearance. Mefloquine
(Lariam; 250-mg base tablet) was obtained from Hoffman-La Roche, and
primaquine (15-mg base tablet) was supplied by GlaxoSmithKline. The
matched placebos for mefloquine and primaquine were identical in external

appearance to active capsules. All medication was provided in blinded indi-
vidual foil blister packs and stored between 15°C to 30°C.

Safety and tolerability. Assessment of adverse events and sample collection for
hematological and blood chemistry parameters were carried out at the loading
stage and then at weeks 4, 8, 16, and 26 during the prophylactic phase and at
weeks 2 and 12 during the relapse follow-up phase. Adverse event monitoring
was supplemented by review of subjects’ medical records. For a subset of 98
subjects (77 on tafenoquine and 21 on mefloquine), more-detailed safety assess-
ments were performed. These subjects were assessed for phospholipidosis and its
effects (by ophthalmic assessments, lung function tests, and electron microscopy
of peripheral blood lymphocytes) and methemoglobin assessment and an elec-
trocardiogram were performed (to assess QT interval) at screening and at the
end of the prophylactic phase. Following the identification of corneal deposits at
the end of this study, a wider range of ophthalmic assessments was included at
follow-up.

Disclosure of adverse events was elicited by the investigator asking the subject
the nonleading question, “Do you feel differently in any way since starting the
new treatment?” A study physician assessed the level of relationship of any
adverse event on the basis of the subject’s response and any temporal association
and/or known adverse responses to the drug. The physician graded the severity
of adverse events as mild (not affecting daily activities), moderate (with some
interference in daily activities), and severe (when daily duties could not be
completed). A causal relationship to the study drug was judged by the physician
to be not related, unlikely, suspected, or probable.

Efficacy assessment. Thick and thin blood smears were collected from all
subjects at screening, at weeks 4, 8, 16, and 26 during the prophylactic phase, and
at weeks 2 and 12 during the relapse follow-up phase or if symptoms suggestive
of malaria developed. Telephone interviews with all subjects were carried out at
weeks 18 and 24 during the relapse follow-up phase to determine their general
health status. The Giemsa stain-treated blood smears were each read twice for
malaria parasites by blinded microscopists at 2 separate institutions. A blood
slide was considered negative if an examination of 200 oil immersion thick fields
(magnification, �1,000) showed no parasites. Any discrepant findings were to
have been read by a third blinded expert microscopist and were to be used to
define a prophylaxis failure if symptoms consistent with malaria were present.

Statistical analysis. With at least 450 subjects on tafenoquine and 150 subjects
on mefloquine, the study had 94% power to detect a 10% difference in failure
rates, assuming an underlying failure rate of 10% in each treatment group (15).
Safety and tolerability analyses were performed on data from all subjects who
took at least one dose of prophylactic study medication (tafenoquine or meflo-
quine). Hematological/blood chemistry values for the two groups were compared
by a paired Student’s t test, and 95% confidence intervals (CIs) were calculated.
The efficacy analysis was performed for the per-protocol population, which was
defined as the subjects who met the inclusion criteria, were protocol compliant,
and completed the prophylactic and relapse follow-up phases. Proportions were
examined by using a �2 test with Yates’ correction or by Fisher’s exact test. No
adjustment was made for multiple testing.

RESULTS

Subject population. In total, 663 subjects were screened, and
of these, 9 subjects failed the inclusion criteria. Of the remain-
ing eligible subjects, 492 subjects were randomized to receive
tafenoquine, and 162 subjects were randomized to receive me-
floquine. Thirty-nine subjects (30 [6.1%] of the 492 tafeno-
quine subjects and 9 [5.6%] of the 162 mefloquine subjects)
violated the protocol or did not complete the study, due to
adverse events or other withdrawal reasons (Fig. 2). There
were no marked differences between the groups in the propor-
tions of subjects with protocol violations or withdrawals from
the study (data not shown). The treatment groups were well
balanced with respect to baseline demographic characteristics
and history of malaria (Table 1), with the majority of subjects
being white, male, and �35 years of age.

Compliance. As a result of observed therapy, compliance
was high in both treatment groups (100% for the loading dose,
99% for the weekly regimens, and 96% for the follow-up an-
tihypnozoite regimen).

FIG. 1. Drug administration and safety analysis schedule for
tafenoquine and mefloquine. metHb, methemoglobin.
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tafenoquine subjects but was absent in the 21 mefloquine sub-
jects (Table 2). These changes were not associated with any
visual disturbances and there were no differences between the
groups in visual acuity, Amsler grid score, or Ishihara (color
vision) score. All subjects with vortex keratopathy were fol-
lowed up until resolution, with the incidence reducing to 39%
at 3 months and 10% at 6 months; there was complete reso-
lution by all subjects by 1 year. Based on the initial findings,
fundoscopic examinations were carried out on 86 subjects at
the 3-month postprophylaxis follow-up. Abnormalities (e.g.,
granularity/pigmentation of retinal pigment epithelium or hard
drusen) were noted for 27 (39.1%) of 69 tafenoquine subjects
and 4 (23.5%) of 17 mefloquine subjects. Retinal fluoroscein
angiograms were performed on 14 tafenoquine subjects and
1 mefloquine subject for whom possible retinal findings had
been observed. Of these, 4 (28.6%) tafenoquine subjects
and 1 (100%) mefloquine subject were considered possibly
abnormal. However, review by an expert ophthalmology re-
view board concluded that the retinal findings may well have
been normal variations and that there was no evidence to
support drug-related visual disturbances. It should be noted
that fundoscopic examination of the retina at follow-up was
not blinded, because the examination was carried out with
the knowledge that corneal deposits were present and no
baseline data were available for comparison.

In addition to undergoing phospholipidosis assessments, the
safety subgroup also underwent methemoglobin assessment
and electrocardiograms for assessment of QT interval. Mean
methemoglobin levels increased by 1.8% in the tafenoquine
group and by 0.1% in the mefloquine group at the end of

prophylaxis, but by week 12 of follow-up, the increase in met-
hemoglobin had resolved. In the tafenoquine group, there was
a small reduction in the mean QT interval (difference of
�4.5 ms; 95% CI, �9.7 to 0.7 ms), whereas a small increase in
the interval was seen in the mefloquine group (difference of 1.6
ms; 95% CI, �12.1 to 15.4 ms) at the end of prophylaxis. There
were no subjects for which there was a clinically dangerous
prolongation of the QT interval. None of the safety findings
impacted participants’ well-being or was considered clinically
significant.

