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ABSTRACT

Pyronaridine/Artesunate (PA) 3:1 fixed dose combination is a novel artemisinin-
based combination therapy (ACT) in development for the treatment of acute
uncomplicated Plasmodium falciparum or Plasmodium vivax malaria. An understanding
of both pharmacokinetics and pharmacodynamics of pyronaridine is of importance in
order to achieve optimal therapeutic outcome.

In this thesis, population pharmacokinetic models for pyronaridine in healthy
subjects, and adult and pediatric malaria patients were developed. Pyronaridine
pharmacokinetics in both adult and pediatric populations were best described by a two
compartment model with first order absorption and elimination from the central
compartment. A presence of malaria infection and body weight were the significant
covariates that explained pyronaridine pharmacokinetic variability in the adult
population. For the pediatric population, age was the only significant covariate that
explained pyronaridine pharmacokinetic variability.

Monte Carlo simulations were also performed to address differences in
pyronaridine exposures among these populations and to explore the exposures of
pyronaridine among recommended dosage regimens for pediatric and adult malaria
patients. Healthy adults had a higher exposure to pyronaridine as compared to adult
malaria patients. For the pediatric population, younger children had a higher exposure to
pyronaridine as compared to older children. The overall range of pyronaridine exposures
among dosing groups for adult and pediatric malaria patients were relatively similar.

The cut-off values of pyronaridine pharmacokinetic parameters associated with
successful treatment outcome were also determined by means of receiver operating
characteristic (ROC) curve. These cut-off values can be used to optimize the outcome of
malaria treatment. Additionally, Cox proportional hazard model was conducted to

determine the relationship between several covariates and time to the occurrence of



re-infection or recrudescence. The models showed that as the levels of predicted
pyronaridine concentrations on day 7 increased, the risks of acquiring re-infection or
recrudescence decreased.

Finally, pharmacokinetic drug-drug interaction of pyronaridine and ritonavir was
assessed based on the overlap pathway for metabolism of both drugs and the high rates of
HIV and malaria co-infection. There was an effect of ritonavir on pyronaridine
pharmacokinetics. However, the results were not considered clinically relevant. An

increase in ritonavir exposure was observed in the presence of fixed dose PA.

Vi
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CHAPTER 1
INTRODUCTION

Malaria

Malaria causes substantial mortality and morbigtitthe world population.
According to the World Malaria Report 2011 (1), eppmately 200 million cases of
malaria occurred worldwide, most cases were incafrNearly a half million malaria
deaths were estimated the same year, the majdribem occurred in children under 5
years of age. Malaria also has a serious impasboip-economic status in malaria
endemic countries. Economic growth reduces appratain 1.3% per person per year in
countries with intensive malaria. Additionallyhids been estimated that an increase in
0.3% economic growth in these countries is assetiaith 10% reduction in malaria (2).
Neuro-cognitive impairment resulting from malariayraffect future education and
employment of children.

Malaria is caused by parasites geRlmsmodium that are transmitted from one
human to another by infected fema&lgopheles mosquitoes. Fiv@lasmodium species
that have been shown to infect humans incladalciparum, P, vivax, P. ovale, P.
malariae, and P.knowlesi. The last species was recently confirmed in are&oatheast
Asia. Whileinfections byP. vivax are more widesprea®, falciparumis the most deadly
species that affects more red blood cells thanr ayipes. Infections by the other three
species are less common. Transmissions can also foom a mother to her unborn baby
or by blood transfusions.

The life cycle ofPlasmodium parasite involves two hosts, humans and female
Anopheles mosquitoes, and undergoes three distinct stages:diage, blood stage, and
mosquito stage (Figure 1.1) (3). Liver stage begihen an infected mosquito takes a
blood meal from a human and transfers sporozaitesthe human host. Sporozoites,

then, migrate to the liver and infect hepatocytéeme they start their asexual



reproduction producing thousands of merozoiteselLstage is asymptomatic and takes
about 1 week. HoweveP. vivax and P. ovale can produce dormant liver stage
(hypnozoites) and cause relapses by invading @atidells several weeks or months
later. Blood stage starts when released merozibdeshepatocytes infect erythrocytes
and undergo asexual reproduction. Merozoites, ttievelop into trophozoites (immature
ring stage). The nucleus of trophozoites dividesaally to produce mature schizonts
containing several mononucleated merozoites. Evgiites rupture and release
merozoites which invade new erythrocytes. Patholxppciated with malaria occurs at
this stage due to synchronous lysis of infectetheogytes. The cycle of fevers and chills
are different depending on Plasmodium species.rBesgeke every 72 hours in malaria
caused by. malariae, while P. vivax andP. ovalae exhibit 48 hour cycles. Continuous
fever and more severe morbidity are often obsenv&d falciparum infection. This
increase in virulence is attributed to relativelgthparasitemias and sequestration during
infection. Some trophozoites develop into gamesysexual form). In a mosquito,
gametocytes that are taken up during blood meal female and male gametes. These
gametes fuse to form zygotes which develop intaraiks and oocysts in the gut wall of
the mosquito. Repeated mitotic divisions take plaitkin the oocysts producing a large
number of sporozoites. Oocysts, then, rupture alehse sporozoites which migrate to
the mosquito’s salivary gland. The cycle startsrmgdoen the infected mosquito takes
another blood meal from a human.

There are two main strategies involving malaria agggment: malaria prevention
and treatment of malaria (discussed next sectin)Malaria prevention includes vector
control (e.qg. indoor residual spraying, and ingedé-treated bed-nets), drug prophylaxis,
particularly in vulnerable groups and use of vaecinsecticide-treated bed-nets have
proved to reduce the incidence of malaria. Howexerged of regular re-treatment has
limited their sustained use (5). Rapid reductiotrafismission by indoor residual

spraying makes it suitable for the area where naailsmunstable (5). Despite its useful



impact, indoor residual spraying is not fully ugedts potential due to environmental
issues and costs. Moreover, pyrethroids, enviromahé&mendly insecticides used in
insecticide-treated bed-nets and indoor residualyspg, are more expensive and have
developed resistance (5). Antimalarial drugs fapbylaxis are used in travelers visiting

areas where malaria is endemic. Vaccines for naasag still under development.

Treatment of malaria

Malaria can be classified as uncomplicated and dicatpd or severe malaria
based on clinical manifestation. Severe malargansedical emergency and can produce
100% mortality if not treated promptly. The mainjesttive of treatment of severe malaria
is to prevent death while prevention of disabifitend prevention of recrudescence are
secondary objectives. The mortality from severeamalfalls to 15-20% with the
effective antimalarial treatment and supportiveec&®arenteral treatment with quinine,
quinidine, or artemisinin derivatives is esserdiall recommended in the treatment of
severe malaria (6).

Clinical manifestation of uncomplicated malariaigardepending on immunity of
the person infected. Generally, it presents wittef€sometimes periodic), headache,
chills and sweats. Nausea, vomiting, watery diayla@emia, and jaundice may also
occur. Treatment of uncomplicated malaria haseshiftom monotherapy to combination
therapy of drugs with different mechanisms of attioie to an increase in antimalarial
drug resistance (7-11). Among the combination {hiesaavailable, the World Health
Organization (WHO) malaria program has recommeraitagmisinin-based combination
therapies (ACTSs) as a first line treatment for unpbcated malaria (6). The rationale for
this combination is to rapidly reduce parasite lasmby artemisinin or its derivatives
and to completely eliminate the residual paraditethe partner drugs (7,12).
Artemisinins are antimalarial drugs of choice faraanbination therapy because of their

high parasite reduction rate. Following administraiof artemisinins, the numbers of



parasites reduce by 4fbld per asexual cycle leaving less than 0.0001#acasites to
be eliminated by a partner drug (9). Artemisinirs @so active against gametocytes,
therefore, can reduce rate of malaria transmig€dr?,13). The partner drug of
artemisinins should have the following propertiEstong half-life, 2) no
pharmacological interaction, and 3) different meusia of action (14,15).

The current ACTs recommended by WHO for the treatroéuncomplicated
malaria include artemether-lumefantrine (AL), autgste-amodiaquine (AS-AQ),
artesunate-mefloquine (AS-MQ), artesunate-sulfagmyyrimethamine (AS-SP), and
dihydroartemisinin-piperaquine (DHA-PPQ) (6). ALsharoved to be effective and been
widely used for treatment of uncomplicated P. fadcum malaria throughout the world
(16). However, the difficulty in AL administratiahat has to be administered twice a day
for 3 days with fatty food to ensure adequate badability is an obstacle (17). MQ can
be associated with neuropsychiatric disorders dioly psychosis and convulsion (18).
The widespread use of SP is likely to worsen anana drug resistance (6). Similarly,
the availability of AQ monotherapy may result i tivorsening of drug resistance (6).
DHA-PPQ is relatively inexpensive, effective andiv@erate. However, the relatively
long half-life of PPQ (2-3 weeks) (19,20) compatedther partner drugs may result in

the selection of resistance parasites by sub-tkatapconcentrations (8).

Pyronaridine

Pyronaridine is a blood schizonticide antimalaaigént that is effective against
uncomplicatedP. falciparum andP. vivax malaria as well as chloroquine-resistant strains
of falciparum malaria bot vitro andin vivo (21-24). Clinical efficacy againgt ovale
andP. malariae were also observed in 22 Cameroonian patients B&sed on its
activity in vitro andin vivo, pyronaridine is a promising partner drug for AGdisthe
treatment of uncomplicated malaria. Pyronaridirtesamate (PA) or Pyramax is a hew

fixed dose (3:1 ratio) ACT developed for three dagatment of uncomplicated



falciparum and vivax malaria. PA Phase Il and lihical trials have demonstrated high
efficacy in falciparum malaria with >95% cure raggéslay 28 (corrected for re-infection).
In Asian patients, PA efficacy was 98.1%, equivaterthat of AL (26). In Asian and
African patients, PA was non-inferior to AS-MQ agificacy was >95% (27). Againbt
vivax, PA had similar efficacy to chloroquine, but wittster parasite clearance
(P<0.001) and fever clearance (P=0.002) (28). BingA granule formulation has been

shown to be efficacious and non-inferior to AL (29)

Physicochemical properties

Pyronaridine, a benzonaphthyridine derivative, aaginally synthesized from 2-
aminopyridine at the Institute of Parasitic Dise&3inese Academy of Preventive
Medicine in 1970 (21,22,30,31). The chemical stitebf pyronaridine is shown in
Figure 1.2. Its chemical name is 2-methoxy-7-chib®f3’, 5’-bis (pyrrolidinyl-1-
methyl) 4’-hydroxyphenl] amino-benzgfl, 5-naphthyridine. Two forms of
pyronaridine are available: pyronaridne free baskmyronaridne tetraphosphate. The
salt form contains 57% free base and appears alsoavyor orange yellow crystalline
powder, odorless, with a bitter taste and is slyghygroscopic. It is sparingly soluble in
water (1.46%w/v), and very slightly soluble in maatbl, ethanol, and chloroform (30).
Pyronaridine base, a more lipophilic form, is vslightly soluble in water (0.02%w/v),
while it is sparingly soluble in chloroform (1.34%uxy (30). The ionization constant
(pKa) values of pyronaridine obtained from titratiere 7.08, 7.39, 9.88, and 10.25
(30). All pyronaridine dosages used in clinicahlsiwere pyronaridine tetraphosphate.

Fifty seven percent of pyronaridine tetraphospat®nverted to pyronaridine free base.

Mechanism of action
Like chloroquine and other chloroquine related coommqls, pyronaridine exerts
its antimalarial activity by targetingrhaematin formation and interfering with the

glutathione-dependent heme detoxification durirapbistages of parasites (31-34).



Figure 1.3 shows a schematic representation of gkrbim ingestion and catabolism in
the malarial parasite (35). In erythrocytes, herabml is digested from cytoplasm via
cytosome and transported to food vacuole of pasdih the food vacuole, hemoglobin
is digested by several enzymes to break down prédgpeptides which then are
hydrolyzed to amino acids in parasite cytosol. Finiscess releases heme containing Fe
which is then oxidized to hematin containing Fat is toxic to parasites. Hematin is
detoxified by incorporating into microcrystallinermozoin, a malaria pigment.
Chloroquine and chloroquine related compoundsudinly pyronaridine, are believed to
exert their mechanism of action by forming a compléth hematin, inhibiting the
incorporation of hematin into hemozoin. Therefdlhe, toxic compound is accumulating

in parasites resulting in the death of parasites.

Pharmacokinetics

Published data on the pharmacokinetics of pyromaish human are limited.
Phase I-1ll clinical trials have shown that pyradare peak concentrations are generally
reached between 2 and 8 hours post-dose follovdngrastration of Pyramax tablet to
healthy and malaria infected subjects. A linear @oske proportional relationship
between Gaxand AUG., of pyronaridine tetraphosphate over the 6-15 mgbse range
has been observed following 3 day dose administradf pyronaridine tetraphosphate.
Pyronaridine pharmacokinetics following single as#enous and oral administration have
been investigated in rat and dog. The oral bioalbdity of pyronaridine in rat and dog
was calculated to be 42% and 35%, respectively @43ed on data obtainauvitro,
pyronaridine is highly bound to human serum prat€#2-95%). Pyronaridine
distribution was estimated to be 1.5 fold highewimole blood than in plasma.
Metabolism is the major pathway for pyronaridinenghation.In vitro studies indicate
the CYP450 isoforms are potentially responsiblegR metabolism and have shown

that PYR could be metabolized by CYP2D6, CYP1A2 @YdP3A4. Additionally,



inhibitory effects of pyronaridine investigated ngipooled human liver microsomes and
iIsozyme-specific probe substrates indicated thedraridine had a strong, moderate, and
weak inhibitory effect on CYP2D6, CYP1A2, and CYRBAespectively. No inhibitory
effect was observed on CYP2C9 and CYP2C19 withrtaeimum tested concentration

of 50 uM. Nine and eleven metabolites were obtafo#dwing in vitro incubation with

rat and human liver microsomes, respectively (B@nass balance study in 6 healthy
subjects has shown that thirteen metabolites (MB)Mere identified by LC/MS in
human blood, urine, and feces samples (unpublidhta). Some of these metabolites had
been found in human liver microsomes incubatiogufé 1.4 shows proposed metabolic
pathways of pyronaridine in human blood, urine, sawés. Finally, pyronaridine has
been shown to act as both substrate and inhibitBrglycoprotein (Pgp), suggesting an

interaction with drugs transported by this pump-837.

Population pharmacokinetics

According to the USFDA, population pharmacokinetias be defined as “the
study of sources and correlates of variability iagdconcentrations among individuals
who are the target patient population receivingicdlly relevant doses of a drug of
interest” (40). Several factors can alter dose-eatration relationships such as patient
demographic, pathophysiologic, therapeutic andrenmental factors. Population
pharmacokinetics is a tool to identify the measlerédctors and the extent that they
produce clinically significant changes in the dosacentration relationship so that
appropriate dosage regimens can be applied toithdils (41). Population
pharmacokinetics also plays an important role ugdievelopment by designing dosing
guidelines for drug labeling, implementing impottaspects of drug clinical
pharmacology to regulatory bodies and selectingpsimg dosing regimens based on

outcomes of clinical trials (42).



Traditionally, pharmacokinetic studies are conddatea group of homogeneous
subjects which reflect artificial conditions and miat represent real situations in which
the drug will be used (42,43). Additionally, interessampling approach used to collect
plasma drug concentrations is an obstacle to thdw of pharmacokinetic studies in
special population e.g. pediatrics, pregnant wooreglderly. In contrast, population
pharmacokinetics allows data from both sparse atghsive sampling approaches as
well as unbalanced observations from heterogengmugp of subjects to be used which
enables pharmacokinetic studies to be conductetget patient populations.

Population pharmacokinetics can be conducted bgrakapproaches: Naive
average data approach, Naive pooled data analysisstage approach, Bayesian
estimation, and nonlinear mixed-effects modelingrapches. While Naive pooled
analysis estimates mean pharmacokinetic paranfevensall individuals as if there were
no kinetic differences between subjects, Naiveay@approach estimates population
parameters after computing the average value adakeefor each sampling time (44).
Both methods could lead to biased estimates iftians between subjects are large.
Alternatively, the two-stage approach first estiesgbharmacokinetic parameters for each
individual separately, and then, in the secondestpgpulation estimates are obtained
across individuals. This approach relies on théviddal parameter estimates which may
result in erroneous population estimates if indigldestimates are biased (45).
Additionally, inter-individual variability may beverestimated since it includes
variability from non-biological origins such asnatindividual variability and
measurement errors (46). The Bayesian approachpuseslistribution of the parameter
estimates and actual data to obtain the postesartuition of parameters and to estimate
individual parameters (44). This method is chalieggince the results depend on
uncertainties in prior distribution. Nonlinear mikeffects modeling, a one-stage
approach, estimates population parameters andovégigimultaneously using data from

all individuals. Studies have shown that the na@dmmixed-effect modeling approach



produces accurate and precise estimates of bothlgiagm mean kinetics and variability
(45-47). Therefore, it is probably the most commgarded method for population

pharmacokinetic analysis.

Nonlinear mixed-effects modeling

The term “mixed-effects” is obtained since it albwoth “fixed” and “random”
effects to be modeled simultaneously. The fixedaf refer to population estimates of
pharmacokinetic parameters or effects of covariatethose parameters; whereas
random effects refer to variability unexplainedfixgd effects, inter-individual and
residual variability. Residual variability includeseasurement errors, model
misspecification error, intra-individual variabylifrandom variation in patient’s
parameters over time), and inter-occasion varigtiariation in patient’s parameters
from one period to another period) (42).

A relationship between fixed and random effectsafone-compartment model of
a single intravenous bolus administration can lsedeed as follows:

D; (CLi

(%)t
Cij = vie Vl) + Sij

8ij~ N(O, 02)

where G is the ]h drug concentration oThisubject, Dis the given dose. Fixed effect in
this equation includes;\{volume of distribution), and Gl(clearance). Random effect
includess; (residual variability) which is assumed to be ndfyndistributed with a mean
of zero and variance of.

Another component of random effects is inter-indial variability which
explains variability in pharmacokinetic parametamsong subjects. A relationship
between inter-individual variability and fixed eftge.g. clearance) can be written as a

function of creatinine clearance (CRCL) as follows:
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CL; = 64 + 6, * CRCL + n;
Nij~ N(0, w?)
where ClL. is the clearance of individualf; andf, are the parameters describing the
linear relationship between €and CRCLu;is the inter-individual variability that
accounts for the deviation in €ltom the population mean clearance and is asstioned
be normally distributed with a mean of zero andarare ofo?

A Nonlinear mixed-effect model is comprised of #hsib-models known as the
structural or base model, the statistical modehodel of variability, and the covariate
model. While the structural model generally expeegbe overall trend of the data and
gives estimates of pharmacokinetic parametersarabisence of covariates, the covariate
model describes the relationship between covaratdparameters obtained from the
structural model. Several types of structural msdaibsorption model, disposition
model, or semi-mechanistic model, can be develaepeénding on types of available
data. Different types of covariate models will bgecdssed later in this thesis.

Determination of the structural or base model &sfitst step of population
pharmacokinetic model development. The combinaticseveral criteria, likelihood
ratio test (LRT), Akaike information criterion (A)Cprecision of parameter estimates,
and graphical examination, are used for selectiegoptimal base model as well as an
adequate statistical model (48). The influencesovfiriates are explored after identifying
the best structural model. Then, the final modeldseto be evaluated in a consistent
manner with the intended purpose (49).

Several software packages are available for naalimexed-effect modeling such
as NONMEM, SAS, S-plus, and Pharsight WinNonmix.NNEM was selected in this

research.
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Thesis outlines and research objectives

A knowledge of pyronaridine pharmacokinetics andrptacodynamics is of
importance to achieve optimal therapeutic outcoméise treatment of malaria with
fixed dose PA. Up to now, published data on thaplaokinetics and
pharmacodynamics of pyronaridine are limited. Therall objective of this work is to
determine pharmacokinetic and pharmacodynamic pliepef pyronaridine as well as
potential drug-drug interaction with other drugstabelized by CYP2D6. In particular,
the specific aims in Chapter 2 were to developufadion pharmacokinetic model for
pyronaridine in healthy subjects and adult malpatents and to determine the potential
covariates that affect pyronaridine pharmacokinetigability in this population. In
Chapter 3, population pharmacokinetic model folopgrine in pediatric malaria patients
was developed. Monte Carlo simulation was also gotadl in both Chapter 2 and
Chapter 3 in order to address any differences iomaridine exposures between healthy
adults, adult malaria patients and pediatric malpatients and to explore the exposures
of pyronaridine among recommended dosing groupsafmmended dosage regimen for
pediatric and adult malaria patients. The cut-afires of pyronaridne pharmacokinetic
parameters associated with successful treatmeodmet and the relationships between
survival time and several covariates that affeettteatment outcome of PA are presented
in Chapter 4. Chapter 5 focuses on the drug intieracbetween PA and the protease
inhibitor, ritonavir, in healthy volunteers. Thestachapter summarizes the findings in this

thesis.
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Figure 1.1 Life cycle of the malaria parasite (50)
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Figure 1.2 Chemical structure of pyronaridine tgh@sphate
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Figure 1.3 Schematic representation of hemoglaimestion and catabolism in the
malaria parasite (35)
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Figure 1.4Proposed metabolic pathwayspyronaridine in humahlood, urine, an
feces
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CHAPTER 2
POPULATION PHARMACOKINETICS OF PYRONARIDINE
IN HEALTHY SUBJECTS AND ADULT MALARIA PATIENTS

Introduction

Pyronaridine is a blood schizonticidal antimalaagént that targets hematin in
the food vacuole of malaria parasites (33,34} ttansidered a promising ACT partner
drug as shown by its efficacy against antimalaiesistance strains in vivo and in vitro
(51-53). In humans, pyronaridine has shown efficagginst. falciparum, P. vivax, P.
ovale, andP. malaria (23-25).

Pyronaridine-artesunate (PA) 3:1 fixed dose contlingPyramaX) is a new
ACT developed for the treatment of uncomplica®edal ciparum and blood stagP.
vivax malaria. The drug has two formulations: a tabl&80(fing pyronaridine: 60 mg
artesunate) for adults and granules (60 mg pyrdmei 20 mg artesunate) for pediatrics.
The efficacy of this fixed dose formulation hasteenfirmed in several clinical trials.
A comparative efficacy study with artemether-lunméfene has shown that efficacy of
pyronaridine-artesunate was non-inferior to thaartémether-lumefantrine with 99.7%
and 98.1% cure rates in Africans and Asians, rasdg (26). The non-inferiority of
pyronaridine-artesunate versus mefloquine-artesunas also confirmed with the cure
rates of 99.2% (27). Additionally, pyronaridineestinate has shown similar efficacy to
that of chloroquine againBt vivax malaria, but with shorter parasite clearance time
(p<0.001) and fever clearance time (p<0.05) (28).

Pharmacokinetics of pyronaridine following intraraukar and oral administration
has been studied in 10 Chinese malaria patien)s Ao compartment model
adequately described pyronaridine pharmacokinefiestral and peripheral volumes of

distribution of pyronaridine were estimated to delland 71.5 L/kg, respectively,
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suggesting extensive distribution of the drug togesral tissues. The elimination half-
life was approximately 60 hours.

