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ABSTRACT

Artemisinin compounds are the most potent anti-malarial drugs availablein the
market. Today, malariatreatment islargely relies on the artemisinin-based combination
therapies. Artesunate (AS) is the most widely used artemisinin derivative.

In this thesis, we characterized the population pharmacokinetics of AS and its
active metabolite dihydroartemisinin (DHA) following oral administration of ASin
different populations. In Chapter |1, we developed a population pharmacokinetic model
of AS and DHA in healthy subjects. These subjects received either single- or multiple-
dosing of ora AS, as amonotherapy regimen or in combination with pyronaridine, with
or without food. In Chapter |11, we developed a population pharmacokinetic model of AS
and DHA in adult and pediatric patients with uncomplicated falciparum and vivax
malariawho were administered oral pyronaridine/artesunate combination once daily for 3
days.

We modeled the AS and DHA data simultaneously using a parent-metabolite
model that assumed compl ete conversion of ASto DHA. Following oral administration,
ASisrapidly absorbed with maximum concentrations reached at about 0.5 hours post-
dose. ASisrapidly converted to DHA. DHA then undergoes rapid metabolism, with an
elimination half-life of about 0.8 hoursin malarial patients. Inter-individual variability
for amost all pharmacokinetic parameters and residual variability for both compounds
were estimated by the models. Substantial variability was seen in the pharmacokinetic
parameters between the subjects.

In healthy subjects, intake of food with the dose was found to delay the absorption
of AS significantly, but not the extent of absorption. Weight was also included in this
model as a determinant of DHA clearance. When modeling the data from patients, we
included weight as part of the model a priori using an established allometric function. No

other covariates examined in the analysis were statistically significant.



The performance of final models was evaluated using non-parametric bootstrap
technique and visual predictive check. The models were found to adequately described
the data at hand, and robust with sufficient predictive power. The results can be used as
the base to devel op a population pharmacokineti c-pharmacodynamic model and as prior
information in guiding the selection of optimal sampling schedule for future

pharmacokinetic studies of AS.
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ABSTRACT

Artemisinin compounds are the most potent anti-malarial drugs available in the
market. Today, malaria treatment is largely relies on the artemisised@mbination
therapies. Artesunate (AS) is the most widely used artemisinin derivative.

In this thesis, we characterized the population pharmacokinetics of AS and its
active metabolite dihydroartemisinin (DHA) following oral administia of AS in
different populations. In Chapter Il, we developed a population pharmacokinetic model
of AS and DHA in healthy subjects. These subjects received either anghedtiple-
dosing of oral AS, as a monotherapy regimen or in combination with pyronaridihe, wi
or without food. In Chapter lll, we developed a population pharmacokinetic model of AS
and DHA in adult and pediatric patients with uncomplicated falciparum and vivax
malaria who were administered oral pyronaridine/artesunate combinatiodahctor 3
days.

We modeled the AS and DHA data simultaneously using a parent-metabolite
model that assumed complete conversion of AS to DHA. Following oral admimisirati
AS is rapidly absorbed with maximum concentrations reached at about 0.5 hours post-
dose. AS is rapidly converted to DHA. DHA then undergoes rapid metabolism, with an
elimination half-life of about 0.8 hours in malarial patients. Inter-individual bgitya
for almost all pharmacokinetic parameters and residual variability for batpaunds
were estimated by the models. Substantial variability was seen in thegol&metic
parameters between the subjects.

In healthy subjects, intake of food with the dose was found to delay the absorption
of AS significantly, but not the extent of absorption. Weight was also included in this
model as a determinant of DHA clearance. When modeling the data from patients, we
included weight as part of the modgpriori using an established allometric function. No

other covariates examined in the analysis were statistically seymific



The performance of final models was evaluated using non-parametric motstra
technique and visual predictive check. The models were found to adequately described
the data at hand, and robust with sufficient predictive power. The results can be used as
the base to develop a population pharmacokinetic-pharmacodynamic model and as prior
information in guiding the selection of optimal sampling schedule for future

pharmacokinetic studies of AS.
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CHAPTER |

INTRODUCTION

Malaria

Malaria is one the most devastating global public health burdens contributing to
substantial morbidities, mortalities and poverty in many countries in the .\Wudrld
Health Organization (WHO) estimated that half of the world’s population in 109 endemi
countries was at risk of malaria infection. In 2006, malaria claimedyneanillion lives;
primarily in children less than 5 years of age (1). Malaria infectiantads immense
negative socioeconomic impact, reducing the economic growth rates by up to 1.3% in
endemic countries (2).