Tolerability. During the prophylactic phase, 454 (91.9%) of
492 tafenoquine subjects and 143 (88.3%) of 162 mefloquine
subjects reported at least one adverse event. The most com-
mon adverse events (occurring in �5% of subjects) are sum-
marized in Table 3. There was no significant difference be-
tween the 2 treatment groups in the number or type of adverse
events, with the most common events being gastroenteritis and
injury, which occurred in �30% of subjects in both treatment
groups. The majority of adverse events were mild or moderate
in severity. In total, there were 21 severe adverse events (18
[4%] tafenoquine subjects and 3 [2%] mefloquine subjects).
The most common severe events were gastroenteritis (6 [1.2%]
tafenoquine subjects and 0 mefloquine subjects) and injury (3
[0.6%] tafenoquine subjects and 2 [1.2%] mefloquine subjects).
During the relapse follow-up phase, 203 (41.3%) tafenoquine/
placebo subjects and 53 (33.9%) mefloquine/primaquine sub-
jects reported adverse events; however, there was no notable
difference between the treatment groups in the incidence or
nature of events.

In total, 64 (13.0%) tafenoquine subjects and 23 (14.2%)

TABLE 3. Adverse events occurring in �5% of subjects on tafenoquine or mefloquine (prophylactic phase)a

Adverse event

No. (%) of subjects by AE severity and treatment group

Mild Moderate Severe Total

Tafenoquine Mefloquine Tafenoquine Mefloquine Tafenoquine Mefloquine Tafenoquine Mefloquine

At least one AE 431 (88) 140 (86) 194 (39) 46 (28) 18 (4) 3 (2) 454 (92) 143 (88)

Gastrointestinal
Gastroenteritis 109 (22) 36 (22) 80 (16) 17 (11) 6 (1) 0 182 (37) 51 (32)
Diarrhea 77 (16) 28 (17) 0 2 (1) 1 (�1) 0 77 (16) 30 (19)
Nausea 27 (6) 13 (8) 1 (�1) 0 0 0 28 (6) 13 (8)
Abdominal pain 19 (4) 11 (7) 5 (1) 3 (2) 1 (�1) 0 24 (5) 13 (8)
Vomiting 19 (4) 8 (5) 2 (�1) 1 (�1) 0 0 21 (4) 8 (5)

Musculoskeletal
Injury 149 (30) 46 (28) 45 (9) 4 (3) 3 (�1) 2 (1) 178 (36) 49 (30)
Back pain 65 (13) 24 (15) 12 (2) 2 (1) 0 0 74 (15) 26 (16)
Arthralgia 52 (11) 17 (11) 9 (2) 1 (�1) 0 0 55 (11) 18 (11)

Respiratory
URTI 97 (20) 30 (19) 6 (1) 2 (1) 0 0 101 (21) 32 (20)
Pharyngitis 24 (5) 2 (1) 2 (�1) 1 (�1) 0 0 25 (5) 3 (2)

Dermatological
Rash 70 (14) 20 (12) 1 (�1) 1 (�1) 0 0 70 (14) 21 (13)
Fungal dermatitis 43 (9) 8 (5) 1 (�1) 0 0 0 44 (9) 8 (5)

Headache (constitutional AE) 59 (12) 18 (11) 2 (�1) 2 (1) 0 0 61 (12) 20 (12)

Viral infection 23 (5) 7 (4) 16 (3) 6 (4) 1 (�1) 0 39 (8) 13 (8)

a In total, there were 492 tafenoquine subjects and 162 mefloquine subjects. AE, adverse event; URTI, upper respiratory tract infection.
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mefloquine subjects reported neuropsychiatric adverse events,
the most common being vertigo, dizziness and various sleep dis-
orders (Table 4). There was no significant difference between the
treatment groups in the incidence and type of neuropsychiatric
events, and all were reported as mild or moderate.

Fifteen subjects withdrew from the study as a result of ad-
verse events (12 [2.4%] tafenoquine subjects and 3 [1.9%]
mefloquine subjects). Four tafenoquine subjects sustained in-
juries requiring evacuation from the study area, while 2 expe-
rienced arthralgia (1 subject on each drug). Three tafenoquine
subjects withdrew for possible treatment-related adverse
events, namely, abdominal pain (severe), depression (moder-
ate), and hyperesthesia (moderate). The incidences of severe
adverse events in the 2 groups were comparable (18 [3.7%]
tafenoquine subjects and 5 [3.1%] mefloquine subjects).

In total, during the prophylactic phase, 66 (13.4%) tafeno-
quine subjects and 19 (11.7%) mefloquine subjects had adverse
events with a suspected/probable relationship to treatment
(Table 5). There were no significant differences between the
treatment groups in the incidence or nature of treatment-
related adverse events during the prophylactic phase. Only 1
subject on tafenoquine reported a severe adverse event (diar-
rhea and abdominal pain) suspected to be related to treatment.

Efficacy. No symptomatic malarial infections occurred during
the prophylactic phase in either treatment group. Smears col-
lected from symptomatic subjects and during routine screening
for malaria diagnosis were all negative. There were 4 cases (0.9%)
of malarial infection in the tafenoquine group and a single case
(0.7%) in the mefloquine group during the relapse follow-up
phase (95% CI, �1.32 to 1.74; P � 1.0). All cases corresponded
to P. vivax infection, which occurred between 16 and 20 weeks
following the return from East Timor.

DISCUSSION

This phase III study describes the safety and tolerability of
tafenoquine administered for malaria prevention in a nonim-
mune population of predominately young Caucasian males.
Both tafenoquine and mefloquine were well tolerated. There
were no clinically significant differences between hematologi-
cal and blood chemistry results for the 2 treatment groups.

Assessment for phospholipidosis and its effects in a sub-
group of 98 subjects showed at the end of the prophylactic
phase a high incidence (93.2%) of mild vortex keratopathy
(corneal deposits) in the tafenoquine group. Based on these
findings, an independent expert ophthalmology board was
asked to review the data. It concluded that the corneal changes
were benign, fully reversible, and similar to those seen with
several other drugs, including chloroquine, for which it is not
considered to be a contraindication for continuous use (1). It
also advised us that vision had not been impaired in any sub-
ject. A lack of baseline retinal photography data meant that the
relevance of retinal findings could not be ascertained, but they
reflected normal variability. Further assessment of the eye
changes observed with tafenoquine will need to be undertaken
to determine with certainty the overall significance of the ob-
served changes and to clarify the retinal issues raised during
the review.