To date, there is no published data on populati@rmpacokinetics of
pyronaridine incorporating a large data set frorthitealthy and malaria subjects.
Therefore, the objectives of this work were: toelep a population pharmacokinetic
model of pyronaridine for healthy subjects and athadlaria patients, to evaluate
influences of covariates on pyronaridine pharmaoetic parameters, and to conduct
Monte Carlo simulations to address differencesxposure between healthy subjects and
adult malaria patients and to explore the expostipyronaridine among recommended

dosing groups for adult malaria patients.
Theoretical

Nonlinear mixed-effects modeling using NONMEM
NONMEM estimates parameters by searching for patensi¢hat minimize the
objective function, called the extended least segiabjective function (ORYs),

described as follows:

OFVgg = EPEP [{—(Yf’bs“'v_ ayri’jr“‘”)z} +In(Vary)] 21

Where Yousij is the observed value of tHEgbservation for théiindividual, Y
oredij is the predicted value of th8 pbservation for thé"iindividual, and Vay is the
variance of the'] observation for théiindividual. Under an assumption that residuals
(1) are independently normally distributed with medzero and variance of,
extended least square estimatio® af proportional to minus two times log of the
likelihood of the data.

Several approximation methods are used to optipazameter estimates in

NONMEM: first-order method (FO), first-order condial method (FOCE) with or
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without interaction, Laplacian method, and hybridthod. The details of these methods

can be found elsewhere (55,56).

Structural and statistical model development
Visual inspection of concentration time profilesrfr intensive sampling or
information from previous studies can be used gsi@e for determination of a structural
model, the first step in population pharmacokinetmdel development. Generally, a
statistical model (model of variability) is detemad together with structural model in
order to estimate the fixed effects in a model igedg. Several common types of

statistical models are given below:

Types of inter-individual variance model

1. Additive (constant variance) model

2. Proportional (constant coefficient of variation) ded

P = PBoop™ (1 +1) 2.3

3. Exponential (log normal distribution) model

P = Foop * exp(ni) or In(R) = In(Roop) + i 24

where Ris the estimated parameter value for individuald &y is the population

estimate for the parametey.is the deviation of From B,opand is assumed to be

independent and symmetrically distributed with zexean and varianas”.



Types of residual variance model

1. Additive (constant variance) model

Yij = F”' + €4 2.5

2. Proportional (constant coefficient of variation) ded

Yij = F”' * (1 + glij) 2.6

3. Combination additive and proportional model

Yi = R * (1 +eqj) + e 2.7

4. Exponential model

Yij = F”' * exp(alij) or In(Yij) = In(F.,-) + &4jj 2.8

where ¥; and K are the'] observed and model predicted concentrations'for i
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individual, respectivelyg; is the residual random error for individual i astsservation |

and is assumed to be independently normally dig&idbwith mean of zero and variance

of 6%

Covariate modeling

The next step of population pharmacokinetic mo@eletbpment is to determine

influences of covariates on pharmacokinetic paramdhat account for variability

among individuals. Several approaches to screeanpat influential covariates have

been proposed. Two approaches were used in thigsanadseneralized Additive Model
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(GAM) and graphical analysis using the plots betwieelividual empirical Bayes
estimates of pharmacokinetic parameters and cdeariihe shape of each relationship
can also be obtained from these plots (57).

Briefly, the GAM procedure is performed using gsiese addition or deletion
method by regressing empirical Bayes estimatesafrpacokinetic parameters on each
covariates in any functions (linear, spline, etin)each step, the model is selected by the
greatest decrease in the Akaike information cote(AIC) after addition or deletion of
one term. The final model obtained from GAM is thedel with a minimum AIC value.

A general equation for GAM is given by (58):

P = ko + Z[t1 9 (Xy) 2.9

where gi(X) is any arbitrary univariate function wiffiL, g,;(X;;) = 0, a is the
intercept. The potential covariates identified ten included in the structural model in
various functions depending on GAM and graphicallsis. Normally, all continuous
covariates are centered at median so that the pteamstimates obtained reflect the

average of the population. Common types of covanabdels are given below:

Continuous covariate model

1. Linear function

P= 0,40, * (COV— COVyeqian) 2.10

2. Linear proportional function

P=0,*(1+0,*(COV—COVyeqian)) 2.11
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3. Power function

P = 0, * (COV/COVppedian)®? 2.12

4. Exponential function

P = 0, *exp (0, * (COV — COVyedian)) 2.13

where P represents the pharmacokinetic parametera¢s of the population, COV is the
continuous covariate testdi,is the parameter estimate of an individual with Céyal

to COVmedian @ando, represents a factor describing the effect of cawavri

Cateqorical covariate model

1. Linear additive function

P=0,+0, * COV 2.14

2. Linear proportional function

P =0, * (1+ 6, *COV) 2.15

3. Power function

P=0,%0,"° 2.16
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4. Exponential function

P=061*exp 0,* COV) 2.17

where P represents a pharmacokinetic parameterastof the population, COV is the
categorical covariate tested],is the parameter estimate of an individual with Céded
as 0, and, is the additional change in the parameter cormespo to categorical
covariate being tested.

Covariate model selection is based on statistigaifscance, physiologic
plausibility, and clinical relevance. Statisticggrgficance is normally tested using
stepwise forward addition and stepwise backwardiehtion. A clinical significance can
be evaluated from the percentage change in theteffgparameter, the reduction in inter-
individual and residual variability as well as amprovement in the precision of

parameter estimates.

Model evaluation

Model evaluation should be applied to the final laatcording to the purpose of
the developed model: descriptive or predictive (4% model to be used for descriptive
purpose should be assessed for its goodness dli@hility and stability. While
validation is essential for a model developed fedgtive purposes. There are two types
of model validation: internal and external. Statettechniques used for internal
validation include cross validation, data splittibgotstrap analysis, posterior or visual
predictive check. Whereas, external validation lwamperformed using normalized
prediction distribution error (NPDE), predictiorsdiepancies (PD), and standardize
prediction error (SPE) (59). Model evaluation teges used in the analysis are

discussed below.
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Diagnostic plots

Commonly used diagnostic plots for model evaluatmmtude the plots between
observed versus population predicted concentrdB&ED), observed versus individual
predicted concentration (IPRED), conditional wegghtesidual (CWRES) versus PRED
and CWRES versus time. The plots between obsemmeckatrations versus PRED and
IPRED should be explained for any bias of modetijgteon. Ideally, the concentrations
should be uniformly distributed along the line démtity without any trends. Similarly,

there should be a balance scattered of CWRES #henzero line.

Bootstrap analysis

Bootstrap datasets are generated by resampling@pthcement of the
observations from the original dataset. The finatlal is repeatedly fitted to the
bootstrap datasets to obtain means and 95% coo@datervals of the parameter

estimates. These values are then compared witlk ttdained from the final model.

Visual predictive check

Visual predictive check is used to assess predi@hility of the final model. It is
performed by simulating drug concentrations at eschpling time point. Therf™and
95" percentiles of the simulated concentration (90&4jtion interval) are plotted with
the observed concentrations. The final model isictaned to be predictive if the majority

of the observed concentrations lie within the 90%dction interval.

Condition number

A condition number is used to evaluate the stabiftthe model. It is the ratio of
the largest eigenvalue to the smallest eigenvatneted by NONMEM with PRINT=E
command in $COVARIANCE record. A condition numbégeeater than 1000 indicates

that the model is unstable.
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Materials and Methods

Study designs and blood sampling
Pooled data from three Phase | studies, one Phagell and three Phase Il
studies were used for the population pharmacokiratalysis. The design for population
pharmacokinetic studies and the bio-analysis wasducted by Clinical Pharmacokinetic
Laboratory, College of Pharmacy, the Universityafa. Study designs, dosage

regimen, and blood sampling of each clinical stwméye summarized as follows:

Phase | (SP-C-001-03, SP-C-009-07, and SP-C-010-10)

SP-C-001-03wvas divided into 4 part®art 1 was conducted to evaluate the
pharmacokinetics, safety and tolerability of PAngsa single oral ascending dose.
Subjects were randomized in a 7:2 ratio to recBi&kgplacebo at following doses: PA 6:2
mg/kg, PA 9:3 mg/kg, PA 12:4 mg/kg, and PA 15:5kgg/The aim ofPart 2 was to
evaluate the potential drug interaction betweempgridine and artesunate of a single
oral dose of PA. It was conducted as a two-coharalfel, two-period randomized
crossover design. Five subjects received pyromaitBtraphosphate 12 mg/kg alone
(cohort 1) or artesunate 4 mg/kg alone (cohoropded by PA 12:4 mg/kg after a 21
day washout period, the reverse order of theséniezas was assigned to an additional
five subjects for each cohoRart 3 was a study of food effects on the pharmacokisetic
of PA. Twenty subjects were randomized into twosrm period 1, subjects were
administered PA 12:4 mg/kg after an overnight fast 1) or 30 minutes after
consumption of a high fat meal (arm 2). In perioth2 same subjects received these
treatments in reverse order. The two periods weparated by 21-day washout interval.
Part 4 was identical to part 1, except subjects were atht@red PA ascending dose for 3
days and were randomized in a 6:2 ratio to PA:gilac Eight subjects received PA or
placebo at each dose level. For part 1-3, bloogksswere collected at pre-dose and at

0.33,0.67,1, 1.33,1.67, 2, 2.5, 3, 4, 5, 82Z®hours and 2, 3, 5, 7, and 10 days post-
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dose. For part 4, blood samples were collected idneely before each dose and at 0.33,
0.67,1,1.33,1.67,2,25,3,4,5, 8, 12, 2&band 2, 3, 5, 7, and 10 days after the third
dose.

SP-C-009-0Avas a two-way crossover study to evaluate thegbiwalence of a
single dose combination of PA (180:60 mg) to-bekmatad tablet to the clinical trial
reference tablet. After an overnight fast, subjestse administered four PA reference
tablets followed by four PA to-be-marketed tablatsequence 1. The order of
formulation administration was reversed in sequehceno treatment periods were
separated by a 43 day washout interval. Blood sesnpkre collected at pre-dose and at
0.5,1,15,25,4,6, 8, 12, 24, 48, 72, houdsatrb, 7, 14, 21, 28, 35, and 42 days post-
dose for each period.

SP-C-010-10wvas conducted to determine any drug interactidwédren PA
(180:60 mg) and the protease inhibitor ritonavih@althy adult volunteers. Thirty four
subjects were randomized into two arms. SubjecésrmA received both ritonavir and
PA. A single dose of ritonavir 100 mg was givendaly 1 and g 12 hours on days 2-17.
PA was given once daily on days 8-10. SubjectsrimB received PA alone once daily
on days 1-3. In both arms, PA was administeredrdaog to body weight: < 65 kg
received three tablets, arb5 kg received four tablets. For Arm A, blood séaspvere
collected at pre-dose, and at 0.5, 1, 1.5, 2, 8, 8, 12 hours and 4, 5, 6, 8, 15, 22, 29
and 36 days after the third dose. For Arm B, blsachples were drawn at pre-dose on
days 8,9 and 10, and at 0.5, 1, 1.5, 2, 3, 4, 62818, 24 hours and 11, 12, 13, 15, 22,
29, 36, and 43 days after the third dose.

Phase |l (SP-C-002-05)

SP-C-002-05vas conducted to assess safety, tolerability afnchey of the 3 day
regimen of PA in adult patients with acute uncowegtedP. falciparum malaria Patients

were randomized to one of 3 treatment groups: GAAUPA 6:2 mg/kg, Group B: PA 9:3
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mg/kg, and Group C: PA 12:4 mg/kg. Blood sampleseveellected immediately before
each dose, and at 0.5, 1, 1.5, 2, 2.5, 4, 8, 16p84s and 3, 5, 12, 19 days after the third

dose.

Phase |l (SP-C-004-06, SP-C-005-06, and SP-C-006}0

SP-C-004-06 and SP-C-005-08ere comparative, randomized studies to assess
the efficacy and safety of PA (180:60 mg) with tbhimefloquine (250 mg) plus
artesunate (100 mg) and with that of artemetherefantrine (20:120 mg) (Coartem®),
respectively in children and adult patients witltamplicatedP. falciparum malaria.

SP-C-006-068vas acomparative, randomized double blind, double dursingy
to assess the safety and efficacy of PA (180:60wmiy) that of chloroquine (155 mg) in
patients with acut®. vivax malaria.

For all studies in phase lll, PA was given accagdm body weight: 20 < 25 kg
received one tablet, 26 - < 45 kg received twoetisht 45 - < 65 kg received three
tablets, and 65 - 90 kg received four tablets. One or two bdilsamples were collected
at two different time points (between Day 0 and Bagnd between Day 4 and Day 42).
All subjects provided written informed consent foeir participation in the trial. All

studies were approved by the local Ethics Committee

Sample analysis

Blood samples were collected into sterile glasgesutontaining EDTA as the
anticoagulant (Lavender—top Vacutafi®&DTA tubes) and then were transferred into
two approximately equal volume aliquots in screyw Bialgene cryovials. All samples
were stored at or below -80°C until analysis. FBrG001-03, pyronaridine
concentrations were determined using a validatgd performance liquid
chromatography (HPLC) with UV detection as desatibg Chen et al (60). The
coefficient of variation for intra-day and interydarecision ranged from 3.0% to 5.9%

and 5.0% to 10.0%, respectively. For all other iggsidexcept SP-C-001-03, pyronaridine
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concentrations were determined by a validateddighromatography-mass
spectrometric method (LC/MS) as described by Na& €61).The coefficient of
variation for intra-day and inter-day precisiongad from 2.2% to 11.1% and 7.8% to
15.9%, respectively. The lower limit of quantifimat (LLOQ) for both HPLC and
LC/MS methods was 5.7 ng/mL.

Population pharmacokinetic analysis

Nonlinear mixed-effect modeling was conducted ttambestimates of population
pharmacokinetic parameters, inter-individual vaitigh(11V) and residual variability
(RV). NONMEM software version VIl level 2.0 (ICONdvelopment Solutions, 2009)
was used. NONMEM output was processed using PDxvecgon 4.0 (ICON
Development Solutions, 2007) and Xpose versior043ppsala University, Uppsala,
Sweden, 2010). Graphical plots were produced UBIBEO Spotfire S+ version 8.1
(TIBCO Software Inc., 2008) and R 2.10.1 (The Rridation for Statistical Computing,
2010). All pyronaridine concentrations were trangfed into their natural-logarithms
and the dose of pyronaridine tetraphosphate (PB)caaverted to pyronaridine base by

multiplying by the factor of 0.57 prior to modeling

Structural model development

Two- and three- compartment models with first-oralesorption and elimination
from the central compartment were evaluated akittetgic models for orally
administered pyronaridine based on concentratiae profiles. Inter-individual and
residual variability were modeled with an exponaingrror model (Eg. 2.4 and Eg. 2.8,

respectively).

Covariate model building

The influences of 5 continuous covariates (bodygivgilean body weight

(LBW), body mass index (BMI), age, and creatiniteacance (CRCL)), and 5
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categorical covariates (malaria infection, asparéahinotransferase (AST), alanine

aminotransferase (ALT), gender, and ritonavir adstiation) on pharmacokinetic

parameters were evaluated after the optimal baskeimas identified. Generalized

additive models (GAM), plots of the individual Bayparameter estimates versus

covariates, as well as physiologic plausibility er@pplied to select potential covariates.

Then these covariates were tested for statistigaificance using stepwise forward

addition and stepwise backward elimination. Thaisicance levels of 0.05 and 0.001

which correspond to the difference in OFV of 3.84 40.83 were used as statistical

criteria for stepwise forward addition and stepvbsekward elimination, respectively.

Continuous covariates (code) included in the datasee:

1.

2.

Total body weight in kilograms (WT)
Lean body weight in kilograms (LBW)
Body mass index (BMI) in metercalculated as:

BMI (kg/m?) = weight (kg) / heighit(m?)
Age in years (AGE); the cut-off age of greater tbaequal to 16 years was used
to separate adult and pediatric subjects basedeoer@l Considerations for
Pediatric Pharmacokinetic Studies for Drugs anddgical Products (62)
Creatinine clearance (CRCL) was estimated usingtiekcroft and Gault
equation with SCr given as mg/dL.:

Males:
CRCL (mL/min/1.73 rA) = [(140 — age)*IBW/ (72*Scr)]
IBW= 0.9*(height in cm above 152 cm) + 50 kg

If WT<IBW or height<152 cm, WT was substituted f8\W
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Females:
CRCL (mL/min/1.73 M) = [(140 — age)*IBW/ (72*Scr)]*0.85
IBW = 0.9*(height in cm above 152 cm) + 45.5 kg
If WT<IBW or height<152 cm, WT was substituted f8\W
All creatinine clearance estimates were adjustedbfmly surface area (BSA).
BSA was computed using the Haycock formula:

BSA (mf) = (WE2*"*(Ht%39%9*0.024265

Categorical covariates (code) included in the catagre:

1.

Infection status (INFEC), coded as O if subjectsrtht have malaria infection and
1 if subjects had malaria infection.

Baseline aspartate aminotransferases (ASTgccad O if baseline AST level was
< 1.5 x upper limit of normal range (ULN) and 1 ddeline AST level was > 1.5
X ULN. (ULN for AST was defined as 19 U/L for SP@D3-05 and 41 U/L for all
Phase lll studies and SP-C-002-05. For Phase y 88dC-001-03, ULN for AST
was 40 U/L. For SP-C-009-07, the ULN for AST waslB4).

Baseline alanine aminotransferases (ALT), cated if baseline ALT level was

< 1.5 x upper limit of normal range (ULN) and 1 ddeline ALT level was > 1.5

X ULN. (ULN for ALT was defined as 23 U/L for SP-@33-05 and 45 UJ/L for all
Phase Il studies and SP-C-002-05. For SP-C-001h@3JLN for ALT was 40
U/L. For SP-C-009-07, the ULN for ALT was 55 U/L).

Gender (SEX), coded as 0 for female and 1 falem

Ritonavir administration (RTV), coded as Oubgects did not receive ritonavir

and 1 if subjects received ritonavir.
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All continuous covariates were centered with theliaue values and were
evaluated with a linear function (Eq. 2.10), a pofuaction (Eqg. 2.12) and an
exponential function (Eg. 2.13), depending on GANM graphical exploration of the
relationships between covariates and pharmacokipatameters. The influences of
categorical covariates on the parameter were mddeltd an additive relationship (Eq.
2.14). The importance of covariates as predict@s getermined by a statistically
significant improvement in the MOFV, improvementlne precision of the parameter
estimate (relative standard error), percentagegtanaffected covariates and reduction

in IV and RV.

Model evaluation

Model goodness-of-fit was assessed using diagnpltis of observed
pyronaridine concentrations versus PRED and vdPRED, CWRES versus PRED and
versus time. Precision of the parameter estimatssassessed using a nonparametric
bootstrap approach. One thousand bootstrap rures gegrerated using Perl-Speaks-
NONMEM version 3.1.0. Predictive ability of the iilhmodel was evaluated using visual
predictive check (VPC) by simulating one thousapeparidine observations at each
sampling time point. The observed pyronaridine eotr@tions were then plotted with
the 8", 50", and 98" percentiles of the simulated observations to otttzé population
median concentrations and 90% prediction interi/laé percentage of observed
pyronaridine concentrations above and below the p@#diction interval was calculated.
Model stability was assessed by a condition numlikr the criteria of less than 1000 as

indicative model stability.

Simulations
One thousand simulations were conducted to addresdifferences in exposures

between healthy subjects and adult malaria pati®atsameter estimates obtained from
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the final model, the median weight, and the dost0oing/kg pyronaridine
tetraphosphate were used for the simulation.

In order to explore the exposure of pyronaridin@agirecommended dosing
groups of current proposed PA tablet labelling (€&b6), two extreme weight values

(lower and upper limits) in each dosing group wesed for the simulations.

Results

Demographic data

A total of 5,127 blood samples were collected ttedrine pyronaridine level. Of
these 297 (5.9%) observations were below LLOQ,(6r@2%) observation was
identified as an outlier. Since the number of coti@ions below LLOQ was only 5.9%,
they were excluded from the analysis (63). InlteétZ56 blood pyronaridine
concentrations collected from 476 subjects (166tijeand 310 adult malaria patients)
were available for population pharmacokinetic asialyThe numbers of missing
observations, demographic and clinical charactesisif the population in each clinical
study are summarized in Table 2.1. The median aderedian weight of this population
were 26 years and 56 kg, respectively. The numberates and females in this

population were 66.8% and 33.2%, respectively.

Population pharmacokinetic model
A two compartment model with first order absorptand elimination from the
central compartment best described pyronaridina. ddte final base model was
parameterized in terms of absorption rate congta)t apparent central volume of
distribution (V2/F), apparent peripheral volumedddtribution (V3/F), oral clearance
(CL/F) and inter-compartmental clearance (Q/F) wHers oral bioavailability. Figure
2.1 shows the distribution of continuous covarialdse correlation matrix of continuous

covariates is presented in Figure 2.2. The poteciariate-parameter relationships
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obtained from GAM, graphical exploration and phisgic plausibility were malaria
infection, age, and body weight on CL/F, V2/F, &8IF; ALT, AST, CRCL, and
ritonavir administration on CL/F; LBW on CL/F an®W and BMI on V3/F. A
summary of forward addition and backward eliminatsteps is presented in Table 2.2.
Only malaria infection and body weight were retdinethe final model. Malaria
infection was found to be a significant covariateG./F, V2/F, and V3/F and body
weight was found to be a significant covariate &iFCand V2/F. After the inclusion of
statistically significant covariates, the populatwarameter estimates of CL/F, V2/F,
V3/F, Q/F and Kwere 501 L/day, 741 L, 5,370 L, 1,150 L/day and3iday",
respectively. The corresponding %CV of IV estinsafier CL/F, V2/F, V3/F, and K
were 35.1 %, 62.4%, 31.2%, and 64.3%, respectivdig. [V on Q/F was fixed to zero
since the estimate could not be obtained with gmedision. The derived meajpd of
pyronaridine in healthy adult subjects and aduliama patients was estimated to be 10.7
and 25.2 days, respectively (Table 2.4). The ddr&dCy_, values and pyronaridine
concentrations on day 7 following 3 dose adminigirns are summarized in Table 2.4.
The parameter estimates obtained from the finalehagk summarized in Table 2.3. The
relationships between significant covariates amahplacokinetic parameters were
described as follows:

CL/F (L/day) = [(501 + 582(malaria infection))*(bgdveight/56§-2"4*exp(n)

V2/F (L) = [(741 + 9,070(malaria infection)) *(bodyeight/56}23*exp(n)

V3/F (L) = [5,370+10,800(malaria infectiortgxp(n)

Model evaluation
Figure 2.3-2.4 shows goodness-of-fit plots of pywmdine. The individual plots
for selected subjects are presented in Figure2.8.5Fhe final model was repeatedly
fitted to 1,000 bootstrap data sets. 92.6% of tadirap runs successfully converged.

The mean parameter estimates and 95% confiderer@aig obtained from bootstrap are
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summarized in Table 2.3. The bootstrap estimates veasonably close to those
obtained from the final model with less than 10%tetdénce and the estimates obtained
from the final model were contained within the 96&fifidence intervals obtained from
bootstrap suggesting that the model is reliable fEsult of VPC is presented in Figure
2.7. Approximately 2.86% and 3.45% of pyronaridotservations were below and
above 90% prediction interval, respectively sugggshat the final model has good
predictive ability. Finally, the condition numbertbe final model was 80.0 indicating

that the final model was stable.