Human malaria is caused by five species of parasites that belong to genus
Plasmodium: P. falciparum, P. vivax, P. ovale, P. malariae, and until recently.
knowles (3-6). Figure 1.1 shows the life cycle of malaria parasites (7). Trasism of
the parasites begins when a female anopheline mosquito inoculates sporozoites into t
bloodstream of the human host during a blood meal. These sporozoites then migrate
rapidly to the liver and infect hepatocytes to begin the asexual reproducten sta
Subsequently, the sporozoites multiply into merozoites. Infected hepatocytasaélyent
burst and release merozoites into the bloodstream. Released merozoites thémeinfe
red blood cells, where they develop into trophozoites and mature into schizonts, which
rupture to release merozoites. Gametocytes, the sexual form, are also prodaced. T
gametocytes, if ingested by a female anopheline mosquito, will imfectdfinitive host
and begin the sexual development cycle to eventually produce sporozoites which make
their way to the mosquito’s salivary glands. The malaria life cycle pepeted when
the mosquito bites a human host and inoculates the sporozoites into the human

bloodstream. IiP. vivax andP. ovale infections, some of the intra-hepatic sporozoites



enter an arrested stage of development called hypnozoite and remain dormaetrifod a
of time before schizogony begins. This delayed primary infection is known pseela

Falciparum and vivax malaria are the most common malaria. Falciparumamalari
is the most severe form of the disease due to the high prevalence and virulence of the
parasite in addition to increased drug resistance. Individuals who are nuoegitge to
the disease are those with limited immunity against the disease. Theuimesable
groups include young children, particularly those less than five year olds in highly
endemic areas, travelers and migrants from areas with no or littldartedgsmission to
malaria endemic regions, pregnant women especially those who are pregtiaafifst
time, and individuals who are co-infected with immunosuppressive diseases such as HIV
infection.

Malaria can be categorized as uncomplicated or severe. Infected individuals a
often present with acute febrile symptoms which include cyclical mafaxiat, chills
and sweats, headaches, nausea and vomiting as well as other manifestations such as
abdominal discomfort, malaise and mild anemia. If promptly and appropriatebctrea
the mortality associated with uncomplicated falciparum malaria is about Bld$ever,

a more severe form of falciparum malarial infection may develop ifrgatae not
treated in a timely manner. The manifestations of severe malaria incltete s@eemia,
cerebral malaria, hypoglycemia, respiratory distress and other @igaed$ which will
eventually lead to coma and death. The mortality in patients with severe maksito
about 15-20% despite treatment (8, 9).

Control of malaria consists of two aspects: control of the anopheline mosquito
vector and management of malaria cases. Removal of mosquito breedingssites
insecticide-treated bed nets and indoor residual insecticide sprayieffieeious
vector-control measures. However, the emergence of resistance to pgirethroi
insecticide used in insecticide-treated bed nets, has been reported in a soame Afr

countries (10).



Malaria case management has traditionally relied on anti-madiavigés while the
world is waiting for an effective malaria vaccine. Chloroquine and sulfadoxine-
pyrimethamine are inexpensive, readily available and therefore the mde$y wsed
anti-malarial drugs until recently. Their usefulness is now very limitedalparasite
resistance in most malaria-affected areas. Resistance to meflogdiatbaaguone are
also well-established. The rapid emergence of resistance to antiainadgents has
prompted WHO to advocate the use of combination-based therapies, particularly

artemisinin-based combination therapies (ACTS).

Artemisinin and Derivatives

General Properties and Mechanism of Action

Artemisinin is a naturally occurring sesquiterpene lactone containing an
endoperoxide group extracted from the leaves of ChineseAhterhisia annua.

Artemisinin itself is not oil- nor water-soluble and so is only availab&nteral
formulations. Several oil- or water-soluble derivatives of artemisinin bega
synthesized. Dihydroartemisinin (DHA) is synthesized from artemigmough
reduction process. From DHA, artesunate (AS), artemether and arteetbgnthssized.
Figure 1.2 shows the chemical structures of the compounds. These artemisinin
derivatives have been formulated for oral, rectal and parenteral adntioms{fdl-13).
From hereon, ‘artemisinins’ will be used when artemisinin and its derivatiges ar
discussed collectively as a class.