As would be expected in a long-term study, the incidence of
adverse events was high, with 92% of tafenoquine subjects and
88% of mefloquine subjects reporting one or more adverse
events during the 6 months of prophylaxis. The majority of
these events was mild or moderate in severity, and the events

TABLE 4. Neuropsychiatric events in subjects on tafeoquine or mefloquine (prophylactic phase)a

Adverse event

No. (%) of subjects by AE severity and treatment group

Mild Moderate Total

Tafenoquine Mefloquine Tafenoquine Mefloquine Tafenoquine Mefloquine

Vertigo 22 (5) 7 (4) 0 1 (�1) 22 (5) 8 (5)
Somnolence 12 (2) 6 (4) 0 0 12 (2) 6 (4)
Abnormal dreams 7 (1) 2 (1) 0 0 7 (1) 2 (1)
Dizziness 5 (1) 2 (1) 0 0 5 (1) 2 (1)
Insomnia 4 (�1) 3 (2) 1 (�1) 0 5 (1) 3 (2)
Abnormal coordination 2 (�1) 1 (�1) 0 0 2 (�1) 1 (�1)
Anxiety 2 (�1) 0 0 0 2 (�1) 0
Agitation 2 (�1) 0 0 0 2 (�1) 0
Euphoria 2 (�1) 0 0 0 2 (�1) 0
Tremor 2 (�1) 0 0 0 2 (�1) 0
Depression 0 0 1 (�1) 1 (�1) 1 (�1) 1 (�1)
Paroniria 1 (�1) 0 0 0 1 (�1) 0
Amnesia 1 (�1) 0 0 0 1 (�1) 0

a In total, there were 492 tafenoquine subjects and 162 mefloquine subjects. There were no severe adverse events (AEs) of this type.

TABLE 5. Table of adverse events attributed as related to study
drug during prophylactic phase in the safety populationa

Adverse event

No. (%) of patients in treatment group

Tafenoquine
(n � 492)

Mefloquine
(n � 162)

At least one AE 66 (13.4) 19 (11.7)
Nausea 14 (2.8) 4 (2.5)
Vertigo 10 (2.0) 2 (1.2)
Diarrhea 9 (1.8) 3 (1.9)
Abdominal pain 7 (1.4) 2 (1.2)
Abnormal dreaming 6 (1.2) 1 (0.6)
Somnolence 6 (1.2) 1 (0.6)
Headache 3 (0.6) 2 (1.2)
Insomnia 3 (0.6) 2 (1.2)

a Events occurring in �1% of subjects are shown. AE, adverse event.
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were typical of the type of events expected in a population of
soldiers on active duty (e.g., injury or gastroenteritis). The
number of withdrawals from the study was low for a long-term
study, also reflecting the nature of the study population. There
were no significant differences in the occurrence of treatment-
related adverse events, including gastrointestinal and neuro-
psychiatric disturbances between the 2 treatment groups.

Limited comparative data on the tolerability of tafenoquine
used for prophylaxis are available. In adult black Kenyans, the
incidences of adverse events for subjects on placebo and on
weekly 200 mg tafenoquine for 13 weeks were similar (21).
Relative to our findings, the study of the Kenyans reported a
higher incidence of headache (24% versus 12.4%) but lower
incidences of diarrhea (7% versus 15.7%) and rashes (4%
versus 14.2%) with the same maintenance dose. However, such
comparisons are difficult to make when the subject populations
differ so markedly in ethnicity, nutritional status, culture, em-
ployment, and tolerance to medication.

Mefloquine was well tolerated by the Australian soldiers,
which is in accordance with the results of other randomized,
double-blind studies of military populations (2, 6, 17). No sol-
diers on mefloquine withdrew from the study due to treatment-
related adverse events, and no more than 2% of the soldiers on
either tafenoquine or mefloquine experienced drug-associated
neuropsychiatric disturbances. Severe neuropsychiatric ad-
verse events in European travelers on mefloquine have been
reported (18, 20), but such events were not observed in the
present study. Neuropsychiatric adverse events related to me-
floquine use are reported to be more common in females (20),
and the somewhat atypical distribution of participants in this
study should be considered when generalizing these findings.

Without a placebo control, the exposure to malaria experi-
enced by the Australian soldiers could not be directly esti-
mated. As an indication of the malaria exposure that the sol-
diers probably encountered, 2 malaria prevalence surveys were
conducted (January 2001 and April 2001) in 7 East Timorese
villages (about 200 residents in each village), all within 1 km of
where the soldiers were located (3). The surveys showed that
malaria was present in 6 of the 7 locations, with point preva-
lence rates ranging from 0 to 35.3% (P. falciparum, 0 to 14.4%;
P. vivax, 0 to 16%). In addition to this evidence, several studies
have confirmed a high incidence of malaria in East Timor (8,
11–12, 14, 19). While these studies are not conclusive proof
that subjects in the present study were exposed to malaria, it is
highly likely that the soldiers were exposed to both P. falcip-
arum and P. vivax malaria. Because no prophylactic failures
occurred during the treatment phase in East Timor, both
treatments appeared to be effective in suppressing malaria
infections. During the 6-month relapse follow-up period, 4
(0.9%) subjects on tafenoquine/placebo and 1 (0.7%) sub-
ject on mefloquine/primaquine developed P. vivax infec-
tions. These findings indicate that tafenoquine and prima-
quine are equally effective in preventing P. vivax relapse
when primaquine compliance is monitored and confirm the
results of previous studies in Papua New Guinea (16) and
East Timor (7). Although the relapse rates for primaquine
and tafenoquine appear to be similar, tafenoquine offers a
major advantage in that there is no need to take additional
medication after leaving the endemic area if tafenoquine is
used for prophylaxis.