Simulations
The simulated pyronaridine concentrations for tgedtdults versus adult malaria
patients are presented in Figure 2.8. Figure 20%vsh.n(AUC) distributions of
pyronaridine based on 4 dosing regimens for adalara patients. Healthy adults had
higher exposures to pyronaridine as compared ttt addaria patients. The overall range

of exposures among dosing groups for adult magaieents were relatively similar.

Discussion

In this study, a population pharmacokinetic modedysonaridine was developed
using pooled data from three Phase |, one PhaswIthree Phase Il clinical studies.
Extensive design was used in Phase | and Phaseallés while sparse design was used
in Phase Il studies. 476 subjects (166 healthyesthand 310 adult malaria patients)
with a total of 4,756 blood pyronaridine concentmas were included in the analysis.
Only 5.9% of the observations were below LLOQ amerexcluded from the analysis
(63).

Goodness-of-fit plots showed no major bias sugggshat there was no major

model misspecification. The under-prediction of lpywonaridine concentrations was



34

probably due to a proportion of data below the LLOQe population pharmacokinetic
estimates of pyronaridine yielded relatively lak@F and V3/F suggesting the extensive
distribution of the drug through the body. All pareters were estimated with acceptable
precision with relative standard error values etléhan 15% on all pharmacokinetic
parameters and less than 30% on variability parars.ethe variability on Q/F was fixed
to zero since it could not be estimated with gomgtision and the 95% CI of the estimate
included zero. The parameter estimates obtained fhe final model were close to those
generated from 1000 bootstrap runs, indicating¢hiability of the model. The VPC
results showed that the final population model pradlictive ability. Finally, the model
was stable as evidenced by the condition number.

Covariates found to have a significant influencepgronaridine
pharmacokinetics were malaria infection on CL/Fd{ade function), V2/F (additive
function) and V3/F (additive function), and bodyigig on CL/F (power function), and
V2/F (power function). Both body weight and LBW wesignificant on the same
parameters (CL/F and V2/F) during step one of siep¥orward addition. However, due
to the high degree of collinearity between bodygheand LBW (Figure 2.1) and the
greater reduction in MOFV after including body waigs compared to LBW, body
weight was incorporated into the next step of cat@amodel building rather than LBW.
CL/F and V2/F were approximately 2 times and 14esrhigher in adult malaria patients
compared to healthy subjects. These findings wemnsistent with the results from non-
compartmental analysis in Phase | and Phase Ilhigier V2/F observed in malaria
patients might be due to the mechanism of actiquyodnaridine that form a complex

with hematin to enhance hematin induced red bla@dysis (34). Age was significant
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on V3/F and was included in the full model duritgpsvise forward addition of the
covariate model building (p-value < 0.05). Howevewas not significant during
stepwise backward elimination with the significkewvel of 0.001.

The effect of renal function was also evaluatedgisreatinine clearance
computed from baseline serum creatinine (SCr). {®viea clearance was significant on
CL/F during the first 2 rounds of stepwise forwadtlition. However, there was no
significant improvement in MOFV after malaria infen was included in the model.
Patients in the modeled dataset had mild, uncortelitmalaria, characterized by lower
levels of parasitemia (1,000-100,000 asexual prasunt/uL of blood). In addition,
the exclusion criteria for the Phase Il — Il tei@elected patients who were unlikely to be
predisposed to more severe iliness. Thus, pateititsnedical histories which included
clinically significant disorders affecting esselfifiany organ system were excluded, as
were patients with ALT or AST elevations more tl2ah or 3 x ULN, SCr values equal
to or greater than 1.4 mg/dL, or hemoglobin leba®w 8 g/dL. Severely malnourished
patients and patients with significant electrolgigturbances were also excluded.
Therefore, while we did not detect a disease effetite current analysis, such an effect
may well be apparent in more severe malaria irdaatr more extensive involvement of
other organ systems.

Ritonavir is an inducer of CYP3A4 and CYP1A2 (64jlditionally, it is both an
inhibitor and substrate of CYP3A4, CYP2D6, and R@fp66).In vitro studies have
shown that pyronaridine could be metabolized by CAP, CYP2D6 and CYP3A4.
Therefore, there might be potential drug-drug etéons between pyronaridine and

ritonavir. However, in this analysis, ritonavir adhnstration was not found to have
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significant effect on pyronaridine pharmacokinetithis result was consistent with that
from drug-drug interaction study (SP-C-010-10) tih@t 90% confidence intervals for the
Arm A/Arm B ratios of geometric means of all comgdipharmacokinetic parameters
(AUC.ta, AUCy., and AUG.,) with the exception of gy Were contained in the
acceptance range of 0.66/50. However, the effect of ritonavir on pyronamel G, ax

was not considered to have clinical relevance gthhanhthe 90% confidence interval for
the geometric mean of.{zx was very close to the acceptance range (67). Tlessés
would be expected given that there is no majoryaytfor metabolizing pyronaridine.
Additionally, the cytochrome P450 used to metalgopyronaridine accounts for an
unknow fraction of pyronaridine metabolism.

Monte Carlo simulation was performed to addressdiffigrences in exposures
between healthy subjects and adult malaria patiéhis simulated pyronaridine
concentrations are higher in healthy adult subjastsompared to adult malaria patients
(Figure 2.6). These results are consistent witketfoom non-compartmental analysis in
Phase | and Phase Il studies. The lower simulagezhpridine concentrations in adult
malaria patients may reflect the larger V2/F arghbr CL/F as compared to healthy
adults (Table 2.5). Additionally, the simulatiorsuéts comparing pyronaridine exposures
among dosing groups of current proposed PA taabetlling (Figure 2.7) showed that

pyronaridine exposures were consistent among diftestosing groups.

Conclusions
In summary, data from seven clinical trials of a@lartemisinin-based
combination therapy, pyronaridine-artesunate weckided in population

pharmacokinetic analysis of pyronaridine. A two-gariment model with first order
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absorption and elimination from the central comparit best described
pharmacokinetics of pyronaridine in healthy sulgextd adult malaria patients. The
significant covariates in the final model includedlaria infection on apparent clearance,
apparent central and peripheral volumes of distiogioiand body weight on apparent
clearance and apparent central volume of distobutrhe final model was reliable,

predictive, and stable as confirmed by criterianafdel validation.



Table 2.1 A summary of study data, patient demdygcapand covariates included in the analysis

Phase | Phase I Phase llI
Characteristics sPC- | SP-C- | SP-C- | SP-C- SP-C- SP-C- | SP-C- Suﬁ:es
001-03 | 009-07 | 010-10 | 002-05 004-06 005-06 | 006-06
Number of subjects 91 42 33 16 213 56 25 476
[N]
Number of observations|
Total 2195 1422 625 248 403 105 49 5047
Excluded as LOQ 45 117 7 2 83 27 16 297
[IN(%)] (2.1) (8.2) (1.1) (0.8) (20.6) (25.7) (32.7) (5.9)
Excluded as outliefs 0 (0) 1(0.1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (002
[N(%)]
Included in the 2150 1304 618 246 320 78 33 4749
analysis [N(%)] (97.9) (91.7) (98.9) (99.2) (79.4) (74.3) (67.3) (94.1)
Median age (range) 23 335 46 30 26 22.5 30 26
(years) (19-40) | (20-45) | (19-55) (16-60) (16-58) (16-55) | (17-53) (16-60)
Median weight 61.7 68.8 70.3 53.8 51.9 55.5 52.1 56
(range) (kg) (50.1-70) | (55.2-75) | (54.5- | (42-74.5)| (38.1-72.3)| (33-80) | (41.3-67) | (33-90.1)
90.1)
Median BMI 21.1 23.6 23.9 20.4 19.9 22.4 19.8 20.8
(range) (kg/m) (18.1- (19.4- (19.6- (17-32) | (14.3-26.9)| (15.4- (16.6- | (14.3-35.6)
23.8) 27.5) 29.4) 35.6) 27.1)
Median LBW 50.2 52 54.8 42.5 43.2 42.7 42.6 45.1
(range) (kg) (37.9- (41.2- (40.2- (32.2- | (29.2-56.5)| (28.2- (31.7- | (28.2-67.4)
57.4) 61.6) 67.4) 58.7) 57.1) 52.3)
Median Creatinine 95.0 104.1 103.7 69.5 73.4 97.3 77.3 82.97
Clearance (range) (61.4- (63.4- (68.5- (29.8- (28.5- (51.8- (53.8- (28.46-
(mL/min) 127.6) 160.8) 227.6) 99.9) 228.8) 251.7) 115.8) 251.71)

8¢



Table 2.1 -continued

. Phase | Phase Il Phase Il All
Characteristics .
studies
SP-C- SP-C- SP-C- SP-C- SP-C- SP-C- SP-C-
001-03 009-07 010-10 002-05 004-06 005-06 006-06
Gender [N(%)]
Female 37 18 14 12 40 32 5 158
(40.7) (42.9) (42.4) (75) (17.8) (57.1) (20) (33.2)
Male 54 24 19 4 173 24 20 318
(59.3) (57.1) (57.6) (25) (81.2) (42.9) (80) (66.8)
AST>1.5 ULN 0 0 0 1 12 4 2 19
ALT>1.5 ULN 0 0 0 1 6 0 2 9

6€



Table 2.2 A summary of covariate model development

40

Step Covariate added to Base modé&l MOFV A MOFV
0 Base model -735.61 -
1 INFEC on V2/F -1195.15 459.54
2 INFEC on V2/F, INFEC ON V3/F -1389.38 194.23
3 INFEC on V2/F, INFEC ON V3/F, INFEC ON CL/F -1488 39.3
4 INFEC on V2/F, INFEC ON V3/F, INFEC ON CL/F, WTNOV2/F -1454.85 26.17
5 INFEC on V2/F, INFEC ON V3/F, INFEC ON CL/F, WTNOV2/F, -1469.31 14.46
WT ON CL/F
6 INFEC on V2/F, INFEC ON V3/F, INFEC ON CL/F, WTNOV2/F, -1474.63 5.32
WT ON CL/F, AGE ON V3/F (Full Model)
Step Covariate removed from Full modef MOFV A MOFV
1 INFEC on V2/F -1038.46 436.17
INFEC on V3/F -1422.8 51.83
INFEC on CL/F -1423.69 50.94
WT on V2/F -1454.4 20.23
WT on CL/F -1462.09 12.54
AGE on V3/F -1469.31 5.32

#WT = body weight, INFEC = malaria infection
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Table 2.3 Final population pharmacokinetic and bwap results for pyronaridine

Parameter?® Estimate %RSE " %CV ° Bootstrap
(95%Cl) estimate
(95% ClI) °
PK Parameters
CL/F (L/day) 501 5.47 503
(447-555) (460-550)
V2/F (L) 741 11.6 734
(572-910) (653-818)
V3/F (L) 5,370 4.04 5,387
(4,940-5,800) (4,964-5,814)
Q/F (L/day) 1,150 2.21 1,156
(1,100-1,200) (1,075-1,239)
Ka (day?) 16.3 8.47 16.2
(13.6-19.0) (14.3-18.4)
Malaria infection on CL/F 582 16.9 586
(389-775) (430-752)
Malaria infection on V2/F 9,070 5.16 9,016
(8,150-9,990) (7,929-10,213)
Malaria infection on V3/F 10,800 34.4 10,584
(3,530-18,100) (7,716-13,600)
Body weight on CL/F 0.874 16.9 0.833
(0.584-1.16) (0.389-1.29)
Body weight on V2/F 1.25 17.3 1.32
(0.827-1.67) (0.746-1.84)
v
IIV-CL/F 0.123 14.4 35.1 0.124
(0.088-0.158) (0.084-0.173)
IV-V2/F 0.390 9.67 62.4 0.383
(0.316-0.464) (0.261-0.500)
IV-V3/F 0.0974 24.5 31.2 0.095
(0.0506-0.144) (0.0539-0.139)
IV-Q/F - - - -
IV-K 5 0.413 26.6 64.3 0.404
(0.197-0.629) (0.292-0.527)
RV (additive error)
RV 0.200 1.03 0.200
(0.196-0.204) (0.173-0.230)

& CL/F = apparent clearance, V2/F = apparent centidaime of distribution, V3/F =

apparent peripheral volume of distribution, Q/Fpparent intercompartmental clearance,
Ka= first-order absorption rate constant, F = biokalmlity.
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P9HRSE = relative standard error computed by (SE/xa80%.

©9%CV= coefficient of variation computed by %GY /exp (w?) — 1*100%

995% ClI of bootstrap estimate are the 2.5 and 9&r&emtile of the bootstrap estimates.
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Table 2.4 Derived parameters obtained from postBayes estimates of the final model

Parameter Estimate (mean * SD)
t (days)’
Healthy adult subjects (agel6 years) 0.34+0.17
Adult malaria patients (agel6 years) 2.60+1.16
ty (days)’®
Healthy adult subjects (agel6 years) 10.68 £ 2.31
Adult malaria patients (agel6 years) 25.19 + 3.64

AUC .., (mg*dayi/L)"
Healthy adult subjects (agel6 years) 2.98+1.10

Adult malaria patients (agel6 years) 1.10+0.22

Predicted pyronaridine day 7 concentration (ng/fL)
Healthy adult subjects (agel6 years) 73.59 + 27.95

Adult malaria patients (agel6 years) 31.79+6.38

%t,,, and 1,3 are the distribution and elimination half-livesspectively.

® Area under the concentration-time curve from &tawas computed using a 3 day dose of PA and
microparameters obtained from post-hoc Bayes etsraf the final model.

“Predicted pyronaridine day 7 concentrations werepzded using a 3 day dose of PA an microparameters
obtained from post-hoc Bayes estimates of the fimadel.



Table 2.5 Weight normalized individual empiricaly®a parameter estimates for
healthy adults, and adult malaria patients

Healthy adults Adult malaria patients
Parameters (n=166) (n=310)
Mean + SD Mean + SD
CL/F/WT (L/day/kg) 9.33+3.16 19.89 + 3.38
V2/F/WT (L/kg) 1470 £9.2 201.36 +126.35
V3/F/WT (L/kg) 84.14 + 17.69 310.46 + 47.66

Table 2.6 Dosage regimen for adult malaria patients

Weight range (kg) No. of Tablets PP dose (mg/kg)
20 - 23 kg 1 (180 mg) 7.8-9.0
24 - 44 kg 2 (360 mg) 8.2-15.0
45 - 64 kg 3 (540 mg) 8.4-12.0
65 - 90 kg 4 (720 mg) 8.0-11.1
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Figure 2.1 Distribution of continuous covariatesadult population
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Figure 2.2 Correlation matrix of continuous coveesa
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Figure 2.3 Plots of population and individual pated Ln PYR concentration versus
observed Ln PYR concentration for the final modéle solid lines are lines
of identity. The broken lines are loess smoothingd
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Figure 2.4 Plots of conditional weighted residuadssus population predicted Ln PYR
concentration and time after dose of the final nhotlee broken lines are
loess smoothing lines
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Figure 2.5 Plots of observed (open circles), pdmrgredicted (solid lines) and
individual predicted (dotted lines) Ln pyronaridioencentrations obtained
from intensive sampling versus time form the fimaddel for selected subject
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Figure 2.6 Plots of observed (open circles), pdmnrgredicted (solid lines) and
individual predicted (dotted lines) Ln pyronaridioencentrations obtained
from sparse sampling versus time form the final ehdor selected subject
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Figure.2.7 Visual Predictive Check of the final rebd’he o

observed concentrations, SO|Id lines represend I‘O
the dotted line represents thé"§ercentile obtain
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Figure 2.8 Monte Carlo simulations for healthy saltg versus malaria infected adults.
The PP dose of 10 mg/kg and the median weight &igh6ere used for the

simulation
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Figure 2.9 Box-plot depicting number of tablets &mngAUC) distribution of

Ln(AUC) (mg*day/L)

pyronaridine based on 4 dosing regimens for adalara patients; bars

represent 28and 7%' percentiles; whiskers represent'iahd 98 percentiles
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CHAPTER 3
POPULATION PHARMACOKINETICS OF PYRONARIDINE IN
PEDIATRIC MALARIA PATIENTS

Introduction

According to WHO, in 2009 there were an estimat28 @illion cases of malaria
worldwide. The global number of malaria deathsstsneated to be 781,000 in 2009.
About 85% of deaths globally were in children unBigrears of age (1). It is widely
accepted that children are at increased risk fegrgemalaria and death between the ages
of six months and five years. No doubt that aggiimmunity plays a large role in
protection from malaria, but age is known to affeetiaria burden independently of
previous exposure. It is likely that the rates hiol various organs affected by malaria
develop in children and adults can result in ddfdrdisease severity. Younger children
are more likely to suffer from severe anemia, whltder children are more likely to
develop cerebral malaria. Children aged betweemsiiths and five years are at
increased risk for severe malaria and death beaubke lower and slower immune
responses as well as the smaller erythrocytes tchvthe malaria parasites attach (68).
Moreover, the higher fraction of infected erythrts/given the same number of parasites
has been reported due to the lower level of ergftes in children.

Apart from the differences in response to malarfadation, the differences in
responses to drugs between children and adultsodievelopmental changes of various
organs have also been reported. All pharmacokipeticesses can be affected by
developmental changes in children (69). For orabgftion, the gastric pH is elevated in
neonates and slowly decreases to reach adult valuke age of 2 years (70). Moreover,
gastric emptying time and intestinal transit time prolonged in neonates due to the
reduced motility and peristalsis (71). Distributicapacity is also affected by

developmental changes. The total body water isdnight the fat content is lower in
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children resulting in the larger or smaller voluofalistribution for hydrophilic or
lipophilic drugs, respectively (72). The level obfein binding is low in infants and
reaches adult values by 1 year and 3-4 years ofoageidic and basic drugs,
respectively (71). Finally, changes in metabolizamgyme capacity, renal function and
liver flow are influenced by physiological changdsepending on age (73).

A population pharmacokinetic model for pyronaridinénealthy subjects and
adult malaria patients was successfully developmedpaesented in Chapter 2. However,
children’s responses to drugs differ from adultsigny aspects, due to several factors
including variation of body composition and thefeliénces in organ function caused by
developmental changes. These factors may resthieidifferences in the
pharmacokinetics of pyronaridine between pediand adult malaria patients.
Therefore, the objectives of this study were: teali@p a population pharmacokinetic
model for pyronaridine in pediatric malaria pat&rb evaluate influences of covariates
on pyronaridine pharmacokinetics in pediatric malaatients, and to conduct Monte
Carlo simulations to address differences in pyrolvae exposures between selected age
ranges and to explore the exposure of pyronarigineng recommended dosing groups

for pediatric malaria patients.

Materials and Methods

Study design and blood sampling
The population pharmacokinetic analysis in thisptbawas conducted using data
from 5 clinical studies, one Phase Il study (SP83-05) and four Phase Il studies (SP-
C-004-06, SP-C-005-06, SP-C-006-06, and SP-C-00Q.7fbiree studies from phase IlI
(SP-C-004-06, SP-C-005-06, and SP-C-006-06) weredime as those used to conduct
population pharmacokinetics of pyronaridine in leabnd malaria infected adults. A
cut-off age of 16 years was used to separate addlpediatric patients based on the

general considerations for pediatric pharmacokingtidies for drugs and biological



56

products (62). The design for population pharmaoetic analysis was conducted by
Clinical Pharmacokinetic Laboratory, College of Bhacy, the University of lowa.
Study designs, dosage regimen, and blood sampliagah clinical study were

summarized as follows:

Phase Il (SP-C-003-05)

SP-C-003-05wvas aimed to assess safety, tolerability and phasknaetics of the
3 day regimen of PA in tablets and granules fortmmg for the treatment of
uncomplicatedP. falciparum malaria in pediatric patients in Gabon. For PAdtd)
patients were sequentially assigned to one ofartrent groups similar to those $i#°-C-
002-05.For granule formulations, the PA dose of 9:3 mglles used. Blood samples
were collected immediately before each dose aQdbatl, 1.5, 2.5, 4, 8, 12 hours, and at

3,7, 14 and 21 days after first dose.

Phase Il (SP-C-004-06, SP-C-005-06, SP-C-006-06da

SP-C-007-07)

All studies in phase Il were comparative, randagdistudies to assess efficacy
and safety of PA with other antimalarial dru§&-C-004-06andSP-C-005-06wnere
comparative studies to assess the efficacy antysaf@®A (180:60 mg) with that of
mefloquine (250 mg) plus artesunate (100 mg) anld thiat of artemether-lumefantrine
(20:120 mg) (Coartem®), respectively, in childrew adult patients with uncomplicated
P. falciparum malaria.SP-C-006-06wvas conducted to compare the safety and efficacy of
PA (180:60 mg) with that of chloroquine (155 mg)p@tients with acutP. vivax
malaria.SP-C-007-0Avas acomparative, randomized study to assess safetgféndcy
of a granule formulation (60:20 mg) (pediatric PYIRAX®) versus Coartem® crushed

tablets in infants and children with acute uncowcgikdP. falciparum malaria. For SP-C-
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004-06, SP-C- 005-06, and SP-C-006-06, PA was gazenrding to body weight: 20<
25 kg received one tablet, 26 - < 45 kg receivenltablets> 45 - < 65 kg received three
tablets, and 65 - 90 kg received four tablets. For SP-C-007F0X was given as

follows: > 5 - < 9 kg received one sachet, 9 - < 17 kg rexktwo sachets, and 17 - < 25
kg received three sachets. For all Phase Il studiee or two blood samples were
collected at two different time points (between Magnd Day 3, and between Day 4 and
Day 42). All subjects provided written informed sent for their participation in the

trial. All studies were approved by the local Ethi@ommittee.

Sample analysis

Blood samples were collected into sterile glasgesutontaining EDTA as the
anticoagulant (Lavender—top Vacutafi®&DTA tubes) and then were transferred into
two approximately equal volume aliquots in screyw Bialgene cryovials. All samples
were stored at or below -80°C until analysis. Pgratine concentrations were
determined by a validated liquid chromatographysrasectrometric method (LC/MS)
as described by Naik et al (6The coefficient of variation for intra-day and inrtkay
precision ranged from 2.2% to 11.1% and 7.8% t8%®5 respectively. The lower limit

of quantification (LLOQ) was 5.7 ng/mL.

Population pharmacokinetic analysis

Nonlinear mixed-effect modeling was conducted ttambestimates of population
pharmacokinetic parameters, inter-individual vaitigh(11V) and residual variability
(RV). NONMEM software version VIl level 2.0 (ICONdvelopment Solutions, 2009)
was used. NONMEM output was processed using PDxvecgon 4.0 (ICON
Development Solutions, 2007) and Xpose versior043ppsala University, Uppsala,
Sweden, 2010). Graphical plots were produced UBIBEO Spotfire S+ version 8.1
(TIBCO Software Inc., 2008) and R 2.10.1 (The Rridation for Statistical Computing,

2010). All pyronaridine concentrations were trangfed into their natural-logarithms
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and the dose of pyronaridine tetraphosphate (PB)caaverted to pyronaridine base by
multiplying the factor of 0.57 prior to modelingh& theoretical nonlinear mixed-effect
model, including structural and statistical modevelopment, covariate modeling and

model evaluation, was described in Chapter 2.

Structural model development

Based on concentration time profiles, two- andeghoompartment models with
first-order absorption and elimination from the tahcompartment were evaluated as
the kinetic models for orally administered pyrodare. Inter-individual and residual
variability were modeled with exponential error reted(Eg. 3.1 and Eq. 3.2,

respectively).