The exact mechanism of which artemisinins exert their anti-malagpepies is
not known. Several theories have been proposed. One theory suggests that free radicals
are formed when artemisinins bind to hem, through an iron-mediated cleavage of the
peroxide bridge. These free radicals are damaging to various parasiteanes) thereby
killing the parasites. An alternative hypothesis suggests that areraigihibit the

sarcoplasmic endoplasmic reticulum calcium ATPase, or SERCA, of theahalari



parasite. It is also possible that artemisinins exert their antiialgdaoperties via a
combination of different mechanisms. These theories on how artemisinins act éave be

reviewed elsewhere (14-16).

Anti-Malarial Efficacy

Artemisinins are the most potent and effective anti-malarial drugsbiailwith
broadest parasite stages activity and highest parasite reduction ratio ¢i&). M
importantly, artemisinins are effective against chloroquine- and mefloquiiséargs
strains (18-21). Most anti-malarial drugs, including artemisinins, areaphnactive
against the mature ring stagePoffalciparum, when the parasites are most metabolically
active. However, artemisinins also target the young ring stages of tiseégmrAnother
potential benefit is that artemisinins are active against the gametpeyieh are
transmitted from humans to mosquitoes. In fact, it has been shown that the use of
artemisinins resulted in a significant reduction of gametocytaemia asdcgent
transmission to mosquitoes when compared to previous first-line non-artemisinin ant
malarial drugs (22). However, these compounds are not active against the pre-
erythrocytic stages or the dormant hypnozoite stagBsva¥ax andP. ovale in the liver.

The reported geometric mean for 50% inhibitory concentratiog)(iCP.
falciparum isolates were 4.2, 4.3, and 16.1 nM for AS, DHA, and artemether respectively
(23). The estimateih vivo parasite reduction ratio, defined as the ratio of baseline
parasite count to parasite count 48 hours later, ranges frof02Lfdr artemisinins (24).
This means artemisinins are capable of killing >99.9% of the parasitesegaabsycle.
Despite the fast parasite killing rates, blood concentration of artemisie@usto be at a
parasiticidal level for at least 6 days (corresponding to 3 asexual liEsdgcP.
falciparum) in order to remove all parasites from the blood. Therefore, when given alone,
7-day regimens are required to maximize their cure rates. Unfortunadetpliance to 7-

day treatment courses is poor, especially when the clinical symptomsasfanal



disappear within a couple days of treatment initiation. When used in combination with
partner drugs of longer elimination half-lives, 3-day treatment coursesufficient (25).
The efficacy and clinical use of artemisinins have been extensivegnedi

elsewhere (14, 26-29).

Clinical Toxicology and Safety

In experimental animal studies, the safety profiles of artemisinengearerally
good. However, when given in high and repeated doses to the animals, these compounds
have produced selective pattern of damage to the brain stem, affectingdalpattiose
involve with auditory system (30-34). The damage was especially obvious with
artemether or arteether administration. Clinical features of brainrstantoxicity
included tremor, gait impairment, loss of spinal and pain response, auditory imp&airm
loss of eye reflexes and death. It is suggested that neurotoxicity isrgubain the
central nervous system is constantly exposed to artemisinins than interbigént
exposure (35). Thus it is not surprising that intramuscular formulation of arteraathe
arteether are more neurotoxic in experimental animals than AS given byua@y r

Many clinical trials involving artemisinins have been conducted in different
populations and in various parts of the world (36-43). All studies have indicated that
artemisinins are generally well tolerated with minimal adversg dractions. A
systematic review of 108 published and unpublished studies involved artemisinins
conducted in healthy subjects and patients with uncomplicated or severe stalared
similar results (44). No serious adverse drug event was reported in any tofdies.sThe
most common adverse events were gastrointestinal-related. Other adaetsms
reported were neutropenia (1.3%), reticulocytopenia (0.6%), elevated liver&nzym
(0.9%), transient bradycardia (1.1%) and prolonged QT interval (1.2%).

Price et al. conducted a similar systematic review on the adversts effec

artemisinins using data generated from a series of large prospectwednducted in



Karen community living in the Thai-Burmese border region (45). In these st83é
patients received either AS or artemether as monotherapy regimen2@82tigatients
received the combination of mefloquine plus an artemisinin derivative. The combination
regimens were associated with higher adverse events than the monotherexsgmiole

31% versus 16% for acute nausea, 51% versus 34% for anorexia, 24% versus 11% for
vomiting and 47% versus 15% for dizziness. When given alone, oral AS and artemether
are well-tolerated.