In summary, tafenoquine at 200 mg weekly is safe and
well tolerated in nonimmune Caucasian subjects following 6
months of prophylaxis. Although mild vortex keratopathy was
seen in the subjects on tafenoquine, this was benign and fully
reversible. The most frequently recorded treatment-related ad-
verse events for both tafenoquine and mefloquine were gas-
trointestinal disturbances, and these tended to be mild or mod-
erate. Both treatments fully suppressed malarial infections
during prophylaxis, and less than 1% of subjects developed
postexposure malaria after either completion of tafenoquine
prophylaxis or primaquine treatment. Tafenoquine is an effec-
tive alternative weekly antimalarial that can be used without
the need for further medication after leaving an endemic area.
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The population pharmacokinetics of tafenoquine were studied in Australian soldiers taking tafenoquine for
malarial prophylaxis. The subjects (476 males and 14 females) received a loading dose of 200 mg tafenoquine
base daily for 3 days, followed by a weekly dose of 200 mg tafenoquine for 6 months. Blood samples were
collected from each subject after the last loading dose and then at weeks 4, 8, and 16. Plasma tafenoquine
concentrations were determined by liquid chromatography-tandem mass spectrometry. Population modeling
was performed with NONMEM, using a one-compartment model. Typical values of the first-order absorption
rate constant (Ka), clearance (CL/F), and volume of distribution (V/F) were 0.243 h�1, 0.056 liters/h/kg, and
23.7 liters/kg, respectively. The intersubject variability (coefficient of variation) in CL/F and V/F was 18% and
22%, respectively. The interoccasion variability in CL/F was 18%, and the mean elimination half-life was 12.7
days. A positive linear association between weight and both CL/F and V/F was found, but this had insufficient
impact to warrant dosage adjustments. Model robustness was assessed by a nonparametric bootstrap (200
samples). A degenerate visual predictive check indicated that the raw data mirrored the postdose concentra-
tion-time profiles simulated (n � 1,000) from the final model. Individual pharmacokinetic estimates for
tafenoquine did not predict the prophylactic outcome with the drug for four subjects who relapsed with
Plasmodium vivax malaria, as they had similar pharmacokinetics to those who were free of malaria infection.
No obvious pattern existed between the plasma tafenoquine concentration and the pharmacokinetic parameter
values for subjects with and without drug-associated moderate or severe adverse events. This validated
population pharmacokinetic model satisfactorily describes the disposition and variability of tafenoquine used
for long-term malaria prophylaxis in a large cohort of soldiers on military deployment.

Tafenoquine, a synthetic analog of primaquine, is a new
8-aminoquinoline antimalarial drug being codeveloped by
GlaxoSmithKline Pharmaceuticals and the Walter Reed Army
Institute of Research (1). Clinical trials have shown tafeno-
quine to be an effective antimalarial agent that has been gen-
erally well tolerated, with transient gastrointestinal discomfort
being the most commonly reported adverse event (8, 10, 11, 13,
15). To date, it has been evaluated in more than 2,000 subjects
in six phase II clinical studies. Since tafenoquine acts on all
malaria stages, it has potential in the chemoprophylaxis of
malaria, in radical cure/relapse prevention of Plasmodium
vivax infections, and as a transmission-blocking agent (game-
tocytocidal activity).

The pharmacokinetics of tafenoquine in humans have been
derived from studies after oral administration, as no parenteral
formulation exists. Tafenoquine is slowly absorbed following
oral administration, with maximum plasma concentrations ob-
served at about 12-h postdose in fasted subjects (1). Plasma
tafenoquine concentration-time data have been described by a
one-compartment model with first-order absorption and elim-
ination (1, 2). The elimination half-life of tafenoquine is about
2 weeks. It is extensively distributed to tissues, with a large

volume of distribution and a low clearance, but data on the
metabolism of tafenoquine in humans are limited. Although
animal studies have shown that absorbed tafenoquine secreted
via the bile is found predominantly in the form of metabolites,
which accounted for the majority of the drug-related material
eliminated in the urine and feces, unchanged tafenoquine was
the only drug-related component detected in human plasma by
high-performance liquid chromatography–mass spectrometry
(HPLC-MS) and HPLC with fluorescence detection (Glaxo-
SmithKline Pharmaceuticals, unpublished data).

Tafenoquine is highly effective in preventing malaria infec-
tions following a weekly dose of either 200 mg or 400 mg for 13
weeks (13) or 400 mg monthly for 6 months (15). In developing
the dosage regimen for malaria prophylaxis, a phase III study
was conducted to assess the safety, tolerability, and effective-
ness of tafenoquine in Australian soldiers deployed for 6
months on peacekeeping duties to an area where malaria is
endemic. The full clinical results of that study will be published
elsewhere. The soldiers were on a weekly regimen of 200 mg of
tafenoquine, and blood samples were collected on four occa-
sions for drug analysis. No malaria infections occurred during
the prophylactic phase, but four soldiers were diagnosed with
P. vivax infection after returning to Australia.

The primary aim of the present study was to use these data
to develop a population pharmacokinetic model for tafeno-
quine and to estimate the disposition of this drug in the target
population of soldiers on military deployment. Secondary aims
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were to determine whether individual pharmacokinetic esti-
mates for tafenoquine would predict prophylactic outcomes
and to investigate if there was any relationship between taf-
enoquine concentrations and drug-associated adverse events.

MATERIALS AND METHODS

Study design and subjects. The clinical trial was designed as a prospective,
randomized, double-blind comparative study of the safety, tolerability, and ef-
fectiveness of tafenoquine and mefloquine in Australian soldiers on weekly
malaria prophylaxis. The subjects were deployed on peacekeeping duties to East
Timor for 6 months. They all were judged to be healthy by a complete medical
history, physical examination, and normal hematological and biochemical values.
They had to be glucose-6-phosphate dehydrogenase normal and willing and able
to give written informed consent and comply with the study protocol. Females
were excluded if they were pregnant, lactating, or unwilling/unable to comply
with recognized contraceptive methods. The study protocol received prior writ-
ten approval by the Australian Defence Human Research Ethics Committee and
the U.S. Army Human Subject Research Review Board.

Tafenoquine dosing regimen. Following a loading dose regimen of 200 mg
tafenoquine base daily for three consecutive days, the subjects then received an
oral weekly maintenance dose of 200 mg tafenoquine over approximately 6
months. An opaque Swedish Orange size 1 hard gelatin capsule (Capsugel)
containing tafenoquine at 200 mg (pure free base) was used as the dosage form.
Subjects were directed to take their tafenoquine with food (breakfast or dinner)
at the same time each week. Dosage administration was observed and recorded
for each subject.

Pharmacokinetic sampling. The sampling design was guided by the results
from a previous smaller study of Thai soldiers (2) and also by logistical issues of
the field operations. Blood samples were collected at prerandomized times after
the last loading dose and then at prerandomized times at weeks 4, 8, and 16.
Samples were collected on predetermined days after dosing on each of the
assessment weeks. The predetermined days included day 1 (early postdose;
absorption phase), days 3 and 5 (72 to 120 h postdose), and day 7 (predose;
trough phase). For example, on week 4, one group of soldiers (about 125 sub-
jects) was bled on day 1, one group was bled on day 3, one group was bled on day
5, and one group was bled on day 7. Thereafter, the groups of soldiers were bled
in a cyclical fashion such that at the end of the study each group had been bled
on at least one occasion on days 1, 3, 5, and 7. However, the sample for day 2 of
the study (1 to 12 h; post-final loading dose) was collected from the study
subjects.