P = Roop ™ €xp(ni) or In(R) = In(Ryop) + i 31

where Ris the estimated parameter value for individuald &y is the population
estimate for the parametey.is the deviation of From B,opand is assumed to be

independent and symmetrically distributed with zexean and varianas®.

Yij = F”' * exp(alij) or In(Yij) = In(F.,-) + &4jj 3.2

where ¥; and K are the'] observed and model predicted concentrations'for i
individual, respectivelyg; is the residual random error for individual i astsservation |
and is assumed to be independently normally dig&idbwith mean of zero and variance

of 6%
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Covariate model building

The influences of 4 continuous covariates (agatorime clearance (CRCL),
baseline hemoglobin, and baseline parasite coand) 4 categorical covariates (aspartate
aminotransferase (AST), alanine aminotransferasd ) Agender, and formulation) on
pharmacokinetic parameters were evaluated aftemapbase model was identified.
Generalized additive models (GAM), plots of theiwdual Bayes parameter estimates
versus covariates, as well as physiologic plausthitere applied to select potential
covariates. Then these covariates were testeddbostgcal significance using stepwise
forward addition and stepwise backward eliminatibime significance levels of 0.05 and
0.001, which correspond to the difference in OF\B.@&4 and 10.83, respectively were
used as statistical criteria for stepwise forwatdigon and stepwise backward

elimination, respectively.

Continuous covariates (code) included in the datasee:
1. Age inyears (AGE)
2. Creatinine clearance (CRCL) was estimated usingthdl formula:
CRCL (mL/min/1.73 M) = (3.5*(Age in years) + 23.6)/SCr (mg/dL)

CRCL estimates were adjusted for body surface @84). BSA was computed
using the Haycock formula:
BSA (nf) = (WE>*3*(Ht°39%9*0.024265

3. Baseline hemoglobin (HGB) (g/dL)

4. Baseline log parasite count (LOGPARA) (per uL)

Categorical covariates (code) included in the datagre:
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Baseline aspartate aminotransferases (ASTgdccad O if baseline AST level was
< 1.5 x upper limit of normal range (ULN) and 1 ddeline AST level was > 1.5
X ULN. (ULN for AST was defined as 19 U/L for SP@D3-05 and 41 U/L for all
Phase lll studies and SP-C-002-05. For Phase y 88dC-001-03, ULN for AST
was 40 U/L. For SP-C-009-07, the ULN for AST waslB4).

Baseline alanine aminotransferases (ALT), caed if baseline ALT level was
< 1.5 x upper limit of normal range (ULN) and 1 ddeline ALT level was > 1.5
X ULN. (ULN for ALT was defined as 23 U/L for SP-@33-05 and 45 UJ/L for all
Phase Il studies and SP-C-002-05. For SP-C-001h@3JLN for ALT was 40
U/L. For SP-C-009-07, the ULN for ALT was 55 U/L).

Gender (SEX), coded as 0 for female and 1 fdema

Formulation (FORM), coded as O for tablet arfdrigranule.

All continuous covariates were centered with tha&liae values and were

evaluated with a linear function (Eq. 3.3), a poWuerction (Eq. 3.4) and an exponential

function (Eq. 3.5), depending on GAM and graphegsloration of the relationships

between covariates and pharmacokinetic param@ikesinfluences of categorical

covariates on the parameter were modeled with ditiag relationship (Eq. 3.6). The

importance of covariates as predictors was detexthiny a statistically significant

improvement in the MOFV, improvement in the premisof the parameter estimate

(relative standard error), percentage change ettt covariates and reduction in 11V

and RV.

P= 0,40, * (COV— COVyeqian) 3.3

P = 0, * (COV/COVppedian)®? 3.4

P = 0, *exp (0, * (COV — COVppedian)) 3.5
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where P represents pharmacokinetic parameter @stohéhe population, COV is the
continuous covariate tested, Cat_CQOV is the categjarovariate tested; is the
parameter estimate of an individual with COV edoaCOVqedian 02 represents a factor
describing the effect of continuous covariditgas the parameter estimate of an individual
with Cat_COV coded as 0, afglis the additional change in the parameter cormedpd

to categorical covariate being tested.

Model evaluation

Model goodness-of-fit was assessed using diagnpltis of observed
pyronaridine concentrations versus PRED and vdRRED, CWRES versus PRED and
versus time. Precision of the parameter estimasssagsessed using nonparametric
bootstrap approach. One thousand bootstrap rures gegrerated using Perl-Speaks-
NONMEM version 3.1.0. The predictive ability of theal model was evaluated using
visual and numerical predictive check by simulaimg thousand pyronaridine
observations at each sampling time point. The @kskgpyronaridine concentrations were
then plotted with the' 50", and 98' percentiles of the simulated observations to abtai
the population median concentrations and 90% ptiediinterval. The percent of
observed pyronaridine concentrations above andabitle 90% prediction interval was
calculated. Model stability was assessed by a tiemanumber with the criteria of less

than 1000 as indicative of model stability.

Simulations
One thousand simulations were conducted to addiffesences in exposures
between pediatric malaria patients in selectedragges. Parameter estimates obtained
from the final model, the median weight, and theedof 10 mg/kg pyronaridine

tetraphosphate were used for the simulation.
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In order to explore the exposure of pyronaridin@agirecommended dosing
groups, two extreme weight values (lower and ugpipets) in each dosing group of
current PA dosing regimens for pediatric patiefisb{e3.6) were used for the

simulations.

Results

Demographic data

A total of 1,220 blood pyronaridine levels from 332diatric malaria patients
were obtained from 5 studies in phase Il and pHas&pproximately, 13.5% (165
observations) and 0.2% (2 observations) of the seswere below LLOQ and were
identified as outliers, respectively. In total, 33Mblood pyronaridine concentrations were
included in the population pharmacokinetic analy§ise observations that were below
LLOQ and outliers were excluded from the analysis.

Table 3.1 summarizes number of subjects and obs@mngademographic, and
clinical characteristics of the population in eatihical study. This pediatric population
has a median age and median weight of 8 yearsaddk8g, respectively. The number of
males and females in this population was compai@ld.% and 47.9% for females and

males, respectively). Most of the patients rece@das a tablet formulation (70.5%).

Population pharmacokinetic model
Similar to the model developed for healthy and malafected adults, the best
base model of pyronaridine for pediatric malariigrds was a two compartment model
with first order absorption and elimination fronetbentral compartment. Figure 3.1
shows the distribution of continuous covariatessdgbon the inspection of collinearity
among continuous covariates (Figure 3.2), thereanaigh correlation between age and
the effect of body size (body weight, LBW, and BS8ince the proposed dosage

regimen of a fixed dose combination of pyronaridanesunate for pediatric malaria
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patients is based on body weight, the effect ofyheeight was treated as a fixed
covariate using an allometric scaling approach withexponent of 1 and 0.75 on
volume parameters and clearance, respectively.rdicapto GAM, graphical
exploration and physiologic plausibility, the paiahcovariate-parameter relationships
to be tested using stepwise forward addition amttward elimination were formulation
on K, age, CRCL, HGB, gender, ALT, and AST on CL/F; aige on V2/F. A summary
of forward addition and backward elimination steppresented in Table 3.2.

In the first step of stepwise forward addition, A&&s the most significant
predictor on CL/F (with the difference in MOFV frotine base model of 22.8). However,
the model incorporating the effect of AST resulitethe change in the estimate of CL/F
of less than 20% which was not considered to lmcelily significant based on pre-
specified criteria. Therefore, a model with age, tlext most significant predictor, was
used as a new base model for the second steppefiseeforward addition. The effect of
formulation was found to be significant predictor k&, with 79.63% change in the
estimate of K from the base model. During stepwise backwardiehtion, the effect of
Ka was not significant at = 0.001, but was significant at= 0.01.

The population parameter estimates of CL/F, V2/8/FY Q/F and Kof the final
model were 459 L/day, 2,720 L, 2,470 L, 700 L/dag &7 day, respectively. The IIV
on Q/F and V3/F were fixed to zero as the estimed@sot be obtained with good
precision. The percent coefficient of variationldéf on CL/F, V2/F and K were 39%,
95.9%, and 82.5%, respectively. These estimates fine final model are summarized in
Table 3.3. The derived meainpd, AUC (-, and predicted day 7 concentration of
pyronaridine in pediatric malaria patients are enésd in Table 3.4. The relationships
between significant covariates and pharmacokinetrameters were described as
follows:

CL/F (L/day) = [(459*(body weight/22.1)>*(age/8)**I*exp(n)

Q/F (L/day) = [(700*(body weight/22.9§3*exp(n)
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V2/F (L) = [2,720 *(body weight/22.3rexp(n)

V3/F (L) = [2,470*(body weight/22.1) *exp(n)

For the model with effect of formulation on, Kt the significant level of 0.01, the
covariate-parameter relationships were as follows:

CL/F (L/day) = [(458*(body weight/22.1)>*(age/8f**3*exp(n)

Q/F (L/day) = [(703*(body weight/22.9§3*exp(n)

V2/F (L) = [2,721 *(body weight/22.3)Fexp(n)

V3/F (L) = [2,460*(body weight/22.1)*exp()

Ka (day") = [21.5+27.0*formulation] *exp()

Model evaluation
Figure 3.3 and 3.4 are the goodness-of-fit plotheffinal model. The individual
plots for selected subjects are presented in Figo3.6. Bootstrap results (Table 3.3)
showed that 87.3% of the bootstrap runs were saftdgsconverged. All the parameter
estimates obtained from the final model were coeiwithin 95% confidence intervals
obtained from the bootstrap. Figure 3.7 shows ¢lsalts of VPC. About 0.66% and
3.89% of pyronaridine observations were above atovbthe 90% prediction interval

obtained from the simulations. The condition nundifahe final model was 17.9.

Simulations
Figure 3.8 shows the simulated pyronaridine comaéinh time profiles in each
age range. The Ln(AUC) distribution of pyronaridivessed on 4 dosing regimens for
pediatric malaria patients is presented in Figu®e Simulated concentration time
profiles of pyronaridine were highest in pediatnalaria patients age 2 years, followed
by 12 years and 16 years, respectively. The ovexalies of pyronaridine exposures

among dosing groups for pediatric malaria patierdse relatively similar.
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Discussion

Population pharmacokinetic model for pediatric malpatients was developed
using a total of 1,053 blood pyronaridine conceitdres from 332 pediatric patients
participated in one phase Il and four phase IHichl trials. Approximately13.5% of the
observations was below LLOQ and was excluded fimgranalysis (63). The data did not
support a 3-compartment model as evidenced byitfieutty to converge the model.
Additionally, the model that successfully convergezlded correlations of the estimates
of greater than 0.95 suggesting that the modellmeayver-parameterized and unstable.
Finally, this 3-compartment model resulted in aditan number of 2466 suggesting ill
conditioning of the model. Therefore, a simplecdnpartment model with first order
absorption and first order elimination from the tahcompartment was conducted.

Two major aspects affecting differences in pharrkexaiics among infants,
children and adolescents are growth and develo@heimanges which can be accounted
for by body size and age (74). Covariate screesitayved a high collinearity between
age and body size which might contribute to a paksource of errors in estimating
individual covariates (75). Body size has been whaned the primary factor to describe
variability in pharmacokinetics among children asfrmed by the theory explaining the
link between mass and function across magnitudesgains (76). However, body size
alone does not take into account developmentalggsa(v7). Therefore, we attempted to
treat the effect of body size as a fixed covarmteising an allometric exponent that has
a strong theoretical and empirical basis (74). wgs then treated as part of the covariate
modeling to account for the developmental changehildren. An allometrically-scaled,
two-compartment model with the exponent of bodyghiebf 0.75 on clearance
parameters and 1.0 on volume parameters adeqdia@®yonaridine data (130.416
reduction in MOFV from the base model). After coate screening, the potential
covariates included in stepwise forward additionkveard elimination were: formulation

on K age, CRCL, HGB, gender, ALT, and AST on CL/F; agg on V2/F. AST was
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the most statistically significant predictor on ELHowever, it did not meet the pre-
specified criteria of clinical significance (20%atiges in parameter estimates for the
categorical covariate) and was excluded from thseguent round. Age was found to be
a significant covariate on CL/F in the final modeth the exponent of 0.295.

According to the FDA, the pediatric population dencategorized into 4 age
ranges: infants and neonates (< 2 years), chil@d® years), adolescents (12-<16
years), and adults (16 years) (62). In this data set, there were sixgubjects who ages
were less than 2 years; none of them were neorfa@smparison of weight normalized
clearance and central volume of distribution inheage range is presented in Table 3.5.
Figure 3.10 and 3.11 are the plots between weigihhalized clearance versus age and
weight normalized central volume of distributionrsgs age, respectively. Inclusion of
age in the model is likely to reflect developmermtahnges in pyronaridine clearance and
central volume of distribution. Therefore, the loweesight normalized clearance
observed in younger children could be explainethieylower level of enzymes used to
metabolize pyronaridine. The higher central volwhdistribution in younger ages could
be explained by the reduced protein binding as agethe higher level of extracellular
fluid volume of total body water. The derived piacokinetic parameters show the
longer 125, higher levels of AUG-.), and higher predicted pyronaridine day 7
concentrations in younger children. This would kpezted given the lower weight
normalized CL/F observed in younger children.

Some patients (98 subjects) received PA granuhadtations; therefore the effect
of formulation was tested. Formulation was fountéca significant predictor onKvith
a 79.6% change in the estimate @fftbm the base model. During stepwise backward
elimination, the effect of Kwas significant at = 0.01. Figure 3.12 is a box-plot of age
versus distribution of pediatric malaria patier@saiving different formulations of PA.
Most of the subjects receiving the granule formatatvere young children. A plot

between empirical Bayes estimates gfakd formulations is presented in Figure 3.13. As
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would be expected, a higheg Is observed for the granule formulation, mostlijldue
to the faster dissolution rate. However, therehggh variability in Ky in both tablet and
granule formulations which could be explained lparse sampling strategy used for
most patients with 1 observation during day 0 tp 8land the effect of organ
development on absorption varies depending on'&be Gastric pH in infants is higher
than that in adults, thus pyronaridine, a basiggdtends to be absorbed more in infants.
However, there are other factors that can alsceffe absorption rates of drugs. For
example, gastric emptying time is delayed aftethbtand approaches adult values within
6-8 months. Also intestinal transit time is proledgn infants and neonates because of
reduced motility and peristalsill of these developmental changes in absorptiaricco
explain the high variability observed in.K

Simulation results showed thgitven the same body weight and the dose of
pyronaridine tetraphosphate, the simulated pyrdirsgiconcentrations were higher in
younger children as would be expected given theet@apparent clearance. Moreover, the
exposures of pyronaridine were consistent acrasgithposed dosage regimen in PA
granule labeling for pediatric malaria patients amte comparable to those of adult

malaria patients.

Conclusions

In conclusion, population pharmacokinetics of pyetine was modeled using
data from five clinical studies. An allometric tgompartment model with first order
absorption and elimination from the central comparit best described pyronaridine
pharmacokinetics in pediatric malaria patients. ®hly significant covariate-parameter
relationship in the final model was the effect géan apparent clearance with the power
function. The validity of the final population pmaacokinetic model for pyronaridine in
pediatric malaria patients was confirmed by goodrtddit plots showing no major bias,

bootstrap analysis, Visual Predictive Check, andradition number.



Table 3.1 A summary of study data, patient demdygcapand covariates included in the analysis

Phase I Phase IlI
Characteristics All studies
SP-C-003-05 SP-C-004-06 SP-C-005-06 SP-C-006-0 sbo7-07
Number of subjects [N] 57 40 143 9 83 332
Number of observations
Total 702 79 272 17 150 1220
Excluded as LOQ 14 21 75 6 49 165
[IN(%)] (2) (26.6) (27.6) (35.3) (32.7) (13.5)
Excluded as outliers 0 0 1 0 1 2
[N(%)] (0) (0) (0.4) (0) 0.7) (0.2)
Included in the analysis 688 58 196 11 100 1053
[N(%)] (98) (73.4) (72.1) (64.7) (66.6) (86.3)
Median age (range) (years) > 1 o 14 > 8
getrange) iy (2-14) (5-15) (5-15) (9-15) (0.6-10) (0.6-15)
Median weight 16.2 20.9 26.6 31.5 17 22.1
(range) (kg) (10-36.4) (20-46.4) (20-56.2) (20-46.7) (9-24.3) (9-56.2)
Median BMI 15 15.1 16.6 15.8 15 19.8
(range) (kg/r) (12.8-17.6) (11-20) (11.5-26.5) (13.6-19.2) (6-23) (6-26.5)
Median LBW 14.4 225 22.9 28.3 14.7 19.8
(range) (kg) (8.7-31.7) (15.5-36.9) (15.6-47.3) (18.1-39.9) (7.3-22) (7.3-47.3)
Median Creatinine Clearance 51.2 64.1 66.6 68.0 33.8 54.7
(range) (mL/min) (18.5-164.3) (36.4-132.5) (25.9-219.2) (50.6-85.1) (12.5-114.6) (12.5-219.2)
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Table 3.1 -continued

Characteristics Phase Il Phase llI
All studies
SP-C-003-05 SP-C-004-06 SP-C-005-06 SP-C-006-06 GSPe7-07
(Eigflg'g)‘e(pifﬁ')te Count 6,304 10,559 13,088 8,632 14,400 10,7556
(1,072-174,241) | (1,201-92,500) | (1,000-93,923)| (1,193-51,947)| (153-188,488) (153-188,488)
Median baseline hemoglobin 102 110 115 113 100 108
(range) (g/dL) (74-129) (82-130) (84-208) (93-135) (80-123) (74-208)
Formulation [N(%6)]
42 40 143 9 0 234
Tablet
(73.7) (100) (100) (100) 0) (70.5)
Granule 15 0 0 0 83 98
(26.3) (0) 0) (0) (100) (29.5)
Gender [N(%)]
Female 28 19 78 3 45 173
(49.1) (47.5) (54.5) (33.3) (54.2) (52.1)
Male 29 21 65 6 38 159
(50.9) (52.5) (45.5) (66.7) (45.8) (47.9)
AST>1.5 ULN 36 5 6 0 3 50
ALT>1.5 ULN 5 1 2 0 0 8
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Table 3.2 A summary of covariate model development

Step | Covariate added to Base model MOFV A MOFV
0 Base model 182.296 -
1 Age on CL/F 173.306 9.99
2 Age on CL/F, Formulation on{Full model) 165.222 8.08
Step | Covariate removed from Full model MOFV A MOFV
1 Age on CL/F 184.501 19.28
Formulation on K 172.306 7.08




Table 3.3 Final population pharmacokinetic and bwap results for pyronaridine
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) Bootstrap
Parameter® Estimate %RSE " %CV © estimate
(95%Cl) §
(95% ClI)
PK Parameters
CL/F (L/day) 459 5.97 458
(405-513) (408-521)
V2/F (L) 2,720 6.73 2,717
(2,360-3,080) (2,360-3,133)
V3IF (L) 2,470 9.19 2,457
(2,030-2,910) (2,025-2,945)
Q/F (L/day) 700 10.7 719
(553-847) (571-903)
Ka(day?) 27 14.8 27
(19.2-34.8) (20.1-36.2)
Age on CL/F 0.295 40.7 0.303
(0.0598-0.530) (0.063-0.534)
v
IIV-CL/F 0.152 39.2 39.0 0.147
(0.0352-0.269) (0.059-0.276)
IV-V2/F 0.920 9.05 95.9 0.927
(0.757-1.08) (0.756-1.104)
IV-V3/F - - - -
IV-Q/F - - - -
IV-K 5 0.681 27.0 82.5 0.677
(0.320-1.04) (0.362-1.078)
RV (additive error)
RV 0.219 12.6 0.220

(0.165-0.273)

(0.166-0.274)

4 CL/F = apparent clearance, V2/F = apparent centidaime of distribution, V3/F = apparent peripheral
volume of distribution, Q/F = apparent intercompahtal clearance, J& first-order absorption rate

constant, F = bioavailability.
05RSE = relative standard error computed by (SE/)xa80%.

°9%CV= coefficient of variation computed by %G¥ /exp (w?) — 1*100%

995% CI of bootstrap estimate are the 2.5 and 9&r8emtile of the bootstrap estimates.



Table 3.4 Derived parameters obtained from postBayes estimates of the final model
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Parameter Estimate (mean * SD)

t (days)’

Age < 2 years 1.41+£0.28

Age 2-12 years 1.10+0.47

Age 12-16 years 1.20+0.46
iy (days)

Age < 2 years 22.13+8.71

Age 2-12 years 11.45+£5.35

Age 12-16 years 10.06 £ 3.35
AUC .., (mg*dayi/L)"

Age < 2 years 1.84£0.30

Age 2-12 years 1.33+0.46

Age 12-16 years 1.30+0.36
Predicted pyronaridine day 7 concentration (ng/fL)

Age < 2 years 38.61 +10.55

Age 2-12 years 36.64 +13.12

Age 12-16 years 37.76 £9.94

%t and 1, are the distribution and elimination half-livesspectively.

® Area under the concentration-time curve from etwas computed using a 3 day dose of PA and

microparameters obtained from post-hoc Bayes etsraf the final model.

°Predicted pyronaridine day 7 concentrations weraptded using a 3 day dose of PA and
microparameters obtained from post-hoc Bayes etsraf the final model.



Table 3.5 Weight normalized individual empiricaly®a parameter estimates for
pediatric malaria patients in each age range

Parameters

Age < 2 years

(Mean £ SD)

Age 2-12 years

(Mean £ SD)

Age 12-16 years

(Mean £ SD)

CL/F/WT (L/day/kg)

V2/F/WT (L/kg)

1551+1.91

359.36 £177.67

20.13 £ 4.60

175.72 + 166.61

22.14 + 4.36

154.92 + 124.51

Table 3.6 Dosage regimen of current proposed PAulgdabeling

Weight range (kg) Number of Dosage Units PP dose @fkg)
5-7kg 1 (60 mg) 8.6-12.0
8-14 kg 2 (120 mg) 8.6 -15.0

15-19 kg 3 (180 mg) 95-12.0
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Figure 3.1 Distribution of continuous covariategpediatric population
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Figure 3.2 Correlation matrix between continuougaciates
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Figure 3.3 Plots of population and individual pated Ln PYR concentration versus
observed Ln PYR concentration for the final modéle solid lines are lines
of identity. The broken lines are loess smoothingd
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Figure 3.4 Plots of conditional weighted residuadssus population predicted Ln PYR
concentration and time after dose of the final nhotlee broken lines are
loess smoothing lines
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Figure 3.5 Plots of observed (open circles), pdmrgredicted (solid lines) and
individual predicted (dotted lines) Ln pyronaridioencentrations obtained
from intensive sampling versus time form the fimaddel for selected subject
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Figure 3.6 Plots of observed (open circles), pdmrgredicted (solid lines) and
individual predicted (dotted lines) Ln pyronaridioencentrations obtained
from sparse sampling versus time form the final ehdor selected subject
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Figure 3.7 Visual Predictive Check of the final mbd’he open circles re rgpresent the
observed concentrations, the dotted lines reprekeri’ and 95' percentile,
and the solid line represents the" ercentile obtained from the simulations
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Figure 3.8 Monte Carlo simulations for pediatriclan@ patients in each age range. The
PP dose of 10 mg/kg and the median weight of 2&dug used for the

simulation
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Figure 3.9 Box-plot depicting number of dosagesuaitd Ln(AUC) distribution of
pyronaridine based on 3 dosing regimens for padiatalaria patients; bars
represent 28and 7' percentiles; whiskers represent™idnd 98 percentiles
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Figure 3.10

CL/WT (L/day/kg)
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Figure 3.11 A plot of weight normalized empiricay&s estimates of apparent central
volume of distribution versus age
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Box-plot depicting age versus distitrubf pediatric malaria patients

Figure 3.12
receiving different formulations of PA; bars repres25” and 7
percentiles; whiskers representidnd 98 percentiles
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Figure 3.13 A plot between empirical Bayes estimatfeabsorption rate constant of
pyronaridine and formulations
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CHAPTER 4
RELATION OF PYRONARIDINE PHARMACOKINETIC
PARAMETERS AND TREATMENT OUTCOME

Introduction

Malaria is an infectious disease that causes sogmif morbidity and mortality in
the world population. Although it is a life-threateg disease, malaria deaths can be
prevented with appropriate treatment. Currentlieraisinin-based combination therapies
(ACTs) are recommended by WHO as a first line ettt for uncomplicated malaria
(6). A combination of artemisinins and anotheraadarial drug with different modes of
action has proven to reduce rate of malaria registand increase the rate of successful
treatment outcome (7-11). Following a three daysewf ACTs, artemisinins can reduce
the number of parasites by®18aving approximately a10° parasites to be removed by
the partner drug (79). Therefore, the propertiethefpartner drug play an important role
on the efficacy of ACTs to completely eliminate tiesidual parasites. The ideal partner
drug of artemisinins should have reasonably lorifjlth@, no adverse pharmacological
interaction, and no additional toxicity (79).