The results from animal studies and clinical trials clearly show a disargpa
regarding the safety profile of artemisinins. Gordi and Lepist suggesbeposgible
explanations for this discrepancy (46). The adverse effects seen in expaireménals
may be caused by prolonged exposure to artemisinins administered in oil-based
intramuscular formulations. When given orally, these compounds are absorbed and
eliminated rapidly, and therefore less likely to produce neurotoxic effsatistionally,
the relatively high doses of artemisinins used in animal studies may havéuieoktio
the higher incidence of toxicity seen in these animals.

The developmental toxicity of artemisinins has also been studied in different
animal models, including rats, rabbits and monkeys (47-50). Artesunate exposure induced
embryo loss, cardiovascular malformations, and skeletal defects in bothdatgbhits,
in the absence of apparent maternal toxicity (48, 49). When AS was adméhtstere
cynomolgus monkeys at 12 and 30 mg/kg/day orally once daily from days 20 to 50 of
gestation, AS caused 55% and 100% embryo lethality, respectively (47). However, no
artesunate-related embryo deaths or malformations were observed wheatthertre
period at 12 mg/kg/day was shortened to 3 or 7 days. Li et al. studied the tissue
distribution of radio-labeled AS after intravenous injection and toxicokinetiéSof
following single or multiple intramuscular injections in pregnant and non-pnégais
(50). Their data showed that the level of radio-labeled AS was 2- to 4-fold higher i

uterus, placenta, and ovary than in blood. Furthermore, AS and DHA in the blood of



pregnant rats were 1.53- and 3.74-fold higher than the non-pregnant rats. These two
observations may explain the severe embryotoxicity of AS in pregnant animals.

Clinical trials of artemisinins conducted in pregnant women appear to be
encouraging so far (51-54). In a study involving 461 pregnant women with acute
falciparum malaria who were treated with AS (n = 528) and artemether (n thd 1ates
of abortion, stillbirth and congenital abnormalities were similar to rates ih loca
community (54). Deen et al. studied the safety of artesunate plus pyrintatham
sulfadoxine combination in 287 pregnant women in Gambia and concluded that no
difference was observed in the proportion of abortions, stillbirths, or infant deatingja
those exposed or not exposed to the drugs (51). Combinations of artemether/lumefantrine
and mefloquine plus artesunate were also well tolerated and safe in pregnant(@@me
53). However, these studies were conducted in pregnant women in their second or third

trimester. The safety of artemisinin compounds during first trimester is unknown.

Auto-induction Phenomenon

Numerous studies have shown that artemisinin exhibits remarkable time-
dependent pharmacokinetics after repeated oral and rectal administraltiom lhealthy
subjects (55-57) and in malaria patients (58, 59). Ashton and colleagues (55) thtedied
pharmacokinetics of artemisinin in 8 healthy male subjects aftedthmistration of
250, 500 and 1000 mg of oral artemisinin in a cross-over design with a 7-day washout
period. Artemisinin oral clearance was found to decrease with dose. Inrastathe
conducted in 10 healthy male subjects who received a 7-day oral daily regis@h of
mg, artemisinin area under the concentration-time curve (AUC) dedren34% of
values obtained after the first day of administration on day 4 and to only 24% on day 7
(56). Similarly, a 4.7-fold increase in artemisinin oral clearance was\ausin the

study by Zhang et al. (57).



Similar observations have also been reported in patients with uncomplicated
malaria. Thirty malaria patients were treated with 500 mg of eitheooractal
artemisinin daily for 5 days (58). Artemisinin AUCs on the last day ofrtrexat were
reduced to only 30% and 40% of the values after the first dose, for oral and rectal route
respectively. A significant increase in artemisinin oral clearémoce day 1 to day 5 was
also observed in 77 male and female malaria patients (59).

The time-dependency of artemisinin pharmacokinetics is thought to be caused by
its strong capacity for auto-induction. Various studies have shown that ani@emisi
induces different cytochrome P450 (CYP) enzymes, including CYP2B6, the primary
enzyme responsible for the metabolism of artemisinin, and CYP2C19 (60-63).
Pharmacokinetic models for artemisinin that incorporates the auto-imaecmponent
have also been proposed (64, 65).