Blood (7 ml) was drawn by venipuncture into EDTA tubes and transported on
ice bricks to the field laboratory within 3 h of collection. Whole-blood samples
were centrifuged at �1,200 � g for 15 min (Sigma, Quantum, Australia), and
plasmas were separated and stored in liquid nitrogen (�4 weeks) and then air
freighted on dry ice to Quintiles Limited (Edinburgh, United Kingdom) for
storage at �70°C until analysis. Tafenoquine was stable under these handling
and storage conditions.

Measurement of tafenoquine. Plasma tafenoquine concentrations were deter-
mined using a validated HPLC method with a triple-quadrupole mass spectrom-
eter. Briefly, plasma (0.05 ml) was spiked with [2H4

15N]tafenoquine as a stable-
isotope-labeled internal standard, and the protein was precipitated with
methanol, followed by centrifugation and then injection of 4 �l of the superna-
tant fluid onto a reversed-phase HPLC column (4-�m-diameter particles; Gen-
esis C18 column; 30 mm � 2.1-mm internal diameter) held at 40°C. The mobile
phase was methanol-1 mM ammonium acetate buffer, pH 2.5 (70:30 [vol/vol]),
pumped at 1 ml/min and split approximately 1 to 4 into the TurboIonSpray
interface of a PE-Sciex API 3000 LC/MS/MS system (Applied Biosystems) op-
erated in positive-ion multiple-reaction monitoring mode. A chromatographic
cycle time of 1.3 min was used, with the peaks being eluted at 0.4 min. The
multiple-reaction monitoring transitions monitored were 464 to 379 m/z for
tafenoquine and 469 to 379 m/z for stable-isotope-labeled tafenoquine. Linear
responses in analyte/internal standard peak area ratios were observed for taf-
enoquine concentrations ranging from 5 to 500 ng/ml, using a weighted (1/C2)
linear regression. Results of a three-run validation gave an intra-assay impreci-
sion (coefficient of variation [CV%]) of �5.8% and an interassay imprecision of
�7.3%, with an inaccuracy of 1.5 to 4.4%. The lower limit of quantification of the
method was 5 ng/ml.

Population pharmacokinetic modeling. The population pharmacokinetics of
tafenoquine were determined in double precision by using NONMEM (version
5, level 1.1; Globomax LLC, Hanover, MD) in conjunction with a G77 compiler.
A one-compartment model with first-order absorption and elimination was fitted

to the data, using first-order conditional estimation with interaction. An initial
analysis was conducted by permitting NONMEM to estimate the base model
parameters (i.e., no covariates). The influence of mean-centered continuous
variables, i.e., age, current weight, and estimated creatinine clearance (CLCR [by
the Cockcroft-Gault method]), and the categorical variables, i.e., sex or evidence
of phospholipidosis, was assessed by adding these to the base model in turn
and noting the change in the objective function value (OFV). The inclusion
of a covariate improved the fit of the data to the model if there was a decrease
in the OFV. The difference between a pair of OFV values when a covariate
was included (full model) and then excluded (reduced model) was tested for
significance (� � 0.01), using the chi-square statistic with 1 degree of freedom
(	2

1,0.01 � 6.6).
The interindividual variability (IIV) was modeled, assuming a log-normal

distribution, as follows:

CL/Fij � CL/F � e
�i,CL/F � Kj,CL/F�

V/Fij � V/F � e
�i,V/F � Kj,V/F�

Kaij � Ka � e
�i,Ka � Kj,Ka�

where CL/Fjj, V/Fij, and Kaij represent the true but unknown values of the
parameters for the ith subject on the jth occasion about the typical respective
population values CL/F, V/F, and Ka. The parameters �i,CL/F, �i,V/F, and �i,Ka are
random variables distributed with means of 0 and respective variances of 
2

CL/F,

2

V/F, and 
2
Ka. K (kappa) is a random variable representing the variability of a

given pharmacokinetic parameter value on different occasions, with an occasion
being defined a priori as a dose or sequential doses followed by at least one
observation (in this study, there were typically four occasions). The interoccasion
variability (IOV) was assumed to be sampled from a normal distribution having
a mean of 0 and a variance of �2. In modeling the IOV, it was assumed that the
variances of each parameter were sampled from the same distribution. The
residual unexplained variability (RUV) among observed plasma tafenoquine
concentrations and those predicted by the final population model were estimated
by a combined proportional plus additive error model, as follows: Cij � Cpred,ij(1
� ε1,ij) � ε2,ij, where Cij is the ith observed concentration in the jth subject,
Cpred,ij is the plasma tafenoquine concentration predicted by the pharmacoki-
netic model, and ε1,ij and ε2,ij are randomly distributed variables having mean
values of 0 and variances of �1

2 and �2
2, respectively.

Model assessment. The final model was assessed by an inspection of standard
diagnostic plots of observed concentration versus population model predicted
concentration and separate plots of weighted residual versus model-predicted
concentration, elapsed time, subject identification, and screened covariates (3).
A degenerate visual predictive check was performed by simulating from the final
model 1,000 concentrations at each of 44 sampling times of up to 200 h postdose,
at week 1 (after the third loading dose), and then at weeks 4, 8, and 16 during
maintenance dosing. The 50th percentile concentration (as an estimator of the
population-predicted concentration) and the 5th and 95th percentile concentra-
tions were processed by ActivePerl (v.5.8.4; ActiveState) and then plotted against
elapsed time for each of the above four sampling windows. Observed tafeno-
quine concentrations were superimposed on the plots. Model robustness was
assessed by a nonparametric bootstrap, with replacement, of 200 NONMEM
runs of the final model, comparing the bootstrapped median parameter values
and the percentile bootstrap 90% confidence intervals (4, 5) with the respective
values estimated in the final model.

Adverse events, severity rating, and association with drug. As part of the
clinical phase III trial, adverse events were elicited by an investigator asking the
subject a nonleading question, such as “Do you feel differently in any way since
starting the new treatment?” A physician assessed the level of relationship of any
adverse event on the basis of the subject’s response and any temporal association
and/or known adverse responses to the drug. The physician graded the severity
of adverse events as follows: mild, not affecting daily activities; moderate, causing
some interference with daily activities; severe, daily duties could not be com-
pleted. Attribution or relationship to tafenoquine was judged by the physician to
be not related, unlikely to be related, suspected (reasonable probability) to be
related, or probably related.