Pyronaridine-artesunate (PA) 3:1 fixed dose contlmnaa new ACT developed
for the treatment of uncomplicat&dfalciparumand blood stages & vivax malaria,
has completed nine clinical studies in Phase Is@ligaand Phase Ill. Pyronaridine is an
antimalarial agent that targets the blood stagesadéria parasites (22). Its mechanism of
action is by inhibiting3-haematin formation and interfering with glutatheedependent
heme detoxification (32-34). The pharmacokineticgysonaridine was studied and
reported in Chapter 2 and Chapter 3. To achievenaptherapeutic outcome, it is of
importance to understand the relationship betwéammpacokinetic properties of
pyronaridine and the outcome of malaria treatmsemell as the thresholds of

pharmacokinetic parameters associated with sueddsstment outcomes. However,
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there are several factors affecting treatment ou&apart from pharmacokinetic
properties of the drug, such as a patient’s charagtics and severity of the disease.
Therefore the objectives of this analysis wereddtermine the relationship between time
to the occurrence of treatment failure and pyrahiae pharmacokinetics as well as host
factors, and to determine cut-off values of pyradiae pharmacokinetic parameters

associated with a successful treatment outcome.

Background

Outcome of malaria treatment
Treatment outcomes in studies of antimalarial drffigacy can be classified as
follows (80):
Early treatment failure is present with the following signs and symptoms:

e Development of danger signs or severe malaria gnlD®ay 2, or Day 3
in the presence of parasitemia.

e Parasitemia on Day 2 higher than the Day O predosst, irrespective of
body temperature

e Parasitemia on Day 3 with axillary temperaturg?7.5 C

Late clinical failure is present with the following signs and symptoms:

e Development of danger signs or severe malaria grdagy from Day 4 in
the presence of parasitemia, without previouslytmgeny of the criteria
of early treatment failure.

e Presence of parasitemia and axillary temperat8@.5 C on any day
from Day 4, without previously meeting any of théeria of early
treatment failure.

e Presence of parasitemia on any day from Day 7 aitldrg temperature <
37.5 C, without previously meeting any of the critevieearly treatment

failure or late clinical failure.
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Late parasitological failure is present with the following signs and symptoms:

e Presence of parasitemia on any day from Day 7 tod8aand axillary
temperature < 37.%, without previously meeting any of the critesia
early treatment failure or late clinical failure.

Adequate clinical and parasitological response (ACR) is defined as follows:

e Absence of parasitemia on day 28, irrespectivexitfaay temperature
without previously meeting any of the criteria afly treatment failure,
late clinical failure or late parasitological faiu

To effectively evaluate the efficacy of treatmenis necessary to distinguish
treatment failure due to recrudescence (recurrefparasitemia after the treatment with
the same infection that cause illness) from that tdure-infection (recurrence of
parasitemia after the treatment with the new ptrasrains). Polymerase Chain Reaction
(PCR) for genotyping of malaria parasites is a camiynused method to differentiate
recrudescence from re-infection due to its feasybihigh sensitivity, and high resolution
(81). The genotyping was performed prior to inilasing on Day 0 and in the case of

reappearance of parasites.

Receiver Operating Characteristic Curve

In this analysis, Receiver Operating Character{©OC) curve was used to
identify the threshold of pharmacokinetic parametesociated with successful treatment
outcome. The ROC curve is a tool used to assessamycof a diagnostic test. It can also
be used to compare two or more diagnostic tests.pfinciple of ROC curve analysis is
summarized as follows (82-89):

For each diagnostic test, there is a cut-off poirgriterion value used to
discriminate between the two states of health disease positive and disease negative).

The distributions of these two populations arepetectly separated. Therefore, some
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cases, disease positive will be classified as deseagative and vice versa. The outcomes
of any diagnostic test can be categorized into fgoes as follows:

True positive (Sensitivity} is defined as a probability that a test result be
positive when the disease is present (FiT)).

True negative (Specificity) is defined as probability that a test result \wél
negative when the disease is not present {f&(}.

False positive (1-Specificity)is defined as a probability that a test result ba
positive when the disease is not present (PR(J).

False negative (1-Sensitivity)is defined as a probability that a test result e
negative when the disease is present ().

The ROC curve is a plot of sensitivity against pedficity) for different cut-off
values. The ROC curve for a perfect diagnosticualspass through the upper left
corner (100% sensitivity and 100% specificity). dog diagnostic test would result in
the ROC curve close to the upper left corner. As/mamder the ROC (AUROC) curve is
used to quantify the performance of a diagnosst ®UROC ranges between 0.5 and 1.
The closer the AUROC is to 1, the higher the ove@duracy of the test. For any
diagnostic test, we test the hypothesis that th&@AQ is greater than 0.5, that is,
whether using the test is better than random gdémsfollowing arbitrary criteria have
been used for interpretation of AUROC values.

Low accuracy: 0.5 < AUROE 0.7

Moderate accuracy: 0.7 < AURCC0.9

High accuracy: 0.9 <AUROE 1

Several methods are used to obtained optimal tbléstalues from an ROC
curve (90): points on curve closest to the (0fHg;Youden index; and the minimize cost
criterion. The last method is rarely used becausensiders cost from several sources

such as cost for false diagnosis, cost of discanmdoperson caused by treatment, and
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cost of further investigation when needed, anddliastors are difficult to accurately
estimated.
The distance (d) between any points on ROC curdgramt (0, 1) can be

obtained using the following equation:

d = /(1 — sensitivity)2 + (1 — specificity)?2 4.1

The optimal threshold is the point where the disgaiis minimal.

The Youden index (J) is a method that finds theimar vertical distance from
the line of equality to the point on ROC curve. Hm@ of this method is to maximize the
difference between true positive and false posififee Youden index (J) can be obtained

using the following equation:

Youden index (J) = sensitivity + specificity — 1 4.2

In this analysis, the Youden index is used astargwn to identify the cut-off

threshold because it reflects the maximum of threecd classification rate.

Cox Proportional Hazard Model

The Cox proportional hazard model is the method igexplore association
between the survival time of patients and sevarahgates (91). Survival time is the
time to the occurrence of a particular event wiichld be death, relapse, or the
development of a disease. In this analysis, sulrtivee refers to the time to the
occurrence of recrudescence. These survival timede characterized by a hazard
function (h(t)) which is the probability of an edrappening in a short time interval
assuming that the subject has survived to the begjrof the interval. The hazard

function can be obtained according to the followaugation:
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h (t) __ Number of individuals experiencing an event in interval beginning at t 4.3
- (number of individuals surviving at tiem t)*(interval width) )
The Cox proportional hazard model can be giverobes:

h() = ho(t) * exp (B1X1 + B2Xz + -+ PuXn) 4.4

where R(t) is the baseline or underlying hazard functithe (probability of reaching a
particular event when all explanatory variableszm®),fs are the regression
coefficients (the proportional changes expectetienhazard, related to the changes in

explanatory variables), and XX»,...X,, are the explanatory variables or covariates.

Materials and methods

Study design and clinical outcome
Clinical outcome from two Phase Il clinical stud{&P-C-002-05, SP-C-003-05)
and four Phase Il clinical studies (SP-C-004-08;G005-06, SP-C-006-06 and SP-C-

007-07) were included in the analysis.

Phase |l (SP-C-002-05 and SP-C-003-05)

SP-C-002-05vas conducted to assess safety, tolerability afnchey of the 3 day
regimen of PA in adult patients with acute uncowegtledP. falciparum malaria Patients
were randomized to one of 3 treatment groups: GAAUPA 6:2 mg/kg, Group B: PA 9:3
mg/kg, and Group C: PA 12:4 mg/kg. Blood samplegi&iermining pyronaridine
concentration were collected immediately beforéhadmse, and at 0.5, 1, 1.5, 2, 2.5, 4, 8,
16, 24 hours and 3, 5, 12, 19 days after the thoigk. Parasite counts were examined at

screening on Day 0 to confirm inclusion/exclusioitetcia and on Days 1, 2, 3, 7, 14, 21,
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28, 35, and 42 or on any other day if the patipohtaneously returns. Samples were
taken for PCR prior to Day 0 and Day 1 dosing. Addally, samples for PCR were
taken at time of treatment failure to assess st#tuscrudescence or re-infection.
SP-C-003-05vas aimed to assess safety, tolerability and phaokmaetics of the
3 day regimen of PA in tablets and granules fortmmg for the treatment of
uncomplicatedP. falciparum malaria in pediatric patients in Gabon. For PAdtd)
patients were sequentially assigned to one ofartrent groups similar to those $#°-C-
002-05.For granule formulations, the PA dose of 9:3 mglles used. Blood samples
were collected immediately before each dose aQdbatl, 1.5, 2.5, 4, 8, 12 hours, and at
3,7, 14 and 21 days after first dose. Parasitatsonere examined at screening on Day O
to confirm inclusion/exclusion criteria and everp@urs until 72 hours or until a negative
result had been recorded. In addition, parasit@tsowere also examined on Days 3, 7,
14, 21, 28, 35, and 42 or on any other day if tigept spontaneously returns. PCR for
genotyping was performed prior to initial dosing@ay 0 and Day 1 as well as at time

for any treatment failure to assess status of tegtence or re-infection.

Phase 11l (SP-C-004-06, SP-C-005-06, SP-C-006-06da

SP-C-007-07)

SP-C-004-06 and SP-C-005-08ere comparative, randomized studies to assess
the efficacy and safety of PA (180:60 mg) with tbhimefloquine (250 mg) plus
artesunate (100 mg) and with that of artemetherefantrine (20:120 mg) (Coartem®),
respectively in children and adult patients witltamplicatedP. falciparum malaria.

SP-C-006-06nvas acomparative, randomized double blind, double durstogy
to assess the safety and efficacy of PA (180:60wmiy) that of chloroquine (155 mg) in
patients with acut®. vivax malaria.

SP-C-007-0Avas acomparative, randomized study to assess safetgféindcy

of a granule formulation (60:20 mg) (pediatric PYIRAX®) versus Coartem® crushed
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tablets in infants and children with acute uncowcgikdP. falciparum malaria. For SP-C-
004-06, SP-C- 005-06, and SP-C-006-06, PA was gazenrding to body weight: 20<
25 kg received one tablet, 26 - < 45 kg receivenltablets> 45 - < 65 kg received three
tablets, and 65 - 90 kg received four tablets. For SP-C-007F0X was given as
follows: > 5 - < 9 kg received one sachet, 9 - < 17 kg rexktwo sachets, and 17 - < 25
kg received three sachets. For all Phase Il studiee or two blood samples were
collected at two different time points (between Magnd Day 3, and between Day 4 and
Day 42). Parasite counts were examined on Dayc@néirm inclusion/exclusion criteria
and every 8 hours following first dose administratfor at least 72 hours or until the
parasites have cleared. Moreover, parasite cousts atso examined on Days 3, 7, 14,
21, 28, 35, and 42 or on any other day if the paspontaneously returns. Genotyping
studies by PCR to differentiate re-infection fromenudescence were assessed prior to
initial dosing on Day 0 and Day 1 as well as in¢hse of reappearance of parasites as

judged by a positive microscopy.

Derivation of secondary pharmacokinetic parameters
Derived secondary pharmacokinetic parameters faligwa 3 day dose of PA
used for statistical analysis were obtained fronpieical Bayes estimates of micro-
parameters from the final model using the followetgations:

1. Area under the concentration-time curve from«~ (AUCq-.)

(@ koFD  [(kzz—a)xe™ %  (kzz—P)xe Bt (k3p—kg)re Fal
AUCo—e = fO V2 * [(ka—a)(ﬁ—a) + (ka=P)(a-B) = (a—kag)(B—kq) 45
2. Predicted pyronaridine concentrations on day 7anday 14
C= KoFD  (ksp—a)+e™%  (k3p—P)xe Pt | (ksp—kg)xe Fat 4-6

V2 [(ka—a)(ﬁ—a) (kg=B)a-B) ~ (a—ka)(B—kqa)



95

Statistical analysis

The influences of age, sex, baseline haemoglobisglme parasite count,
formulation, AUG., and predicted pyronaridine concentrations on dagd’on day 14
on treatment outcome (recrudescence, re-infeatiogyiccessful outcome) were
evaluated using the Cox proportional hazard moldes. effects of AUG.. and predicted
pyronaridine concentrations on day 7 and on dawéd evaluated separately since these
determinants are all measures of drug exposurearanuighly correlated. Moreover, the
cut-off values for AUG., and predicted pyronaridine concentrations on dagd’on day
14 associated with successful treatment outcome identified using a ROC curve. The
Youden index was used for selecting the cut-ofbpgridine concentrations on day 7
and on day 14 and AUGC, (90). All statistical analyses were performed ussiRfSS
version 19.0 (IBM, 1989, SPSS, Inc., 2010) and SA&Sion 9.3 (SAS institute, Cary,
NC, USA, 2002-2010) with the significance levelood5.

Results

The characteristics and number of patients whoreadidescence, re-infection
and successful treatment outcome were summarizédhle 4.1. Of the 642 malaria
patients, ninety eight patients (15.26%) experidriceatment failure. Genotyping was
performed to differentiate treatment failure duedorudescence and re-infection. Of the
patients who had treatment failure, twenty-eightguais had recrudescence and seventy
patients had re-infection. Most of patients whoealeped re-infection were children
(median age 12.3 years), whereas those who haddeswence were adult patients
(median age 21.7 years). The median predicted d¢ayn@entration, predicted day 14
concentration and predicted AJ¢value were lower in recrudescence group as
compared to those in the success group. The mbedseline haemoglobin and median
baseline parasite count between the recrudesceoop gnd success group were

comparable.
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Influence of pharmacokinetic parameters and
characteristics of patients on the time to the ocetence
of treatment failure

The effects of pyronaridine pharmacokinetic paramseand patient’s
characteristics on the time to the occurrence @udescence and re-infection were
evaluated using Cox regression analysis. All theagates were tested for Cox
proportional hazard assumption. Since predicted AJ&nhd predicted pyronaridine
concentrations on day 7 and on day 14 were defrogd individual Bayes estimates
obtained from the final population pharmacokinetiodel, these variables are highly
correlated and were tested separately.

Of all the covariates tested, only predicted d&piicentration was a significant
predictor for time to the occurrence of recrudesedip-value = 0.0455). Predicted
AUC,., was marginally significant with the p-value of 040@nd predicted day 14
concentration was not a significant predictor fog time to the occurrence of
recrudescence (p-value = 0.09). The hazard rati®) fbir predicted day 7 concentration
and predicted AUgE,, were estimated to be 0.954 (95%CI: 0.911-0.999)aB66
(95%CI: 0.126-1.062).

Similarly, predicted day 7 concentration was a icgmt predictor for time to the
occurrence of re-infection after adjusting for thituence of age (p-value=0.026).
Predicted AUG., was marginally significant with the p-value of 090 However,
predicted day 14 concentration was not a signifipaedictor (p-value=0.228). The
estimated hazard ratios for predicted day 7 comagoh and predicted AULC, were

0.972 (95%CI: 0.948-0.997) and 0.608 (95%ClI: 0.3480), respectively.
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Optimal values of pharmacokinetic parameters
associated with successful treatment outcome
Since the level of exposure to pyronaridine is used determinant of therapeutic
response, predicted pyronaridine concentrationdagri/ and on day 14 and predicted
AUC., levels associated with successful treatment outcsare evaluated by means of
ROC curves (Figure 4.1-4.3). The cut-off level foedicted AUG., (area under ROC
curve = 0.659, p-value = 0.004, 95%CI: 0.566-0.7883 found to be 1.06 mg*day/L.
AUC, levels below this cut-off were observed in 60.71%/28) of subjects with
recrudescence and in 34.74% (189/544) of subjadtsel success group. The optimal cut-
off for predicted pyronaridine concentrations ol dgarea under ROC curve = 0.645, p-
value = 0.01, 95%CI: 0.543-0.746) and on dayl4a(areder ROC curve = 0.669, p-
value = 0.002, 95%CI: 0.590-0.749) were evaluabdaet31.3 ng/mL and 17.6 ng/mL,
respectively. About 60.71% (17/28) and 92.86% (b4 subjects with recrudescence
had predicted pyronaridine concentrations on dagd’on day 14 below these
thresholds. Whereas, 37.13% (202/544) and 60.42%/%84) of subjects in the success
group had predicted pyronaridine concentrationdan? and on day 14 below the cut-

off values.

Discussion
This study aimed to determine association betwgeonaridine

pharmacokinetics and its therapeutic responseafdee under concentration time curve
of pyronaridine is used as a determinant for theméip outcome since it reflects both
time and amount of drug exposure that is sufficfenparasite killing. White et al. has
reported that antimalarial drug concentration oy flaan be used as a determinant of
therapeutic response for a combination therapy avithng half-life antimalarial agent
(92). Moreover, an efficacy assessment of the pitis generally assessed on day 7 or

day 14 after treatment starts. Therefore, in thaysis, we investigated the effects of
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predicted AUG.,, and predicted pyronaridine concentrations ontlagd on day 14 on
the time to the occurrence of treatment failurerfrdescence and re-infection) using Cox
regression analysis. All of these parameters weaéy/aed separately since they all were
measures of drug exposure and were interrelated @88y predicted day 7 concentration
was a significant predictor on the time to the ooce of recrudescence and re-
infection. Predicted AUE,, was marginally significant but predicted day 14
concentration was not significant for both timette occurrence of recrudescence and re-
infection. The estimates showed that the meanofisicquiring recrudescence and re-
infection at any point in the follow up period d days decreased by 4.6% and 2.8%,
respectively, for each increase of 1 ng/mL in peetl day 7 concentration. These
findings support the hypothesis that the higheelewf predicted pyronaridine
concentrations on day 7 are associated with theedse risk of acquiring recrudescence
or re-infection. Although we did not find significeeffect of predicted AUE, on time

to the occurrence of recrudescence and time todberrence of re-infection, there was a
trend that the mean risk of acquiring recrudescamckre-infection at any point in the
follow up period of 42 days decreased by 63.4%djote=0.064) and 39.2% (p-
value=0.079), respectively for each increase ofgtdays/L in AUG.,.

The contribution of host factors (age, gender, li@sé&éemoglobin, baseline
parasite count, and formulation of the drug) ontime to the occurrence of treatment
failure was also evaluated. Age was the only hadtior that was found to be a
statistically significant predictor on time to tbhecurrence of re-infection. The mean risk
of acquiring a re-infection at any point in theléo¥-up period will increase by 4% for
each decrease of 1 year of age. Several studdifferent antimalarial treatments have
reported the association between increasing ageesre@asing risk of treatment failure
(94-97). However, this relationship may not holdJery young infants. Higher parasite

clearance in infants has been reported. This doaleixplained by a high prevalence of
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fetal hemoglobin, circulating maternal antibodi@sd age related immunological
changes (98,99).

An association between higher baseline parasitamdean increased risk of
treatment failure has been presented by sevemdikestgince patients with higher level of
parasitemia might be more likely to harbor a resisstrain (96). In this analysis, we did
not find a statistically significant effect of béise parasite count on the time to the
occurrence of treatment failure. This could be akm@d by the fact that the patients in all
clinical studies had mild uncomplicated malariaharacterized by lower levels of
parasitemia (1,000-100,000 asexual parasite couatfjplood).

The low level of hemoglobin (less than 10 g/dL) baen reported to be a
predictor of treatment failure (95). Baseline hetobm level was not significant in this
analysis. This would be expected given that theiameldaseline hemoglobin levels were
comparable in recrudescence, re-infection and ssag®ups. Moreover, the exclusion
criteria for clinical studies included in this aysik did not allow patients in severely ill-
condition (hemoglobin levels below 8 g/dL) to paigiate in these studies.