Similarly, time-dependent pharmacokinetics has been reported for Hréznme
both healthy subjects and patients with uncomplicated malaria (66, 67). However, the
attempts to study this phenomenon in AS and DHA yielded mixed results (68-70).
Plasma concentrations of DHA and to a lesser extent AS showed a time-dependent
decline in a study done in 6 patients who received AS treatment for 5 days (68).
However, the results from this report is not very convincing as pharmacokanatigsis
was not done due to the sparseness of blood sampling times. Hence, the comparison was
done based solely on the concentration values but not pharmacokinetic parameters. In
another study, 10 healthy subjects received oral AS once daily for 5 days (69). All
pharmacokinetic parameters were similar on days 1 and 5 for both AS and DHA,
indicating an absence of time-dependent pharmacokinetics. It is suggestbd tha
decline in DHA concentration toward the end of treatment period may be due to the
restoration of drug-metabolizing enzymes during the convalescent phasenémal

infection rather than the auto-induction of DHA metabolism (70).



Artemisinin-based Combination Therapies

In the past fifty years, anti-malarial drugs have been deployed on a latgesc
monotherapies. The extensive deployment and the inappropriate use of the drugs have
provided selective pressure on the parasites to evolve into mutants resistardrigys
(9). Multidrug-resistant falciparum malaria is now widely prevalent in Soast Asia,

South America, and Africa. The wide-spread resistant resulted in WHO recalimge

that all countries experiencing resistance to conventional monotherapies should use
combination therapies, preferably ACTs for falciparum malaria (71). Tiomate

behind combination therapies is that when two drugs with different modes of action, and
therefore different resistance mechanisms, are used in combination, the pyobbthik
development of resistant parasite to both compounds is far lower than the chance of
selection of individual mutations.

Nosten and Brasseur (72) suggested that ‘ideal’ anti-malarial comnobiisabuld
possess the following properties:

1. The components of the combination should have different mode of action on the
parasite.
2. There should not be any negative pharmacological interactions between the
components.
3. The duration of the regimen should ideally not exceed 3 days.
4. It should include at least one fast-acting component which clears asexaalffor
the parasite rapidly.
One of the drugs should have reasonably long half-life.
The combination should be well tolerated with minimal toxicity.
It must have broad spectrum of action against all stages of the parasite.

It should be co-formulated.

© © N o O

It must be inexpensive.
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Currently used ACTs include AS plus amodiaquine, AS plus
sulfadoxine/pyrimethamine, AS plus mefloquine, artemether/lumefantrine,
dihyroartemisinin/piperaquine. None of these is ideal, but artemether/lunegaat
viewed as closest in meeting all the criteria. Pyronaridine/artesigretether fixed-dose
ACT currently under development as a once a day for three days treatment for

uncomplicated falciparum and vivax malaria.

Pharmacokinetic Properties of Artesunate and

Dihydroartemisinin

AS is the only artemisinin derivative available in oral, rectal and intraxgeno
formulations for use in human. Pharmacokinetics of AS and its active metaboite DH
has been studied quite extensively in different populations. However, AS data were ver
limited in these studies due to the fact that AS is rapidly converted to DHA dridgha
assays used were not sensitive enough to detect AS in the samples collected.
Consequently, many pharmacokinetic studies of AS either report only the
pharmacokinetic parameters for DHA without the parameters related to Agpoot the
combined anti-malarial activities of AS and DHA.

AS was rapidly absorbed into the systemic circulation following oral
administration. Using limited information available for AS, Batty et al. teylathe
absolute bioavailability for oral AS of 15% and 23% for patients with uncomplicated
falciparum malaria and vivax malaria, respectively (73, 74). The relatesdilability
of DHA following oral AS was high in these patients, with mean values of 82% and 85%
for patients with uncomplicated falciparum malaria and vivax malariagcésply. In
another study, total anti-malarial activity (i.e. the combined activitié®thf AS and
DHA) was used to assess the bioavailability (75). Mean absolute anti-ahalari

bioavailability after the administration of oral AS was 61%.
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The absorption of rectal AS was slower than oral AS, with mean time to reach
peak concentrationyt,) for AS of 1.43 h versus 0.66 h, and mean for DHA of 1.8 h
versus 0.93 h (76). In pediatric patients who received different doses of intravenous AS
and rectal AS, the median relative bioavailability values of DHA were 58&thtdose
rectal group and 23% in high-dose rectal group (77). These values were lanéretha
values reported for oral AS (73, 74).