RESULTS

Population characteristics. The study population consisted
of 476 males and 14 females, with a mean (� standard devia-
tion [SD]) age of 25.4 � 5.3 years (range, 18 to 47 years) and

2710 CHARLES ET AL. ANTIMICROB. AGENTS CHEMOTHER.

Use of the Quinoline anti-malarial drugs Mefloquine and Tafenoquine in the Australian Defence Force
Submission 71 - Supplementary Submission 2



a mean (� SD) weight of 80.9 � 11.9 kg (range, 50 to 135 kg).
All but eight were of Caucasian background. Of the 490 sub-
jects, 2 subjects provided one blood sample, 3 subjects pro-
vided two blood samples, 23 subjects provided three blood
samples, and the remaining 462 subjects provided four blood
samples, giving a total of 1,925 plasma concentration-time
points available for the pharmacokinetic analyses.

Population pharmacokinetic modeling. Summary results of
the population model-building process are shown in Table 1.
The data did not support the inclusion of an absorption lag
time in any model. Neither age nor CLCR on CL/F significantly
improved the fit, nor did sex or phospholipidosis as indicator
variables. Both age and sex effects on V/F produced small but
significant decreases in the OFV, of 9 and 12, respectively. Use
of an allometric size model scaled to 70 kg for CL/F (power,
0.75) and V/F (power, 1.0) was not supported (OFV � �37).
Inclusion of centered linear weight on both CL/F and V/F
significantly decreased the OFV, from 22,177 to 22,138. This
model predicted that a 1-kg change in weight from the popu-
lation average value of 80.9 kg would give a commensurate
change of 0.0167 liters/h (0.38%) in CL/F and a change of 9.7
liters (0.51%) in V/F. The linear, positive influence of weight
on both CL/F and V/F is shown in Fig. 1a and b, respectively.

Modeling the covariance between 
2
CL/F and 
2

V/F reduced
the OFV from 22,265 to 22,248 compared with the correspond-
ing model when 
2

CL/F and 
2
V/F were assumed to be inde-

pendent. Inclusion of the IOV for CL/F reduced the OFV
further, to 22,177. However, while the addition of IOV to V/F
further reduced the OFV, the value for 
2

V/F was suspiciously
low and the correlation coefficient (r) calculated from the di-
agonal and off-diagonal elements of the variance matrix [r �

2

CL/F,V/F/(
2
CL/F � 
2

CL/F)0.5] was �1, indicating an inappro-
priate variance model. The RUV was best modeled by using a
combined proportional and additive model, as seen by an in-
crease in the OFV and by numerical difficulties when the
additive and proportional models were used separately.

Parameter values for the final population model and the
bootstrap validation are shown in Table 2. The estimated time
(Tmax) for peak concentration to occur after a dose was 21.4 �
8.57 h, calculated from each subject’s conditional estimates of
Ka and Ke by the standard formula Tmax � ln(Ka/Ke)/(Ka � Ke)
for a one-compartment extravascular model. The observed

mean (� SD) peak tafenoquine concentration measured in
samples drawn within 5% of the time of the estimated mean
population Tmax (21.4 h) for 42 subjects at weeks 4, 8, and 16
was 321 � 63 ng/ml. The observed mean (� SD) trough taf-
enoquine concentration drawn within 5% of the target 168-h-
postdose sampling time for 162 subjects at weeks 4, 8, and 16
was 221 � 57 ng/ml. The typical population CL/F and V/F

FIG. 1. Relationship of body weight (WT) to individual estimates
of (a) CL/F and (b) V/F for tafenoquine.

TABLE 1. Development of structural model for pharmacokinetics of tafenoquine

Model Parameterizationd �OFVa

1 CL/F � �1; V/F � �2; Ka � �3
2 CL/F � �1 � (1 � �4 � age/25.4); V/F � �2; Ka � �3 �2
3 CL/F � �1; V/F � �2 � (1 � �4 � age/25.4); Ka � �3 �9b

4 CL/F � �1 � (1 � �4 � CLCR/121); V/F � �2; Ka � �3 �4
5 CL/F � �1 � PHOS � �4 � (1 � PHOS); V/F � �2; Ka � �3 0
6 CL/F � �1; V/F � �2 � PHOS � �4 � (1 � PHOS); Ka � �3 �1b

7 CL/F � �1 � sex � �4 � (1 � sex); V/F � �2; Ka � �3 �3b

8 CL/F � �1; V/F � �2 � sex � �4 � (1 � sex); Ka � �3 �12
9c CL/F � �1 � (1 � �4 � WT/80.9); V/F � �2 � (1 � �5 � WT/80.9); Ka � �3 �39
10 CL/F � �1 � (WT/70)0.75; V/F � �2 � (WT/70)1.0; Ka � �3 �37b

a �OFV, change in OFV from that of model 1 (OFV � 22,177).
b Rounding errors occurred during fitting.
c Final model.
d WT/80.9, body weight (kg) centered on average weight (80.9 kg); age/25.4, age (years) centered on average age (25.4 years); CLCR/121, CLCR (ml/min) centered

on average CLCR (121 ml/min); PHOS, phospholipidosis (tested in 77 subjects; 1 � phospholipidosis present, 0 � phospholipidosis not present); sex, male � 0 and
female � 1.
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values for all subjects, with a mean weight of 80.9 kg, were 4.37
liters/h and 1,901 liters, respectively. The typical value of Ka

over all subjects was 0.243 h�1. The IIV about CL/F, V/F, and
Ka was 18%, 22%, and 76%, respectively. The IOV for CL/F
was 18%. Mean values per kg for CL/F and V/F calculated
from conditional estimates for each subject were 0.056 � 0.013
liters/h/kg and 23.7 � 4.5 liters/kg, respectively. The elimina-
tion half-life (t1/2), derived from the expression t1/2 �
(0.693 � V/F)/(CL/F) with individual estimates of CL/F and
V/F, was 12.7 � 3.0 days.

Routine diagnostic weighted residuals versus population
model-predicted values (data not shown) were symmetrically
distributed and were mostly within about 3 units of the null
ordinate, indicating a good fit of the model to the data. Plots of
weighted residuals versus both subject identification and time
(data not shown) were distributed symmetrically in a band with
no obvious trend and were mostly within approximately 3 units
of the null ordinate, indicating that no time-related factor
affected the data and that no subject’s data contributed to any
marked deviation from the model. The bootstrapped median
parameter values very closely agreed with the respective values
from the final population model (Table 2). The degenerate
visual predictive check showed the observed data to be sym-
metrically distributed about the 50th percentile profile, with
approximately 10% of the data distributed outside the 5th- to
95th-percentile boundaries (Fig. 2a, b, c, and d).