The cut-off values obtained from ROC curves of mted AUG-., predicted
pyronaridine concentration on day 7 and on day érevi.06 mg*day/L, 31.3 ng/mL and
17.6 ng/mL, respectively. The cut-off values ofgpeted AUG.., and predicted
pyronaridine concentration on day 7 had approxim#&@% sensitivity and 60%
specificity. For pyronaridine concentration on daly concentrations below the cut-off
value predicted recrudescence with 92.86% sertgitvid 39.52% specificity. The low
area under the ROC curve, sensitivity and spetyfadserved in this study are probably
due to the limited number of subjects who had r@esaence. The validity of these
thresholds should be confirmed by data that indwad&rger number of recrudescence

subjects.
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Conclusions

In summary, the association between predicted AL @redicted pyronaridine
concentrations on day 7 and on day 14 and timeg@¢tcurrence of treatment failure can
be used optimize the outcome of malaria treatmfenthe levels of predicted
pyronaridine concentrations on day 7 increasedrishe of acquiring re-infection or
recrudescence decreased. Although, sensitivityspadificity were relatively low, the
cut-off values of predicted pyronaridine concendrag on day 7 associated with
successful treatment outcome obtained from ROCecoawn be used as guidance to

conduct further clinical trials.
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Table 4.1 Demographic data of patients with recsadece, re-infection and successful

outcome
o Recrudescence Re-infection Successful outcome
Characteristics
Mean (SD) Mean (SD) Mean (SD)
Number of patients in each
clinical studies (N)
SP-C-002-05 - - 16
SP-C-003-05 2 12 43
SP-C-004-06 23 18 212
SP-C-005-06 2 23 199
SP-C-006-06 - - 34
SP-C-007-07 1 17 65
Age (years) 21.7 (11.33) 12.3 (12.44) 18.6 (12.88)
Weight (kg) 42.2 (14.64) 27.7 (14.66) 39.0 (16.68)
Predicted day 7 concentration
29.7 (7.78) 33.2(10.76) 34.8 (10.36)
(ng/mL)
Predicted day 14 concentration
14.4 (3.24) 18.7 (6.87) 17.8 (6.79)
(ng/mL)
Predicted AUG., (mg*day/L) 1.1 (0.21) 1.2 (0.37) 1.23 (0.38)
Elimination half-life (days) 22.46 (7.78) 15.69€48) 18.1 (8.17)
Hemoglobin (g/dL) 119.4 (19.32) 110.0 (13.04) 11@.8.75)

Parasite count (/uL)

25930.1 (28416.02

19389.932D7)

22741.2 (28928.58

Gender [N(%)]

Male 20 (71.43) 43 (61.43) 316 (58.09)

Female 8 (28.57) 27 (38.57) 228 (41.91)
Formulation [N(%b)]

Tablet 26 (92.86) 27 (38.57) 466 (85.66)

Granule 2 (7.14) 43 (61.43) 78 (14.34)




Table 4.2 Cox regression analysis for patients vatlmudescence
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Predicted day 7 concentration

Parameter DF | Parameter| Standard Chi- Pr > ChiSq | Hazard 95% Hazard Ratio
Estimate Error Square Ratio Confidence Limits
Day 7 conc. 1 -0.04698 0.02349 3.9987 0.0455 0.954 0.911 0.999
Predicted day 14 concentration
Parameter DF | Parameter| Standard Chi- Pr > ChiSq | Hazard 95% Hazard Ratio
Estimate Error Square Ratio Confidence Limits
Day 14 conc. 1 -0.05876 0.03466 2.8743 0.0900 0.943 0.881 1.009
Predicted day AUG,.,
Parameter DF | Parameter | Standard Chi- Pr> ChiSq | Hazard 95% Hazard Ratio
Estimate Error Square Ratio Confidence Limits
AUC,., 1 -1.00428 0.54304 3.4202 0.0644 0.36p 0.126 1.0¢




Table 4.3 Cox regression analysis for patients vatinfection
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Predicted day 7 concentration

Parameter | DF | Parameter | Standard | Chi-Square | Pr > ChiSq | Hazard | 95% Hazard Ratio
Estimate Error Ratio Confidence Limits

Day7 1 -0.02818 0.01264 49711 0.0258 0.972 0.948 .99

Predicted day 14 concentration

Parameter | DF | Parameter | Standard | Chi-Square | Pr > ChiSq | Hazard | 95% Hazard Ratio
Estimate Error Ratio Confidence Limits

Dayl4 1 -0.02332 0.01934 1.4533 0.228( 0.977 0.9411.015

Predicted day AUG,.,
Parameter | DF | Parameter | Standard | Chi-Square | Pr > ChiSq | Hazard| 95% Hazard Ratio
Estimate Error Ratio Confidence Limits
AUC 1 -0.49818 0.28399 3.0773 0.0794 0.608 0.348 060.
Age

Parameter | DF | Parameter | Standard | Chi-Square | Pr > ChiSq | Hazard | 95% Hazard Ratio
Estimate Error Ratio Confidence Limits

AGE 1 -0.04096 0.01260 10.5599 0.0012 0.960 0.986 .984
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Table 4.4 Area under ROC curve associated withudescence patients for predicted

AUC,., predicted pyronaridine day 7 concentrations, aedipted
pyronaridine day 14 concentrations

(ng/mL)

Area Under Asymptotic 95% CI
the ROC
Test Result Variable(s) Curve Std. Error? SigP Lower Bound | Upper Bound

AUCo., 0.659 0.048 0.004 0.566 0.753
(mg*day/L)

Day7 Concentration 0.645 0.052 0.010 0.543 0.746
(ng/mL)

Day 14 Concentration 0.669 0.041 0.002 0.590 0.749

a. Under the nonparametric assumption

b. Null hypothesis: true area = 0.5

Table 4.5 Cut-off values for predicted AlC predicted pyronaridine concentration on
day 7, and predicted pyronaridine concentrationl@anl14 associated with

recrudescence patients

Parameters Cut-off values
AUC,., (mg*day/L) 1.06
Day7 Concentration (ng/mL) 31.3
Dayl14 Concentration (ng/mL) 17.6




Figure 4.1 ROC curve for predicted AglC
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Figure 4.3 ROC curve for predicted pyronaridine @ldyconcentrations
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CHAPTER 5
DRUG-DRUG INTERACTION OF PYRONARIDINE WITH
PROTEASE INHIBITOR RITONAVIR

Introduction

Malaria and Human Immunodeficiency Virus (HIV) casbin global distribution.
This can result in high rates of HIV and malariaimiection (100,101). Cuadros has
reported a higher risk of being HIV positive in mduals living in areas with higR.
falciparum parasite rate compared with those living in axeidis low P. falciparum
parasite rate (102). The higher ratd?ofalciparum infection was also reported among
HIV-infected individuals in Southern India (103)o<@dministration of antimalarial
agents and antiretroviral drugs in HIV and malaoanfection may lead to a potential
drug-drug interaction which may result in sevepadity or ineffectiveness of therapeutic
outcome.

Artemisinin-based combination therapies (ACTs)@angently recommended by
the World Health Organization (WHO) as a first lineatment of uncomplicated malaria
(6). The rapid action of artemisinin derivativeggsan eliminating the majority of
parasitemia leaving the residual parasites to &é&retl by longer acting partner drugs.
Pyronaridine-Artesunate (PA, Pyramijxvas developed as a fixed dose 3:1 for the
treatment of uncomplicated falciparum and vivaxanal Pyronaridine is mainly
eliminated by metabolism via cytochrome P450. Tytechrome P450 isoenzymes
responsible for pyronaridine metabolism include @¥P, CYP3A4 and CYP2D@n
vitro studies have shown inhibitory effect of pyronar&lon CYP2D6 (with an l§gin
human liver microsomes of 1.1 uM) and a weak irtbilgieffect on CYP3A4 (16 > 50
KM). Moreover, pyronaridine has been shown to adiah a substrate and inhibitor of
P-glycoprotein (P-gp) (38,39). Ritonavir, a boosteantiretroviral drug regimens, is
both an inhibitor and substrate of CYP3A4, CYP2D6 B-gp (64,66,104). It can also
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induce expression of CYP3A4, CYP1A2 and UDP-glunoryltransferases (UGTS)
(64). Based on the overlap for the pathways of bwtsm, inhibitory effect, and
induction effect of pyronaridine and ritonavir, tblejective of this study was to
determine whether there was a pharmacokinetic drug-interaction between

pyronaridine and ritonavir in healthy volunteers.

Materials and Methods

Study design and blood sampling
This study was a phase |, randomized, multiple doaeallel group study to
evaluate any pharmacokinetic drug-drug interadtietween fixed dose PA (Pyranfax
and ritonavir (SP-C-010-10). The design for phamkatetic analysis and statistics was
conducted by Clinical Pharmacokinetic Laboratorgll€ye of Pharmacy, the University
of lowa. Written informed consent was obtained freach subject. This study was
approved by the Ethics Committee of both Basel@&nsmedic.
Subjects who met all of the following criteria weneluded in the study:
e Healthy male or female subjects (non-childbeariotgptial) age 18 to 55
years with body weight 50-90 kg.
e Medically normal subjects with no significant abmad findings at the
screening examination.
e Subjects can be able to understand and complyallithe study
procedures.
Subjects who had one of the following criteria wexeluded from the study:
e Known history or evidence of clinically significadisorders,
hypersensitivity or allergic to pyronaridine, atgeate or ritonavir.
e Known active Hepatitis A IgM (HAV-IgM), Hepatitis Burface antigen
(HBsSAG), Hepatitis C antibody (HCV Ab), or serogog HIV antibody.
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e Previous participation in any clinical study witlirBmax or participation
in any clinical study in last 2 months.
e Presence or recent history of tobacco abusk)(cigarettes/day).
e Known or suspected alcohol abuse.
e Intake of grapefruit or caffeine containing foodomverages within 48
hours before study drug administration.
e Use of over-the-counter medications including vitasnanalgesics, or
antacids within 1 week before the study start.
e Use of prescription medications 14 days beforestbdy start or required
chronic use of any prescription medication.
All subjects were randomly assigned (1:1) to reedived dose PAlus ritonavir
(arm A) or fixed dose PA alone (arm B). Dosagemagis and blood sampling were as
follows:
Arm A:
Subjects received 100 mg ritonavir soft gelatinstég every 12 hours on Study
Days 1-17 (the evening dose on Day 1 was omitted)fiaed dose PA (3 tablets for
weight 45-<65 kg and 4 tablets for weight 680 kg) once daily in the morning for 3
days on Study Days 8-10. Blood samples for plastnaavir concentrations were
collected on Days 1 and 10 at the following timenp0, 1, 2, 3, 4, 6, 8, 9, 12, 18, and
24 hours post-dose. Blood concentrations for pyidime were collected on Day 10 at O,
05,1,15,2,3,4,6, 8,12 and 24 hours ar] 8t 5, 12, 19, 26, 33 and 40 days post-
dose. In addition, trough concentrations for battbnavir and pyronaridine were assessed
on study Days 8 and 9 in samples drawn prior tatlministration of the morning dose.
Arm B:
Subjects received fixed dose PA alone (3 tabletsvaght 45-<65 kg and 4
tablets for weight 6590 kg) once daily in the morning for 3 days ondytDays 1-3.

Blood concentrations for pyronaridine were colldove Day 3 at 0, 0.5, 1, 1.5, 2, 3, 4, 6,
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8,12 and 24 hrs. and at 2, 3, 5, 12, 19, 26, 83#48@rdays post-dose. In addition, trough
concentrations were assessed on study Days 1 mnshPples drawn prior to the
administration of the morning dose.

Genotyping for cytochrome P450 2D6 was performeal po initial dosing on
Day 1 for both arm A and arm B. Study drugs wexegiwith 240 mL of non-carbonated
mineral water. Food was not allowed during the @Gradollowing study drug
administration. Standard light breakfast, lunchd dmner were served at 3 hours, 5
hours, and 12 hours post morning dose. Liquid conpgion was allowe@d libitum after
lunch but no alcohol, grapefruit, or xanthine-camitag food or drinks until last

pharmacokinetic sample collection in each treatraemt

Sample Analysis

Two milliliters of blood pyronaridine samples wear@lected into tubes
containing heparin as the anticoagulant (sodiunahepacutainer® tubes). All samples
were stored at or below -80°C until analysis. Pgrahine concentrations were
determined by a validated liquid chromatographysrssectrometric method (LC/MS)
as described by Naik et al (6The coefficient of variations for intra-day andantay
precision were less than 15%. The lower limit o&wufication (LLOQ) for pyronaridine
was 5.7 ng/mL.

For ritonavir, 2 mL of blood was collected in priedted tubes containing fluoride
oxalate. The plasma was separated and transferieeddrew cap cryovials. All samples
were stored at or below -80°C until analysis. Plasitonavir concentrations were
determined by a validated LC/MS developed by Naii athers (105). The coefficient of
variations for intra-day and inter-day precisiorreviess than 15%. The lower limit of

guantification (LLOQ) for ritonavir was 4 ng/mL.
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Pharmacokinetic Analysis
The following pharmacokinetic parameters for pyratiae and ritonavir were

computed for each subject.
e Tmax Time of maximum concentration

e Chax Maximum peak observed concentration

e Ciougn Observed concentration at trough. For Day 1 atendata, GoughWwas
substituted by G, the observed concentration 12 hours after dosing.

e K The magnitude of the slope of the linear regmessi the log concentration
vs. time profile during the terminal phase.

e Ty Half-life, computed as In (2)i

e AUC,..ay Area under the concentration-time curve from Hotw the scheduled
time of the next dose. For the ritonavir profile@ay 1, AUG.;.nwas calculated
as a surrogate for AUGau

e AUC,.: Area under the concentration-time curve from Hdthirough the last
guantifiable concentration time (LQCT).

e AUC-.: Area under the concentration-time curve from thfmity, computed

using the linear trapezoidal rule as ALG Cioct / Kel

For ritonavir, Thax Cmax Ciz2n Kel, T12, and AUG oy Were computed for both Day
1 (0 — 24 hours post-dose) and Day 10 (0 — 12 hpassmorning dose) concentration-
time profiles. Additionally, an observed ritonaaccumulation factor for each subject in
Arm A was computed as the ratio of Day 10 riton@®rCo.12n,to Day 1 ritonavir

AUCq.12ne
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To account for different in mg/kg doses adminisdeieeeach subject and to
reduce variability in pharmacokinetic parametergaCAUCo.ta, AUCo., and AUG ¢
estimates were adjusted to common mg/kg dose¥ @frAg/kg pyronaridine
tetraphosphate and 1.4 mg/kg ritonavir as perdahevwing equation for pyronaridine:

9.72 mg/kg

C AUC
(Cmax or ) (administered PYR dose in mg/subject weight in kg)

In all calculations, zero was substituted for coriions below the
guantification limit (BQL) of the assay, unlessaiber quantifiable concentrations were
found thereafter. If no other quantifiable concatitns were found thereafter, the
concentrations were not used in the calculatiogswis only considered estimable if the
adjusted 7 value for the regression line was equal to at@#5 and if a concentration
decline of one half occurred between the first lastlpoints used in the regression.
Pharmacokinetic analysis was performed using WiniNarrsion 5.0 (Pharsight

Corporation). Statistical analysis was performedgSPSS 17.

Drug —Drug Interaction Assessment

The effects of ritonavir on the pharmacokineticpyfonaridine were assessed
using 90% confidence intervals based on two, odeeki-tests for the geometric mean of
the test (drug administered with ritonavir)/refarerfdrug administered alone) ratio for
the parametersa, AUCo., AUCo.,, and AUG . tau.

The effects of pyronaridine on the pharmacokinetiostonavir were assessed
using 90% confidence intervals based on a paeetpte t-test for the geometric mean
ratio between the AUG on; on day 10 (during administration of ritonavir ivfixed dose
PA) and the AUG., on Day 1. The treatment differences of 33% or la(§é% Cls for

the ratios were not contained in the interval 0-&€0) in the presence and absence of
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ritonavir or fixed dose PA were use as criteriintticate the presence of a drug

interaction.

Results

A total of 34 healthy adults were enrolled in thisdy and equally randomized to
arm A and arm B. A summary of subject’s demograpmaeach study arm is presented
in Table 5.1. Adjusted pharmacokinetic parametergyronaridine for arm A and arm B
are presented in Table 5.2. Figures 5.1, 5.2, ahdre comparative plots of AUE
AUC 1oy, and Gnax between the two arms, respectively. The 90% cenfid intervals for
the ratios of geometric means aof & AUCo. AUCo., and AUG .y USINg parameters
adjusted for mg/kg dose are summarized in TableT™8 mean half-life of pyronaridine
was 14.2 and 13.1 days, for Arm A and Arm B, reipely. The 90% confidence
intervals for the ratios of geometric means of npb&trmacokinetic parameters were
contained in the 0.6667-1.500 range. The only etmepvas Gnax for which the 90%
confidence intervals obtained using parametersséetjufor mg/kg dose (point estimate
1.2255 with a 90% CI: 0.9983, 1.5045) was not whotintained in the acceptance
range.

There were three subjects with CYP2D6 poor metabobtatus in Arm A and
one subject with CYP2D6 poor metabolizer statuarim B. The pyronaridine
pharmacokinetic parameters are presented for edopecs separately by CYP2D6
genotype in Table 5.4-5.5. Plots of ARCAUCy.1a and Grax by genotype are given in
Figures 5.4, 5.5, and 5.6, respectively. Althouglhrnumber of subjects with poor
metabolizer status was small, the CYP2D6 genotygp@at appear to have an effect on

the pharmacokinetic parameters of pyronaridine.
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Five subjects in Arm A had clinically relevant edgion in aminotransferases. Of
these, four subjects were discontinued from thdystAUGC,.; AUCp.ayand Graxvalues
trended higher in these subjects as compared fectslin arm A without clinically
relevant elevation of aminotransferases, as demaiadtby the plots in Figures 5.7
(AUCo.), 5.8 (AUGtay), and 5.9 (Gay. Figure 5.10-5.11 present forest plots depicting
90% confidence interval of geometric mean fepCAUCo.ta, AUC, and AUG.,
ratios for pyronaridine and 90% confidence intenfadleometric mean for £,/Cionrand
AUC.12n/AUC,-, on day 10 relative to day 1 ratios for ritonavéaspectively.

Adjusted pharmacokinetic parameters for ritonaniDay 1 and on Day 10 are
presented in Table 5.6. The 90% confidence interfaalthe ratios of geometric means of
AUC1oh/AUCy, and GhadCi2nr0n day 10 to day 1 using parameters adjusted fdkgng
dose are summarized in Table 5.7.

The mean half-life for ritonavir on Day 1 and onyi was estimated to be 6.46
and 3.96 hours, respectively. Due to the increas&iestimate of ritonavir from Day 1
to Day 10 in 16 out of 17 subjects, the ratio afy[10 ritonavir AUG.121/ Day 1
ritonavir AUGy.12n,computed using the following accumulation factouldonot be
considered reasonable.

1
(1 _ e—kel*tau )

However, the geometric mean ratio gfZCi2n0n Day 10 to Day 1 is estimated
to be 1.9772 (90%CI: 1.6412, 2.3674). The ratiagdroximately 2 could be explained
by the higher Gax(2751 vs. 492 ng/mL) and shorter half-life (3.96 <16 hours) of

ritonavir in the presence of a fixed dose PA. Meerpthe geometric mean ratio of
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AUC.12n/ AUCy., on Day 10 to Day 1 was equal to 3.2001 (90% G628, 3.9882)

suggesting the presence of a drug interactiortamawvir pharmacokinetics.

Discussion

The objective of this study was to determine whethere was a significant
pharmacokinetic drug interaction between ritonavid pyronaridine in healthy subjects
receiving co-administration of fixed dose PA artdmavir. The details regarding
interaction effects between artesunate and ritorcan be found elsewhere (67). Based
onin vitro studies, pyronaridine could be metabolized by CY®2ZYP1A2 and
CYP3AA4. Ritonavir is both an inhibitor and substrat CYP3A4, CYP2D6, and the drug
efflux pump, Pglycoprotein (Pgp) (64-66). Moreover, it is an inducer of CYP1Aftla
CYP3AA4. Therefore, the potential drug-drug intei@acbetween ritonavir and
pyronaridine is of clinical concern.

In this study, there was considerable inter-subjagability in the
pharmacokinetics of pyronaridine. Based on the 80%6idence interval for the ratio of
geometric means ofGxthere was an effect, on average, of ritonavir aropgridine
pharmacokinetics. However, given that the 90% ctamfce interval was very close to the
acceptance range, these findings appeared to liatat relevance. Selective increases
in concentrations of pyronaridine were observesome subjects, and in some cases this
was accompanied by liver enzyme elevations. Thegtmns of pyronaridine
concentrations could possibly be explained by ingoitory effect of ritonavir on
CYP3A4, CYP2D6 as well as on the efflux transpoifeegp (65,66,104). There were
three subjects with CYP2D6 poor metabolizer statism A and one subject with
CYP2D6 poor metabolizer status in arm B. Althouggré was no obvious relationship
between pyronaridine {axor AUC and CYP2D6 genotype, this study was not¢red
to detect such a relationship. Pyronaridine ammhavir act as both substrates and

inhibitors of Rgp (37,39,106). The inhibitory effect of ritonawain pyronaridine efflux
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could result in the higher concentrations of pyradiae and this effect would be most
apparent during the absorption phase. Addition#llg,absorption of pyronaridine may
vary among subjects due to differences in basebpeession of Bp (39).

The exposure of ritonavir increased when co-adr@resl with fixed dose PA.
This could be explained by two reasons: the deergatotal body clearance (CL) and/or
the increase in the extent of absorption [(R)itro studies have shown that pyronaridine
is an inhibitor of CYP2D6 and P-gp (37,38) whichngolved in metabolism and efflux
transport of ritonavir, respectively. This couldyla role in the increased ritonavir
exposure observed. However, ritonavir half-lifeday 10 observed in this study
decreased or remained constant as compared to. d&yslsuggests that the increase in
exposure of ritonavir in the presence of fixed desemight be due to pyronaridine
inhibition of P-gp mediated ritonavir efflux rathitran CYP2D6 inhibition.

Increases in ALT, with or without increases in A®tcurred in five subjects in
arm A. A trend toward higher pyronariding,&and AUG..auwas observed in these five
subjects. However, these parameters were found twvérlapped between subjects
displaying and not displaying liver enzyme elevasioClinical trials have shown that
ritonavir is associated with hepatic enzyme eleveti(65). However, ritonavir exposures
in this trial were below exposures resulting frdra 600 mg twice daily ritonavir
regimen used for antiretroviral therapy in mangmavir clinical trials. Therefore, liver
enzyme elevations observed in this study cannaicbeunted for by the observed

pharmacokinetic parameters from either pyronariginetonavir.

Conclusions
In summary, the pharmacokinetic drug interactidaat$ between ritonavir and
fixed dose PA were evaluated in 34 healthy subjédthough, there was an effect of

ritonavir on pyronaridine pharmacokinetics, theutesswere not considered clinically
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relevant. An increase in ritonavir exposure waseoled in the presence of fixed dose

PA. This is most likely due to the inhibition ofgp-by pyronaridine.