Individual pharmacokinetics of tafenoquine in subjects with
malaria and with drug-associated adverse events. The four
subjects who had a relapse after returning to Australia had a
mean (� SD) CL/F of 0.060 � 0.014 liters/h/kg, a V/F of 23.2 �
8.0 liters/kg, and a t1/2 of 11.1 � 2.3 days, calculated from
conditional parameter estimates for each individual.

One or more adverse events with a suspected/probable re-
lationship to tafenoquine were reported by 73 subjects. These
were ranked as mild in 67 subjects (91.8%), moderate in 5
subjects (6.8%), and severe in 1 subject (1.4%) and encom-
passed the following: nausea, abdominal pain, flatulence, vom-

iting, vertigo, agitation, amnesia, headache, eye abnormality,
reflux, dreaming abnormality, insomnia, somnolence, diarrhea,
hyperesthesia, tremor, paranoia, headache, anorexia, depres-
sion, coordination abnormality, appetite increase, and thirst.
Tafenoquine was not withdrawn in any of the 67 mild cases, but
it was withdrawn for three subjects who reported either mod-
erate hyperesthesia, abdominal pain, or depression. Assess-
ment for phospholipidosis was carried out in a subgroup of 77
subjects because tafenoquine has cationic amphiphilic charac-
teristics and, therefore, the potential to cause phospholipid
accumulation. Table 3 shows adverse events reported in the
five moderate cases and one severe case where tafenoquine
was suspected to cause the discomfort, together with individual
estimates of the pharmacokinetic responses for these subjects.
All moderate adverse events were experienced 1 to 24 days
after the initiation of tafenoquine, while the single subject with

FIG. 2. Degenerate visual predictive check of the final population
model for tafenoquine. Plots are shown for plasma tafenoquine con-
centration versus postdose time in sampling windows of (a) week 1
(post-loading dose), (b) week 4, (c) week 8, and (d) week 16. The
population-predicted profile (50th percentile) is shown by the solid
line, and the 90% prediction intervals estimated from 1,000 simulated
concentrations over 200 h (postdose) are encompassed by the broken
lines in each plot.

TABLE 2. Comparison of parameter estimates for the population
model with the results of 200 bootstrapped runs

Parameter and model Final model
value

Bootstrap value
(n � 200)

(median �90% CI�)b

Structural modela

CL/F (�1; liters/h) 3.02 3.01 (2.42–3.52)
V/F (�2; liters) 1,110 1,110 (874–1,382)
Ka (�3; h�1) 0.243 0.245 (0.212–0.280)
Weight centered on CL/Fc 0.448 0.447 (0.249–0.816)
Weight centered on V/Fd 0.713 0.713 (0.371–1.20)

Variance model
IIVCL/F (CV%) 18 18 (16–20)
IIVV/F (CV%) 22 22 (20–25)
IIVKa

(CV%) 76 75 (64–85)
IOVCL/F (CV%) 18 18 (16–20)
RUV (CV%) 5.9 5.9 (4.7–7.4)
RUV (ng/ml) 22.9 23.1 (18.7–26.3)

a CL/F � �1 � (1 � �4 � WT/80.9); V/F � �2 � (1 � �5 � WT/80.9); Ka � �3.
b Percentile bootstrap 90% confidence interval (5th to 95th percentiles).
c Linear coefficient (�4) for weight centered on CL/F.
d Linear coefficient (�5) for weight centered on V/F.
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severe effects reported diarrhea and abdominal pain 2 days
after commencing tafenoquine treatment.

DISCUSSION

This study of the population pharmacokinetics of tafeno-
quine in 490 Australian soldiers is the largest undertaken by far
with this promising new oral antimalarial agent. Previously, a
two-stage dose-ranging pharmacokinetic study was performed
with 48 healthy adult males (Caucasian [n � 20], African-
American [n � 12], and Hispanic [n � 16]) (1), while a sub-
sequent population pharmacokinetic study was reported for
104 Thai soldiers on a monthly prophylactic regimen of taf-
enoquine (2). The present findings confirm the knowledge of
tafenoquine disposition in humans and considerably extend the
pharmacokinetic data to a large population of healthy, Cauca-
sian military personnel deployed in field operations.

The apparent V/F was similar to that reported by Edstein et
al. (2), but the systemic CL/F was greater (4.37 liters/h versus
3.20 liters/h). The derived typical elimination t1/2 of 12.7 days
was slightly shorter than the 14 to 16 days reported previously,
which may partly reflect the fact that the last samples were
drawn at only up to 1 week postdose and therefore the pre-
sumed “terminal” phase may have included some components
of a distribution phase, but not substantial enough to be sup-
ported by a two-compartment model. The mean values for
CL/F and V/F obtained by Brueckner et al. (1) for fasted
subjects of similar average weight to that from this study were
5.7 liters/h and 2,558 liters, respectively, which are 30% to 35%
higher than the present typical values. However, in the current
study, the subjects took tafenoquine with food, which report-
edly can increase the bioavailability (F) by up to one-third
(R. P. Brueckner, personal communication), which brings the
respective CL/F and V/F values into closer agreement when
corrected for F. While the extent of tafenoquine absorption
may be greater, food could also slow the rate of drug absorp-
tion, as evidenced by the typical Ka of 0.243 h�1, compared
with 0.391 h�1 and 0.694 h�1 reported by Brueckner et al. (1)
and Edstein et al. (2), respectively. As a result, the average
Tmax of 21.4 h was greater than the 8.6 h to 13.8 h reported
previously (1, 2), which as well as the influence of food, may
reflect continuous absorption along the intestinal tract, per-

haps due in part to microprecipitation and redissolution of
tafenoquine, which is only slightly water soluble (1). Unpub-
lished data on file (GlaxoSmithKline) for healthy volunteers
showed mean (CV%) Tmax values of 18.6 h (84%) and 26.3 h
(126%) under fasted conditions and when administered with a
standard high-fat meal, respectively, indicating that the Tmax

and its variability were increased by food. Nonetheless, it
should be remembered that Tmax is a model-dependent param-
eter in that the true value is likely to be overestimated when a
one-compartment model is used compared with that for a
two-compartment model. In agreement with previous reports
(1, 2), there was marked IIV in the Tmax, reflecting the con-
siderable variability in both Ka and Ke, with the latter being
estimated from conditional estimates of V/F and CL/F for each
subject.

The variability in CL/F and V/F was not excessive, at 18% to
22%, most likely reflecting the uniformity of the military sub-
jects. The variance model supported estimation of the IOV in
CL/F but not that in V/F or Ka. While Edstein et al. (2) used a
proportional (exponential) model for RUV, presently a com-
bined additive-proportional RUV model was supported, which
is the preferred model wherever possible, especially where the
range of concentration data is as wide as in this study. There
was a positive linear association between weight and both CL/F
and V/F, but attempts to model these parameters using an
allometric size model scaled to 70 kg were not supported by the
data, most likely because of the reasonably narrow range of
body weights. Although heavier subjects tended to have a
slightly greater CL/F and V/F, this would not have any major
implications for changes in the way that tafenoquine would be
prescribed, at least on the basis of the pharmacokinetic data
alone. Using the present steady-state plasma tafenoquine con-
centrations as the appropriate clinical target, a 20-kg change in
weight would require changes in the loading dose and main-
tenance dose of only about 10% and 7.5%, respectively. Un-
published data (GlaxoSmithKline) indicated that a consider-
able fraction of a tafenoquine dose may be excreted
unchanged, while the clinical data from the trial of which the
present study was a part showed that mean serum creatinine
concentrations increased 12.1 mmol/liter from baseline until
the end of the prophylaxis. However, estimated creatinine
clearance explained an insignificant amount of the variability

TABLE 3. Tafenoquine pharmacokinetic data for six subjects reporting at least one adverse effect classified as
severe (n � 1) or moderate (n � 5)

Adverse event
Treatment
duration
(days)a

Cumulative
dose (mg)b

Dosing
stopped

Clast
(ng/ml)c

CL/F
(liters/h/kg)

V/F
(liters/kg)

t1⁄2

(days)

Severe event
Diarrhea and/or abdominal pain 2 400 No * 0.059 24.4 12.0

Moderate events
Insomnia 1 200 No * 0.059 23.2 11.3
Hyperesthesia 12 800 Yes 283 0.046 20.7 13.1
Abdominal pain 20 1,000 Yes 253 0.053 27.8 15.1
Depression 24 1,000 Yes 275 0.061 25.1 12.0
Vomiting and/or nausea 3 600 No 315 0.077 26.1 9.8

a Number of days from starting dosing until adverse event reported.
b Total amount of drug taken before adverse event reported.
c Last plasma tafenoquine concentration before adverse event reported. *, adverse event was reported before first plasma sample was drawn.
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about CL/F. Age explained a small yet significant amount of
the variability in both V/F and CL/F but was positively corre-
lated with weight and thus was not considered further.

In assessing performance, model robustness was evaluated
via a nonparametric bootstrap, which indicated that randomly
selected combinations of data gave very similar results to those
obtained with the original data set. In addition, a degenerate
visual predictive check showed that the raw data obtained after
the third split loading dose and at week 4, 8, and 16 during
maintenance dosing mirrored the corresponding profiles ob-
tained from simulations using point estimates of the final
model parameter values. This convenient approach has been
shown elsewhere (16) to give a good approximation of the full
posterior predictive check, in which the simulations are per-
formed using posterior distributions of the parameter values
(6), which are difficult to calculate from the NONMEM out-
put. The predictive check showed, firstly, that the structural
model was satisfactory by the symmetrical distribution of the
raw data about the 50th percentile profile and, secondly, that
the variance model was appropriate, with about 10% of the raw
data lying outside the 5th and 95th percentiles.

The prophylactic efficacy of tafenoquine is determined by its
ability to prevent parasitemia from developing, which is asso-
ciated with the susceptibility of malaria parasites to tafeno-
quine concentrations achieved in the target population. Taf-
enoquine has both causal prophylactic activity against the
hepatic stages of the parasite and suppressive activity, which
eradicates the erythrocytic stages of the parasite (1). In the
present study, no subject developed parasitemia during the 6
months of prophylaxis, but four had a relapse of P. vivax in-
fection after returning to Australia. In contrast, one subject in
a population of 104 Thai soldiers on 400 mg tafenoquine
monthly for 6 months developed vivax malaria during prophy-
laxis (15). At the time of diagnosis, the Thai soldier had a
plasma tafenoquine concentration of 40 ng/ml, which was �5-
fold lower than the mean steady-state trough tafenoquine con-
centration of 221 ng/ml presently recorded. Six Australian sol-
diers had tafenoquine concentrations of �100 ng/ml at either
week 4, 8, or 16. Of those, only one subject had consistently
lower tafenoquine concentrations (�120 ng/ml) on the three
occasions sampled and therefore may have had a reduced
margin of suppressive protection against malaria infection.
The Thai soldier who developed parasitemia also had consis-
tently lower tafenoquine concentrations during the prophylac-
tic phase (15). Unlike the Thai soldier, the four Australian
soldiers who relapsed had comparable tafenoquine concentra-
tions to subjects who did not have a recurrence of malaria.
Although the number of subjects who relapsed was small, the
individual estimates of the pharmacokinetic responses for
these subjects did not provide a prediction or correlation with
tafenoquine’s prophylactic efficacy.

There was no apparent correlation between either the phar-
macokinetic parameter values predicted for individual subjects
or the last tafenoquine concentration measured in subjects
reporting moderate or severe adverse events. These findings
suggested that plasma tafenoquine concentrations are not the
primary predictor of tafenoquine tolerability. This lack of an
association between plasma drug concentrations and adverse
events has also been seen with another antimalarial agent,
mefloquine, which shares similar pharmacokinetic properties

with tafenoquine (12) in that both are lipophilic, are slowly
absorbed from the gastrointestinal tract, are extensively bound
to tissues, and have elimination t1/2 values of about 2 weeks (1,
2, 9, 14).

In conclusion, the pharmacokinetic properties of tafeno-
quine determined in this study support a weekly dosing regi-
men for prolonged periods. Although body weight influenced
CL/F and V/F, it was not considered to have sufficient impact
to warrant changing the maintenance or loading dose for any
individual from such a population. Nonetheless, dose changes
may be warranted for other patients who are markedly over-
weight or underweight compared with this homogenous group
of soldiers. Any dosing requirements for markedly overweight
subjects may need special consideration, as reviewed recently
(7). Tafenoquine was generally well tolerated. Individual phar-
macokinetic parameter estimates for subjects with malaria did
not predict prophylactic outcomes, and plasma concentrations
at steady state did not appear to be related to the occurrence
of adverse events. Since this population was a homogenous
group of healthy Australian soldiers of predominantly Cauca-
sian background, additional pharmacokinetic studies may be
required for other populations.
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