Table 5.1 A summary of subject demographics

Arm A (N=17)

Mean (range), [N]

Arm B (N=17)

Mean (range), [N]

Age (years)

42.3 (19-53)
Weight (kg) 69.3 (53.3-90.1)
2

BMI (kg/m’) 23.1 (19.6-27.5)
Gender (N)

Male 9

Female 8
CYP2D6 classification (N)

Poor 3

Intermediate 8

Extensive 6

43.7 (22-55)
72.4 (60.2-86.7)
24.2 (19.9-29.4)

11
6
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Table 5.2 Pharmacokinetic parameters of pyronagidirsubjects receiving PA and ritonavir (Arm A)receiving PA
alone (Arm B)

Arm A (N=17) Arm B (N = 16)
Geometric Mean %CV Geometric Mean %CV
Ke (1/day) 0.049 50.08 0.053 20.4
Half-life (day) 14.2 50.33 13.1 20.5
T max (day) 0.078 65.46 0.059 25.7
Crmax (Ng/mL) 462 28.52 377.2 42.6
Cirougn (N@/mML) 119.2 47.49 114.1 36.8
AUC. (day*ng/mL) 955 38.02 1059 34.7
AUC,., (day*ng/mL) 1212 24.25 1248 34.4
AUC .15y (day*ng/mL) 222 36.52 210 36.8

5TT



Table 5.3 Geometric mean ratio and 90% confidemiggvals for pharmacokinetic parameters of pyrahae following
administration with ritonavir (Arm A) or withouttonavir (Arm B) using parameters adjusted for mglkge

Compute parameter* | Ratio (Arm A/Arm B) 90% Confidence Intervals
Crmax (ng/mL) 1.2255 (0.9983, 1.5045)
AUCo.(day*ng/mL) 0.9020 (0.7277,1.1181)
AUC -, (day*ng/mL) 0.9717 (0.8132, 1.1610)
AUCo.tau (day*ng/mL) 1.0590 (0.8589, 1.3058)

*N=33 (N=17 Arm A, N=16 Arm B) for Gay and AUG..auy N = 32 (N=16 Arm A, N = 16 Arm B) for AUg N = 31
(N=15Arm A, N =16 Arm B) for AUG,,

T



Table 5.4 Pharmacokinetic parameters of Pyronaideparated by CYP2D6 genotype for subjects rewgiised dose
PA with ritonavir (Arm A). All the parameters weaédjusted to common dose of 9.72 mg/kg
Subject Kel Half-life T max Cmax Cirough AUCq, AUCq.» AUCg.1au
(1/day) (day) (day) (ng/mL) (ng/mL) (day*ng/mL) (day*ng/mL) (day*ng/mL)
Extensive CYP2D6 metabolizer
20 0.064 10.8 0.333 396.3 72.1 877 1028 198
22 0.063 11.1 0.335 413.9 116.0 1170 1270 241
25 0.106 6.5 0.083 493.0 104.5 684 756 201
30 0.036 19.4 0.083 532.5 259.2 1441 1623 312
31 0.043 16.2 0.042 596.3 121.3 1042 1255 202
32 0.061 11.3 0.063 398.2 182.8 1304 1464 289
Intermediate CYP2D6 metabolizer
2 0.026 26.6 0.063 386.6 72.3 690 1030 158
4 0.046 14.9 0.042 332.9 80.2 806 986 148
7 0.078 8.9 0.042 522.1 135.7 1528 1644 267
11 0.046 15.2 0.083 395.8 18.1 963 1115 243
15 0.074 9.4 0.083 378.3 89.6 778 890 167
18 NA* NA 0.065 374.7 52.3 382 NA 110
23 0.066 10.5 0.083 752.4 258.2 1689 1787 447
26 0.044 15.6 0.063 799.4 143.3 1061 1218 272
Poor CYP2D6 metabolizer
6 0.016 43.9 0.063 306.0 80.2 700 1262 150
10 NA* NA 0.063 659.9 NA NA NA NA
17 0.036 19.0 0.063 425.2 147.8 1136 1335 255

*Not applicable; value cannot be estimated

IZt



Table 5.5

Pharmacokinetic parameters of Pyronaideparated by CYP2D6 genotype for subjects reweiised dose
PA alone (Arm B). All the parameters were adjustedommon dose of 9.72 mg/kg

Subject Kel Half-life Tmax Cmax Ctrough AUCO—t AUCO-oo AUCO-tau
(1/day) (day) (day) (ng/mL) (ng/mL) (day*ng/mL) (day*ng/mL) (day*ng/mL)
Extensive CYP2D6 metabolizer
1 0.069 10.1 0.042 359.6 112.2 1104 1208 182
8 0.068 10.2 0.085 511.5 139.8 1373 1561 279
9 0.050 13.9 0.042 296.3 116.3 800 907 216
12 0.065 10.7 0.063 339.4 123.0 844 968 199
13 0.060 11.6 0.063 423.3 99.2 829 983 200
14 0.044 15.9 0.083 446.6 136.4 991 1156 261
19 0.033 21.1 0.063 234.8 88.2 1021 1322 154
28 0.043 16.3 0.063 608.8 154.9 1439 1723 290
34 0.066 10.6 0.042 345.4 104.9 635 738 154
Intermediate CYP2D6 metabolizer
3 0.053 13.2 0.063 172.5 56.1 675 785 93
5 0.056 12.3 0.042 253.1 100.0 1088 1320 191
21 0.043 16.3 0.063 251.0 60.8 855 1149 148
24 0.053 13.0 0.063 593.9 169.6 1504 1778 281
27 0.060 11.5 0.083 355.0 155.4 1461 1679 251
33 0.050 14.0 0.043 522.5 95.6 1007 1155 218
Poor CYP2D6 metabolizer
29 | 0.052 13.3 0.063 | 805.6 | 220.6 2305 2654 438

44"



Table 5.6 Pharmacokinetic parameters of ritonaweimfDay 1 and Day 10

Day 1 (N=17) Day 10 (N=17)
Geometric Mean %CV Geometric Mean %CV

Ke (1/hr) 0.107 27.4 0.175 25.0
Half-life (hr) 6.46 27.3 3.96 25.1
Tmax (hr) 3.46 51.6 2.27 39.5
Chax (Ng/mL) 492 81.1 2793.3 52.4
Cuion (ng/mL) 147.7 59.3 424 57.7
AUCg.17 v (hr*ng/mL) 3105 73.8 14947 51.8
AUC g4 1 (hr*ng/mL) 4199 65.2

AUC,_, (hr*ng/mL) 4746 62.4

-~

YA



Table 5.7 Geometric mean ratio and 90% confidenisgvals for pharmacokinetic parameters of ritonauiday 10 to
day 1 following administration of fixed dose PA amdnavir (Arm A) using parameters adjusted for/kgg

dose

Compute parameter Ratio (Day10/Day1l) 90% ConfidereIntervals
Crmax Ca2nr (Ng/ML) 1.9772 (1.6412, 2.3674)
AUC .12 nr/AUC o, (hr*ng/mL) 3.2001 (2.5678, 3.9882)

A
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Figure 5.1 Comparative pyronaridine AglGadjusted for mg/kg dose) for Arm A

and Arm B
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Figure 5.2 Comparative pyronaridine Aklg, (adjusted for mg/kg dose) for Arm A

and Arm B
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Figure 5.3 Comparative pyronariding, & adjusted for mg/kg dose) for Arm A and

Arm B
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Figure 5.4 Pyronaridine AU (adjusted for mg/kg dose) by CYP2D6 genotype
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Figure 5.5 Pyronaridine AUGa, (adjusted for mg/kg dose) by CYP2D6 genotype
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Figure 5.6 Pyronaridine {ax(adjusted for mg/kg dose) by CYP2D6 genotype
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Figure 5.7 Pyronaridine AU (adjusted for mg/kg dose) for subjects with clatig
relevant elevation of liver enzymes and withouticlally relevant
elevation of liver enzymes

1800

1350

o

900

AUC, (ng*day/mL)
@ 00 O O 0 O

450 |

Elevated ALT/AST Normal ALT/AST



132

Figure 5.8 Pyronaridine AU, (adjusted for mg/kg dose) for subjects with
clinically relevant elevation of liver enzymes anihout clinically
relevant elevation of liver enzymes
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Figure 5.9 Pyronaridine {ax (adjusted for mg/kg dose) for subjects with clétlig
relevant elevation of liver enzymes and withouticlally relevant
elevation of liver enzymes
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Figure 5.10 A forest plot depicting 90% confidemnaerval of geometric mean ratios
for Chax AUCo.ta,, AUC., and AUG.,, for pyronaridine.
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Figure 5.11
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A forest plot depicting 90% confidemterval of geometric mean ratios
for ChadCiznrand AUG.12n/AUC., On day 10 relative to day 1 for

ritonavir.
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CHAPTER 6
SUMMARY

Pyronaridine is an antimalarial agent that has hesed as monotherapy in China
since 1980 (31). It has been developed as a firned (B:1) pyronaridine:artesunate for
the treatment of uncomplicated falciparum and vinedaria. Pharmacokinetic properties
of pyronaridine have been investigated in rat, italblog, and rhesus monkey. Most of
the studies were published in Chinese. For all ahspecies, blood pyronaridine
concentrations declined in a multiphasic disposititanner suggesting extensive
distribution of pyronaridine into tissues (31). @ilsution, metabolism and elimination of
pyronaridine have been extensively studieswitro andin vivo (107).However, only
limited data regarding pharmacokinetics of pyrogiae in human have been reported
(108-110). The main objective of this dissertaticas to characterize pharmacokinetic
properties of pyronaridine in humans by means gutetion pharmacokinetics. The
pharmacodynamics of pyronaridine, as well as p@kimnteraction with a drug
(ritonavir) that is an inhibitor/inducer or is mbetdized by similar cytochrome P450
isoenzymes were also evaluated.

Population pharmacokinetics of pyronaridine in tlga(166) and malaria
infected (310) adults was developed in Chaptenr2gysooled data from 3 Phase |, 1
Phase Il, and 3 Phase lll clinical studies. Pyrinitae pharmacokinetics were best
described by a two-compartment model with firsteorabsorption and elimination from
the central compartment. The significant covariatabe final model included malaria
infection on apparent clearance (CL/F), apparentrakvolume of distribution (V2/F),
and apparent peripheral volume of distribution §§3nd body weight on CL/F and
V2/F. Adult malaria patients exhibit 2 times andtitdes higher in CL/F and V2/F as
compared to healthy adults. These higher CL/F a2/ Values reflect the mechanism of

action of pyronaridine in that it forms a compleithwhematin to enhance hematin
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induced red blood cell lysis (34). Moreover, theivkd elimination half-life of adult
malaria patients is much longer than that of hgadtiiults (25 days vs. 10 days). This
result would be expected given the much largerraemblume of distribution in adult
malaria patients.

In Chapter 3, population pharmacokinetics of pyrahiae in pediatric malaria
patients was developed. The model used pooledidetal Phase Il and 4 Phase il
clinical studies. Due to a high correlation betwbedy weight and age, body weight was
included as part of the base modgriori with an allometric function on clearance
(exponent of 0.75) and volume parameters (expaofeht A two-compartment model
with first order absorption and elimination ade@lyatlescribed the data. The effect of
age on CL/F was the only significant covariate-peeter relationship in the final model.
The empirical Bayes pharmacokinetic parameter eséisifrom the final model
categorized by 3 age ranges showed that youngerehihad lower weight normalized
clearance and higher weight normalized centralmelwf distribution as compared to
older children. These results could be explainethbylow levels of enzymes used to
metabolize pyronaridine in younger children andltive levels of protein binding as well
as the higher level of extracellular fluid volunfe@al body water. Overall, the final
models developed in Chapter 2 and Chapter 3 aeble| predictive, stable and can be
used for simulation purposes as confirmed by thdehevaluation criteria.

Pharmacodynamic properties of pyronaridine werentegd in Chapter 4.
Pharmacokinetic parameters of pyronaridine and faosbrs associated with treatment
outcome (recrudescence and re-infection) were ateduby means of Cox proportional
regression analysis. Predicted pyronaridine comagah on day 7 was a significant
predictor for time to the occurrence of recrudeseeand re-infection. An increase in
predicted pyronaridine day 7 concentrations reduhiea decrease in the mean risk of
acquiring recrudescence and re-infection. Prediétd@,-, was not a significant

predictor for time to the occurrence of recrudeseeand re-infection. However, there
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was a trend toward the decrease in mean risk afideg recrudescence and re-infection
for an increase in predicted AJCvalues. Moreover, age was also found to be a
significant predictor for time to the occurrenca@finfection. A one year decrease in age
is associated with 4% increase in the mean rigcqtiiring a re-infection.

Receiver Operating Characteristic curve analysis also performed to identify
cut-off values of pharmacokinetic parameters assediwith successful treatment
outcome. The cut-off values of predicted AUJC predicted pyronaridine concentration
on day 7 and on day 14 identified using Youdentewere estimated to be 1.06
mg*day/L, 31.3 ng/mL and 17.6 ng/mL, respectivélpwever, due to the limited
number of subjects who acquired recrudescences thesoff values yielded relatively
low sensitivity and specificity. These results dddee confirmed by other study with
larger number of subjects with recrudescence.

Finally, potential drug-drug interactions betwegmnomaridine and ritonavir, a
protease inhibitor, were assessed and describ@dapter 5. The results showed that
pyronaridine Gaxincreased when co-administered with ritonavir. ldeer, these results
were not considered clinically significant. An iease in ritonavir exposure was observed
when co-administered with fixed dose PA, most likeilie to pyronaridine inhibition of
P-gp mediated ritonavir efflux.

In summary, this dissertation provides a comprekernsiowledge regarding the
pharmacokinetics and pharmacodynamics of pyromaioh healthy and malaria infected
subjects. This information is of importance and barused to optimize malaria
treatment. Additionally, it can be used in guidfature pyronaridine

pharmacokinetic/pharmacodynamic studies.
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APPENDIX A
NONMEM CONTROL FILE FOR THE FINAL MODEL IN
CHAPTER Il

Model Desc: 2 CMT FIX Q INFEC ON V2 V3 CL WT ON WL POWER
Project Name: pyronaridine_adult
Project ID: NO PROJECT DESCRIPTION

$PROB RUN# FINAL

$INPUT C ID AMT TIME TAD DV MDV EVID AGE SEX WT HTBMI LBW ALT
AST INFEC RTV BSA IBW SCR SHULL CRCL HCT HGB RBC XN GEO COUN
OCC FORM TOUT DAY PARA

$DATA PYRADT3.CSV IGNORE=C

$SUBROUTINES ADVAN4 TRANS4

$PK
TVCL=(THETA(L)+THETA(8)*INFEC)*((WT/56)*THETA(10))
CL=TVCL*EXP(ETA(L))
TVV2=(THETA(2)+ THETA(6)*INFEC)*((WT/56)* THETA(9))
V2=TVV2*EXP(ETA(2))
TVQ=THETA(3)
Q=TVQ*EXP(ETA(3))
TVV3=(THETA(4)+(THETA(7)*INFEC))
V3=TVV3*EXP(ETA(4))
TVKA=THETA(5)
KA=TVKA*EXP(ETA(5))
S2=V2/1000
K20=CL/\V/2
K23=Q/V2
K32=Q/V3
BETA=((K23+K32+K20)-SQRT(((K23+K32+K20)**2)-4*K3*K20))*0.5
ALPHA=K32*K20/BETA
TBETA=LOG(2)/BETA
TALPHA=LOG(2)/ALPHA
AUC=AMT/CL

$ERROR
IPRE=0
IF(F.GT.0) IPRE=LOG(F)
Y= IPRE+EPS(1)

$EST METHOD=1 PRINT=5 MAX=9999 SIG=2 MSFO=FINAL.MSY¥OABORT
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$THETA
(0, 500) ;[CL]
(0, 750) :[V2]
(0, 1100) ;[Q]
(0, 5380) :[V3]
(0, 16.3) ;[KA]
(-INF, 9000, INF) :[INFEC ON V2]
(-INF, 10600, INF) ;[INFEC ON V3]
(-INF, 580, INF) ;[INFEC ON CL]
(-INF, 1.30, INF) ;[WT ON V2 POWER]
(-INF, 0.875, INF): [WT ON CL POWER]

$OMEGA
0.125 ;[P] omega(1,1)
0.4 ;[P] omega(2,2)
0 FIXED ;[P] omega(3,3)
0.1 ;[P] omega(4,4)
0.4 ;[P] omega(5,5)

$SIGMA
0.2 ;[A] sigma(1,1)

$COV PRINT=E MATRIX=S

$TABLE ID TIME TAD KA CL V2 Q V3 K20 K23 K32 ALPHABETA TALPHA
TBETA AUC WT INFEC IPRE CWRESI CWRES ONEHEADER NORH
FILE=FINAL.tab

$TABLE ID CL V2 V3 Q KA FIRSTONLY NOAPPEND NOPRINTFILE=FINAL.par
$TABLE ID ETAL1 ETA2 ETA3 ETA4 ETA5 FIRSTONLY NOAPPED NOPRINT
FILE=FINAL.eta.

$TABLE ID CL V2 V3 Q KA ONEHEADER NOPRINT FILE=PATBFINAL
$TABLE ID AGE WT BMI LBW CRCL ONEHEADER NOPRINT
FILE=COTABFINAL

$TABLE ID SEX ALT AST INFEC RTV ONEHEADER NOPRINT
FILE=CATABFINAL
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APPENDIX B
OUTPUT SUMMARY FOR THE FINAL MODEL IN CHAPTER Il

TERMINATION STATUS:

MINIMIZATION SUCCESSFUL

NO. OF FUNCTION EVALUATIONS USED: 533
NO. OF SIG. DIGITS IN FINAL EST.: 2.1

ETABAR IS THE ARITHMETIC MEAN OF THE ETA-ESTIMATES
AND THE P-VALUE IS GIVEN FOR THE NULL HYPOTHESISHAT THE TRUE
MEAN IS 0.

ETABAR:  8.4309E-03 -1.1156E-02 0.0000E+0M@271E-03 -8.0099E-03
SE: 1.0154E-02 2.3208E-02 0.0000E-€01016E-03 1.2909E-02

P VAL.: 4.0637E-01 6.3073E-01 1.0000E+2@945E-01 5.3494E-01

ETAshrink(%): 3.6701E+01 1.8885E+01 1.0000E+02292E+01 5.6126E+01
EPSshrink(%): 7.4448E+00

MINIMUM VALUE OF OBJECTIVE FUNCTION: -1469.312
COVARIANCE STEP SUCCESSFUL

95% RBRIDENCE INTERVAL DESCRIPTOR/

FINAL ESTIMATE %RSE LBOUND UBUND VARIABILITY
THETA
1 501 5.47% 447 555 CL
2 741 11.6% 572 910 V2
3 1.15e+003 2.21% 1.10e+0031.20e+003 Q
4 5.37e+003 4.04% 4.94e+0035.80e+003 V3
5 16.3 8.47% 13.6 19.0 KA
6 9.07e+003 5.16% 8.15e+0039.99e+003 INFEC ON V2
7 1.08e+004 34.4% 3.53e+0031.81e+004 INFEC ON V3
8 582 16.9% 389 775 INFEC ON CL
9 1.25 17.3% 0.827 1.67 WT ON V2 POWER
10 0.874 16.9% 0.584 1.16 WT ON CL POWER
INTERINDIVIDUAL
OMEGA VARIABILITY
1,1 0.123 14.4% 0.0883 0.158 Cv= 35.1%
2,2 0.390 9.67% 0.316 0.464 CVv= 62.4%
3,3 0.00 CvV =

4,4 0.0974 24.5% 0.0506 0.144 CV = 31.2%
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5,5 0.413 26.6% 0.197 0.629 CVv= 64.3%
RESIDUAL
SIGMA VARIABILITY
11 0.200 1.03% 0.196 0.204 SD = 0.447

*Indicates 95% confidence interval that includesoze
%RSE is percent relative standard error (100% XESE)

Akaike Information Criterion: -1437.31
Schwarz Bayesian Criterion: -1333.86

CONDITION NUMBER = 80.0 (DOES NOT EXCEED 1000)
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APPENDIX C
NONMEM CONTROL FILE FOR THE FINAL MODEL IN
CHAPTER IlI

Model Desc: BASE 2 CMT FIX Q V3 ALLO AGE ON CL POWE
Project Name: pyronaridine_pediatric
Project ID: NO PROJECT DESCRIPTION

$PROB RUN# FINAL

$INPUT C ID AMT TIME TAD DV MDV EVID AGE SEX WT HTBMI LBW ALT
AST INFEC RTV BSA

IBW SCR SHULL CRCL HCT HGB RBC IFXN GEO COUN OCC RM TOUT DAY
PARA LOGPARA

$DATA PYRPED.CSV IGNORE=C

$SUBROUTINES ADVAN4 TRANS4

$PK
TVCL=THETA(L)*((WT/22.1)**0.75)*((AGE/8)* THETA(6))
CL=TVCL*EXP(ETA(L))
TVV2=THETA(2)*((WT/22.1)**1.0)
V2=TVV2*EXP(ETA(2))
TVQ=THETA3)*((WT/22.1)**0.75)
Q=TVQ*EXP(ETA(3))
TVV3=THETA(4)*((WT/22.1)**1.0)
V3=TVV3*EXP(ETA(4))
TVKA=THETA(5)
KA=TVKA*EXP(ETA(5))
S2=V2/1000
K20=CL/\V/2
K23=Q/V2
K32=Q/V3
BETA=((K23+K32+K20)-SQRT(((K23+K32+K20)**2)-4*K3*K20))*0.5
ALPHA=K32*K20/BETA
TBETA=LOG(2)/BETA
TALPHA=LOG(2)/ALPHA
AUC=AMT/CL

$ERROR
IPRE=0
IF(F.GT.0) IPRE=LOG(F)
Y= IPRE+EPS(1)

$EST METHOD=1 PRINT=5 MAX=9999 SIG=3 MSFO=FINAL.MSY¥OABORT
$THETA

(0, 480) ;[CL]
(0, 2700) ;[V2]
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(0, 700) ;[Q]

(0, 2500) ;[V3]

(0, 27) :[KA]

(-INF, 0.5, INF) ;]JAGE ON CL]

$OMEGA
0.5 ;[P] omega(1,1)
1.0 ;[P] omega(2,2)
0 FIXED ;[P] omega(3,3)
0 FIXED ;[P] omega(4,4)
0.7 ;[P] omega(5,5)

$SIGMA
0.5 ;[A] sigma(1,1)

$COV PRINT=E

$TABLE ID TIME TAD KA CL V2 Q V3 K20 K23 K32 ALPHABETA TALPHA
TBETA AUC WT AGE IPRE CWRESI CWRES ONEHEADER NOPRIN
FILE=FINAL.tab

$TABLE ID CL V2 V3 Q KA FIRSTONLY NOAPPEND NOPRINTFILE=FINAL.par
$TABLE ID ETAL1 ETA2 ETA3 ETA4 ETAS5 FIRSTONLY NOAPPED NOPRINT
FILE=FINAL.eta.

$TABLE ID CL V2 V3 Q KA ONEHEADER NOPRINT FILE=PATBFINAL
$TABLE ID AGE WT LBW CRCL HGB LOGPARA ONEHEADER NORINT
FILE=COTABFINAL

$TABLE ID SEX ALT AST FORM ONEHEADER NOPRINT FILE=ATABFINAL
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APPENDIX D
OUTPUT SUMMARY FOR THE FINAL MODEL IN CHAPTER Il

TERMINATION STATUS:

MINIMIZATION SUCCESSFUL

NO. OF FUNCTION EVALUATIONS USED: 256
NO. OF SIG. DIGITS IN FINAL EST.: 3.6

ETABAR IS THE ARITHMETIC MEAN OF THE ETA-ESTIMATES
AND THE P-VALUE IS GIVEN FOR THE NULL HYPOTHESISHAT THE TRUE
MEAN IS 0.

ETABAR: 2.4188E-03 2.1156E-02 0.0000E+00000E+00 -1.5061E-02
SE: 1.1280E-02 4.4542E-02 0.000(E-€00000E+00 1.3946E-02

P VAL.: 8.3021E-01 6.3481E-01 1.0000E+DOOOOE+00 2.8016E-01

ETAshrink(%): 4.7373E+01 1.5534E+01 1.0000E+DR000E+02 6.9251E+01
EPSshrink(%): 1.8714E+01

MINIMUM VALUE OF OBJECTIVE FUNCTION: 172.306
COVARIANCE STEP SUCCESSFUL

95% CONFIDENCE INTERVAL DESCRIPTOR/
FINAL ESTIMATE %RSE LBOUND UBOUND VARIABILITY
THETA
1 459 5.97% 405 513 CL
2 2.72e+003 6.73% 2.36e+0033.08e+003 V2
3 700 10.7% 553 847 Q
4 2.47e+003 9.19% 2.03e+003 .91+003 V3
5 27.0 14.8% 19.2 34.8 KA
6 0.295 40.7% 0.0598 0.530 AGE ON CL
INTERINDIVIDUAL
OMEGA VARIABILITY
1,1 0.152 39.2% 0.0352 .260 CV = 39.0%
2,2 0.920 9.05% 0.757 1.08 Cv = 95.9%
3,3 0.00 CV =
4,4 0.00 CV =

55 0.681 27.0% 0.320 1.04 CV= 82.5%
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RESIDUAL
SIGMA VARIABILITY
11 0.219 12.6% 0.165 0.273 SD = 0.468

*Indicates 95% confidence interval that includesoze
%RSE is percent relative standard error (100% XESE)

Akaike Information Criterion: 196.306
Schwarz Bayesian Criterion: 255.819
CONDITION NUMBER = 17.9 (DOES NOT EXCEED 1000)



10.

11.

12.

13.

14.

147

REFERENCES

World Health Organization. World Malaria Report 20WWHO press 2011.
(Accessed June, 2012, at
http://www.who.int/malaria/world_malaria_report_2@&n/) 2011.

Gallup JL, Sachs JD. The economic burden of malanaJ Trop Med Hyg 2001
Jan-Feb;64(1-2 Suppl):85-96.

Kappe SH, Vaughan AM, Boddey JA, Cowman AF. Thas teen but this is
now: malaria research in the time of an eradicatigenda. Science 2010 May
14,;328(5980):862-866.

Enayati A, Hemingway J. Malaria management: passgnt, and future. Annu
Rev Entomol 2010;55:569-591.

Walther B, Walther M. What does it take to contr@laria? Ann Trop Med
Parasitol 2007 Dec;101(8):657-672.

World Health Organization. Guidelines for the treant of malaria. " edition.
2010.

Yeung S, Pongtavornpinyo W, Hastings IM, Mills A¥hite NJ. Antimalarial
drug resistance, artemisinin-based combinatiorafherand the contribution of
modeling to elucidating policy choices. Am J Tropd/Hyg 2004 Aug;71(2
Suppl):179-186.

Davis TM, Karunajeewa HA, llett KF. Artemisinin-b@scombination therapies
for uncomplicated malaria. Med J Aust 2005 Feb 22¢4):181-185.

Nosten F, White NJ. Artemisinin-based combinati@atment of falciparum
malaria. Am J Trop Med Hyg 2007 Dec;77(6 Suppl)-132.

Baird JK. Effectiveness of antimalarial drugs. N\gEih Med 2005 Apr
14;352(15):1565-1577.

Shanks GD. Treatment of falciparum malaria in the af drug resistance. J
Postgrad Med 2006 Oct-Dec;52(4):277-280.

Wiesner J, Ortmann R, Jomaa H, Schlitzer M. Newnaalarial drugs. Angew
Chem Int Ed Engl 2003 Nov 10;42(43):5274-5293.

Price RN, Nosten F, Luxemburger C, ter Kuile FGpPRan L,
Chongsuphajaisiddhi T, et al. Effects of artemisiderivatives on malaria
transmissibility. Lancet 1996 Jun 15;347(9016):165658.

White NJ. Antimalarial drug resistance. J Clin Isv2004 04/15;113(8):1084-
1092.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

148

Nosten F, Brasseur P. Combination therapy for nealtre way forward? Drugs
2002;62(9):1315-1329.

Makanga M, Krudsood S. The clinical efficacy ofeanether/lumefantrine
(Coartem). Malar J 2009 Oct 12;8 Suppl 1:S5.

Ashley EA, Stepniewska K, Lindegardh N, Annerbergkham A, Brockman A,
et al. How much fat is necessary to optimize lumefae oral bioavailability?
Trop Med Int Health 2007 Feb;12(2):195-200.

Toovey S. Mefloquine neurotoxicity: a literatureview. Travel Med Infect Dis
2009 Jan;7(1):2-6.

Tarning J, Ashley EA, Lindegardh N, Stepniewsk&Kaiphun L, Day NP, et al.
Population pharmacokinetics of piperaquine aftar tifferent treatment
regimens with dihydroartemisinin-piperaquine ini@atis with Plasmodium
falciparum malaria in Thailand. Antimicrob Agentié€nother 2008
Mar;52(3):1052-1061.

Hung TY, Davis TM, llett KF, Karunajeewa H, Hew&t Denis MB, et al.
Population pharmacokinetics of piperaquine in adaitd children with
uncomplicated falciparum or vivax malaria. Br Jqiharmacol 2004
Mar;57(3):253-262.

Chen C, Zheng X. Development of the new antimdldnag pyronaridine: a
review. Biomed Environ Sci 1992 Jun;5(2):149-160.

Chang C, Lin-Hua T, Jantanavivat C. Studies onvaar@imalarial compound:
pyronaridine. Trans R Soc Trop Med Hyg 1992 Jan&&h):7-10.

Ringwald P, Bickii J, Basco L. Randomised triapgfonaridine versus
chloroquine for acute uncomplicated falciparum malan Africa. Lancet 1996
Jan 6;347(8993):24-28.

Looareesuwan S, Kyle DE, Viravan C, Vanijanont&\8airatana P,
Wernsdorfer WH. Clinical study of pyronaridine tbe treatment of acute
uncomplicated falciparum malaria in Thailand. Amrdp Med Hyg 1996
Feb;54(2):205-209.

Ringwald P, Bickii J, Same-Ekobo A, Basco LK. Pyaadine for treatment of
Plasmodium ovale and Plasmodium malariae infectidngmicrobial Agents
and Chemotherapy 1997 October 01;41(10):2317-2319.

Tshefu AK, Gaye O, Kayentao K, Thompson R, Bhatt,i9dsay SS, et al.
Efficacy and safety of a fixed-dose oral combinmatid pyronaridine-artesunate
compared with artemether-lumefantrine in childrad adults with uncomplicated
Plasmodium falciparum malaria: a randomised noeriafity trial. Lancet 2010
Apr 24;375(9724):1457-1467.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

149

Rueangweerayut R, Phyo AP, Uthaisin C, PoravutBiih TQ, Tinto H, et al.
Pyronaridine-artesunate versus mefloquine plusanige for malaria. N Engl J
Med 2012 Apr 5;366(14):1298-1309.

Poravuth Y, Socheat D, Rueangweerayut R, Uthaisidy@e Phyo A, Valecha N,
et al. Pyronaridine-artesunate versus chloroquirgatients with acute
Plasmodium vivax malaria: a randomized, doubleehlimon-inferiority trial.

PL0S One 2011 Jan 18;6(1):e14501.

Kayentao K, Doumbo O, Penali L, Offianan A, Bhattkdmani J, et al.
Pyronaridine-artesunate granules versus artemethmfantrine crushed tablets
in children with Plasmodium falciparum malariaaadomized controlled trial.
Malaria Journal 2012;11(1):364.

Adegoke OA, Babalola CP, Oshitade OS, Famuyiwa Bétermination of the
physicochemical properties of pyronaridine - a rawmalarial drug. Pak J
Pharm Sci 2006 Jan;19(1):1-6.

Croft S, Duparc S, Arbe-Barnes S, Craft J, Shikl€ckenstein L, et al. Review
of pyronaridine anti-malarial properties and pradti@aracteristics. Malaria
Journal 2012;11(1):270.

Auparakkitanon S, Noonpakdee W, Ralph RK, Denny Wlairat P.
Antimalarial 9-anilinoacridine compounds directedvamatin. Antimicrob
Agents Chemother 2003 Dec;47(12):3708-3712.

Kumar S, Guha M, Choubey V, Maity P, BandyopadhyayAntimalarial drugs
inhibiting hemozoin (beta-hematin) formation: a mmeaistic update. Life Sci
2007 Feb 6;80(9):813-828.

Auparakkitanon S, Chapoomram S, Kuaha K, Chiraghagj T, Wilairat P.
Targeting of hematin by the antimalarial pyronarediAntimicrob Agents
Chemother 2006 Jun;50(6):2197-2200.

Egan TJ. Haemozoin (malaria pigment): a uniquetahyse drug target.
TARGETS 2003 6/1;2(3):115-124.

Lee J, Son J, Chung S, Lee E, Kim D. In vitro amgivo metabolism of
pyronaridine characterized by low-energy collisinduced dissociation mass
spectrometry with electrospray ionization. Jouwfdflass Spectrometry
2004;39(9):1036-1043.

Qi J, Yang CZ, Wang CY, Wang SB, Yang M, Wang Jahd¢tion and
mechanism of pyronaridine: a new inhibitor of Peglgrotein-mediated
multidrug resistance. Acta Pharmacol Sin 2002 R(6)2544-550.



38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

150

Qi J, Wang S, Liu G, Peng H, Wang J, Zhu Z, ePgftonaridine, a novel
modulator of P-glycoprotein-mediated multidrug stsince in tumor cells in vitro
and in vivo. Biochem Biophys Res Commun 2004 7/9¢(311124-1131.

Crowe A, llett KF, Karunajeewa HA, Batty KT, Davi®E. Role of P
Glycoprotein in Absorption of Novel Antimalarial Dgs. Antimicrobial Agents
and Chemotherapy October 2006 October 2006;50@®):3506.

Guidance for Industry. Population pharmacokinetifisited States Food and
Drug Administration. 1999. (Accessed June, 2012, at
www.fda.gov/downloads/Drugs/../Guidance/UCMQ072187.p

Sparreboom A, Figg WD. Identifying Sources of Imdividual Pharmacokinetic
Variability with Population Modeling. Clinical CaacResearch 2006 April
01;12(7):1951-1953.

Ette EI, Williams PJ. Population Pharmacokinetidddckground, Concepts, and
Models. The Annals of Pharmacotherapy 2004 Octobg38(10):1702-1706.

Aarons L. Population pharmacokinetics: theory aratfice. Br J Clin Pharmacol
1991 Dec;32(6):669-670.

Ette El, Williams PJ. Population Pharmacokinetic&stimation Methods. The
Annals of Pharmacotherapy 2004 November 01;38(20Q)41915.

Sheiner LB, Beal SL. Evaluation of methods forrasting population
pharmacokinetics parameters. I. Michaelis-Mentedehaoutine clinical
pharmacokinetic data. J Pharmacokinet Biopharm I88§8(6):553-571.

Sheiner LB, Beal SL. Evaluation of methods forrasting population
pharmacokinetic parameters. Il. Biexponential maohel experimental
pharmacokinetic data. J Pharmacokinet Biopharm I2&19(5):635-651.

Sheiner LB, Beal SL. Evaluation of methods forrasting population
pharmacokinetic parameters. Ill. Monoexponentiatietoroutine clinical
pharmacokinetic data. J Pharmacokinet Biopharm 798311(3):303-319.

Bonate P. Nonlinear Mixed Effects Models: Theongafnacokinetic-
Pharmacodynamic Modeling and Simulation: Spring8r 2011. p. 233-301.

Ette El, Williams PJ, Kim YH, Lane JR, Liu M, Cappli EV. Model
Appropriateness and Population Pharmacokinetic MuagleThe Journal of
Clinical Pharmacology 2003 June 01;43(6):610-623.

Centers for Disease Control and Prevention. Theamagbarasite life cycle. 2010.
(Accessed Dec, 2012, at http://www.cdc.gov/malalialit/biology/;)




51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

151

Childs GE, Hausler B, Milhous W, Chen C, Wimonweattatee T, Pooyindee N,
et al. In Vitro Activity of Pyronaridine againstétd Isolates and Reference
Clones of Plasmodium Falciparum. The American JalushTropical Medicine
and Hygiene 1988 January 01;38(1):24-29.

Dutta GP, Puri SK, Awasthi A, Mishra M, Tripathi Ryronaridine: an effective
antimalarial against multidrug-resistant malaridie [Sci 2000 Jul 7;67(7):759-
763.

Vivas L, Rattray L, Stewart L, Bongard E, Robin®in Peters W, et al. Anti-
malarial efficacy of pyronaridine and artesunateambination in vitro and in
vivo. Acta Trop 2008 Mar;105(3):222-228.

Feng Z, Wu ZF, Wang CY, Jiang NX. Pharmacokineticgyronaridine in
malaria patients. Zhongguo Yao Li Xue Bao 1987 18(6}:543-546.

Beal,S.L., Sheiner, L.B. NONMEM Users Guides - RarSan Francisco:
NONMEM Project Group, University of California aa Francisco. ; 1998.

Wang Y. Derivation of various NONMEM estimation etls. Journal of
Pharmacokinetics and Pharmacodynamics 2007 -1QH®&);375-593.

Maitre PO, BA%hrer M, Thomson D, Stanski DR. A #usep approach
combining bayesian regression and NONMEM populatioalysis: Application
to midazolam. Journal of Pharmacokinetics and Paaoalynamics 1991 -08-
01;19(4):377-384.

Mandema JW, Verotta D, Sheiner LB. Building popiolat
pharmacokineticpharmacodynamic models. I. Modalsdwariate effects.
Journal of Pharmacokinetics and Pharmacodynami@2 14-01;20(5):511-528.

Brendel K, Comets E, Laffont C, MentrA© F. Evaluatiof different tests based
on observations for external model evaluation giydation analyses. Journal of
Pharmacokinetics and Pharmacodynamics 2010 -02+(1);39-65.

Chen YC, Fleckenstein L. Improved assay methodh®determination of
pyronaridine in plasma and whole blood by high-perfance liquid
chromatography for application to clinical pharmiaoetic studies. J Chromatogr
B Biomed Sci Appl 2001 Mar 5;752(1):39-46.

Naik H, Imming P, Schmidt MS, Murry DJ, Fleckenstél Development and
validation of a liquid chromatography-mass specttignassay for the
determination of pyronaridine in human blood foplégation to clinical
pharmacokinetic studies. J Pharm Biomed Anal 20§y 23.;45(1):112-119.

Guidance for Industry. General Considerations fedi&ric Pharmacokinetic
Studies for Drugs and Biological Products, 199&a@ssed Dec, 2012, at
www.fda.gov/downloads/Drugs/.../Guidances/ucm0724d#.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

152

Bergstrand M, Karlsson MO. Handling data belowlihet of quantification in
mixed effect models. AAPS J 2009 Jun;11(2):371-380.

Foisy MM, Yakiwchuk EM, Hughes CA. Induction effsatf ritonavir:
implications for drug interactions. Ann Pharmacot?@08 Jul;42(7):1048-1059.

Abbott Laboratories. Norvir® (ritonavir) soft gellatcapsules and oral solution
prescribing information. North Chicago, IL; 2010.

Sankatsing SU, Beijnen JH, Schinkel AH, Lange JNh$2IM. P glycoprotein in
human immunodeficiency virus type 1 infection anerapy. Antimicrob Agents
Chemother 2004 Apr;48(4):1073-1081.

Morris CA, Lopez-Lazaro L, Jung D, MethaneethorBdparc S, Borghini-
Fuhrer I, et al. Drug-drug interaction analysigpgfonaridine/artesunate and
ritonavir in healthy volunteers. Am J Trop Med H3@12 Mar;86(3):489-495.

Billig E, O'Meara W, Riley E, McKenzie FE. Developntal allometry and
paediatric malaria. Malaria Journal 2012;11(1):64.

Cock RW, Piana C, Krekels EJ, Danhof M, Allegaeribbe CJ. The role of
population PK&€“PD modelling in paediatric clinicakearch. Eur J Clin
Pharmacol 2011 05/01;67(1):5-16.

Routledge PA. Pharmacokinetics in children. Jouofi@ntimicrobial
Chemotherapy 1994 August 01;34(suppl A):19-24.

Bartelink IH, Rademaker CM, Schobben AF, van dekekdN. Guidelines on
paediatric dosing on the basis of developmentasiohygy and pharmacokinetic
considerations. Clin Pharmacokinet 2006;45(11):10097.

Stephenson T. How children's responses to drugr @ibm adults. Br J Clin
Pharmacol 2005 Jun;59(6):670-673.

Kearns GL, Abdel-Rahman S, Alander SW, Blowey Degtler JS, Kauffman
RE. Developmental Pharmacology — Drug Dispositidetjon, and Therapy in
Infants and Children. N Engl J Med 2003 09/18; 202349(12):1157-1167.

Anderson B, Allegaert K, Holford NG. Populationnitial pharmacology of
children: general principles. Eur J Pediatr 200@11165(11):741-746.

Meibohm B, Laer S, Panetta JC, Barrett JS. Popmatharmacokinetic studies in
pediatrics: issues in design and analysis. AAPG0S Dct 5;7(2):E475-87.

Savage VM, Deeds EJ, Fontana W. Sizing Up Allorneé@galing Theory. PLoS
Comput Biol 2008 09/12;4(9):e1000171.



17.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

153

Mahmood I. Prediction of Drug Clearance in Childrenpact of Allometric
Exponents, Body Weight, and Age. Ther Drug Monid229(3).

Benedetti MS, Whomsley R, Canning M. Drug metalolis the paediatric
population and in the elderly. Drug Discov Toda@p2®;12(15-16):599-610.

White NJ, Olliaro PL. Strategies for the preventarantimalarial drug
resistance: rationale for combination chemothefapynalaria. Parasitol Today
1996 Oct;12(10):399-401.

Guidelines for the treatment of malaria. World Hle&rganization, 2006.
(Accessed at http://apps.who.int/malaria/docs/TneatGuidelines2006.pdf.)

Snounou G, Beck HP. The use of PCR genotypingarasessment of
recrudescence or reinfection after antimalariagdraatment. Parasitol Today
1998 Nov;14(11):462-467.

Bewick V, Cheek L, Ball J. Statistics review 13ce&ver operating characteristic
curves. Crit Care 2004 Dec;8(6):508-512.

Choi BCK. Slopes of a Receiver Operating CharastierCurve and Likelihood
Ratios for a Diagnostic Test. American Journal pideémiology 1998 December
01;148(11):1127-1132.

Florkowski CM. Sensitivity, specificity, receiveperating characteristic (ROC)
curves and likelihood ratios: communicating thef@@anance of diagnostic tests.
Clin Biochem Rev 2008 Aug;29 Suppl 1:S83-7.

Zweig MH, Campbell G. Receiver-operating charastariROC) plots: a
fundamental evaluation tool in clinical medicindini@al Chemistry 1993 April
01;39(4):561-577.

Gardner IA, Greiner M. Receiver-operating charastiercurves and likelihood
ratios: improvements over traditional methods Fa& ¢valuation and application
of veterinary clinical pathology tests. Vet ClintRal 2006 Mar;35(1):8-17.

Park SH, Goo JM, Jo CH. Receiver operating charatte(ROC) curve:
practical review for radiologists. Korean J Radi6oD4 Jan-Mar;5(1):11-18.

Obuchowski NA. ROC Analysis. American Journal ofeRtgenology 2005
February 01;184(2):364-372.

Kumar RV, Antony GM. A Review of Methods and Apgltmons of the ROC
Curve in Clinical Trials. Drug Information Jourr010 November 01;44(6):659-
671.

Kumar R, Indrayan A. Receiver operating charadier{®OC) curve for medical
researchers. Indian Pediatr 2011 Apr;48(4):277-287.



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

154

Cox, D.R. and Oakes, D. Proportional hazards madellysis of Survival Data.
1st ed.: Chapman & Hall; 1996. p. 91.

White NJ, Stepniewska K, Barnes K, Price RN, SimpkaSimplified
antimalarial therapeutic monitoring: using the dagrug level? Trends Parasitol
2008 4;24(4):159-163.

Bell DJ, Nyirongo SK, Mukaka M, Molyneux ME, Winstiay PA, Ward SA.
Population pharmacokinetics of sulfadoxine andmgthamine in Malawian
children with malaria. Clin Pharmacol Ther 2011 jB&K2):268-275.

ter Kuile FO, Luxemburger C, Nosten F, Thwai KL,dDlgsuphajaisiddhi T,
White NJ. Predictors of mefloquine treatment fatua prospective study of 1590
patients with uncomplicated falciparum malaria.n&& Soc Trop Med Hyg
1995 Nov-Dec;89(6):660-664.

Fontanet AL, Walker AM. Predictors of treatmentdee in multiple drug-
resistant falciparum malaria: results from a 42-fitdlpw-up of 224 patients in
eastern Thailand. Am J Trop Med Hyg 1993 Oct;49@5:472.

Dorsey G, Gasasira AF, Machekano R, Kamya MR, &&a&d, Hubbard A. The
impact of age, temperature, and parasite densityeatment outcomes from
antimalarial clinical trials in Kampala, Uganda. AnTrop Med Hyg 2004
Nov;71(5):531-536.

Laufer MK, van Oosterhout JJG, Thesing PC, Dzimgka FK, Hsi T, Beraho L,
et al. Malaria Treatment Efficacy among People hgwwith HIV: The Role of
Host and Parasite Factors. The American Journatagical Medicine and
Hygiene 2007 October 01;77(4):627-632.

Riley EM, Wagner GE, Akanmori BD, Koram KA. Do matally acquired
antibodies protect infants from malaria infectidgtéasite Immunol
2001;23(2):51-59.

Rogerson SJ, Wijesinghe RS, Meshnick SR. Host inityas a determinant of
treatment outcome in Plasmodium falciparum maldiee Lancet Infectious
Diseases 2010 1;10(1):51-59.

Hochman S, Kim K. The Impact of HIV and Malaria 6iction: What Is
Known and Suggested Venues for Further Study.digeip Perspect Infect Dis
2009;2009:617954.

Hochman S, Kim K. The Impact of HIV Coinfection @erebral Malaria
Pathogenesis. J Neuroparasitology 2012;3:235540b EP12 Mar 2.

Cuadros DF, Branscum AJ, Crowley PH. HIV—malariardection: effects of
malaria on the prevalence of HIV in East sub-Sahafaica. International
Journal of Epidemiology 2011 August 01;40(4):938:93



103.

104.

105.

106.

107.

108.

109.

110.

155

Bharti AR, Saravanan S, Madhavan V, Smith DM, SlaadmBalakrishnan P, et
al. Correlates of HIV and malaria co-infection ioughern India. Malar J 2012
Sep 3;11:306-2875-11-306.

Aarnoutse RE, Kleinnijenhuis J, Koopmans PP, Toulw\Dieling J, Hekster YA,
et al. Effect of low-dose ritonavir (100 mg twicailg) on the activity of
cytochrome P450 2D6 in healthy volunteersast]. €lmarmacol Ther 2005
print;78(6):664-674.

Naik H, Murry DJ, Kirsch LE, Fleckenstein L. Devploent and validation of a
high-performance liquid chromatography—mass spsctijoy assay for
determination of artesunate and dihydroartemismimuman plasma. Journal of
Chromatography B 2005 2/25;816(1-2):233-242.

Ding R, Tayrouz Y, Riedel KD, Burhenne J, WeisMikus G, et al. Substantial
pharmacokinetic interaction between digoxin anahatvir in healthy volunteers.
Clin Pharmacol Ther 2004 Jul;76(1):73-84.

Lee J, Son J, Chung SJ, Lee ES, Kim DH. In vitr@ anvivo metabolism of
pyronaridine characterized by low-energy collisinduced dissociation mass
spectrometry with electrospray ionization. J Magec&om 2004;39:1036-1043.

Jayaraman SD, Ismail S, Nair NK, Navaratnam V. Deieation of pyronaridine
in blood plasma by high-performance liquid chrongaaphy for application in
clinical pharmacological studies. J Chromatogr Bréed Sci Appl
1997;690:253-257.

Babalola CP, Scriba GK, Sowunmi A, Alawode OA. litjahromatographic
determination of pyronaridine in human plasma aradl @dosage form. J
Chromatogr B Analyt Technol Biomed Life Sci 2003%7265-272.

Ramanathan S, Karupiah S, Nair NK, Olliaro PL, Natt@am V, Wernsdorfer
WH, et al. A new and simple solid-phase extractiwthod for LC determination
of pyronaridine in human plasma. J Chromatogr BynBechnol Biomed Life
Sci 2005;824:45-50.



	University of Iowa
	Iowa Research Online
	Summer 2013

	Population pharmacokinetics and pharmacodynamics of pyronaridine
	Janthima Methaneethorn
	Recommended Citation


	PrelimPages
	Thesis