The tissue distribution pattern of AS and DHA has been studied in rats using
radio-labeled techniques (78, 79). Using quantitative whole-body autoradiography
method, the tissue distribution of intravenot!€] labeled AS was assessed in 40 organs
and tissues in rats (78). At 0.5 h and 1 h post dose, most of the AS activity was
concentrated in the intestine and its contents, followed by bile. At 4 h post dose, drug
distribution in all tissues was higher than that at 2 h post dose, possibly due toahtesti
re-absorption and/or enterohepatic circulation. Subsequently, AS radioactivity diroppe
rapidly but not uniformly in all tissues. After 96 hours of dose administration, high
density of radioactivity was still found in the spleen, bone marrow, and intestine. The
distribution of [“C] labeled AS was estimated to be 6-fold higher in red blood cells than
in plasma.

Similar result was observed in rats treated with intravernidG$ labeled DHA
(79). The highest radioactivity was found in small intestine at 1 h post dose. DHA
distribution to other tissues increased significantly at 6 h after injectitmhwghest
level still found in the intestine. Measured radioactivity declined rapitiy #fat with
residual activity found in spleen, kidney, adrenals, large intestine content, livennasd |
at 96 h post dose. The ratio of drug concentration in red blood cells to plasma was about
3.54:1.

The protein binding of'fC] labeled AS was studied in human and rat plasma
using equilibrium dialysis method over a concentration range of 0.2 to 78125 ng/mL (80).

The binding profile was showtn be concentration-dependent. In both species, the
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percent of drug bound to plasma proteins ranged from 73% to 81%. At drug
concentrations more than 125 ng/mL, the percent bound declined to 62-66%. The protein
binding of }“C] labeled DHA was also studied in human and rat plasma using similar
method over a concentration range of 0.15 to 57800 ng/mL (79). The bindifig]of [

DHA was concentration-dependent in human plasma but not in rat plasma. At higher
concentrations, the binding percentage in human plasma decreased from 82% to 66%.

Metabolism and pharmacokinetic studies have shown that AS is rapidly
hydrolyzed to DHA, primarily by plasma or tissue choline esteraseswind
intravenous administration of AS, the peak concentratigp)@as reached at 9 minutes
after the injection (73). For oral and rectal AS, the of DHA was very close to thex
of AS (0.66 h and 0.93 h for oral route, 1.43 h and 1.8 h for rectal route), indicating rapid
conversion of AS to DHA (76). Due to the rapid conversion, AS is often considered as
pro-drug of DHA. Following oral administration of AS, the ratio of AUC for DHA to
AUC for AS can be as high as 10:1 (81). Figure 1.3 shows the typical concentragon-tim
profiles for AS and DHA follwing oral administration of AS.

Studies in rats demonstrated that DHA undergoes rapid metabolism via
conjugation and biliary elimination (79, 82, 83). The metabolic pathways for DHA was
studied in humans by analyzing metabolites in urine collected from patients dho ha
received intravenous AS and metabolites produced by human liver microsomes (84).
Using V79 cells expressing different human UDP-glucuronosyltranste(a€&T's), such
as UGT1A1l, UGT1A6, UGT1A9 and UGT2B7, it was shown that DHA is metabolized
by UGT1A9 and UGT2B7, but not UGT1A1 and UGT1A6. The major metabolite
identified wasu-DHA-B-glucuronide. AS and DHA undergo extensive first-pass
metabolism with very high extraction ratio (85, 86). For drugs with high exiragtio,

clearance approaches blood flow and is therefore perfusion rate limited.
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Pharmacometrics

Mathematical and statistical modeling has been widely used in varionsifgcie
disciplines for a long time. However, the use of such modeling in analyzing the
interactions between drugs and patients in a quantitative manner is rela@velyhis
discipline is termed ‘pharmacometrics’. A formal definition of pharmacoosetvas
given by Williams and Ette (87). They defined pharmacometrics as ‘thiececof
developing and applying mathematical and statistical methods to (a)tehiaesc
understand, and predict a drug’s pharmacokinetic and pharmacodynamics behavior; (b)
guantify uncertainty of information about that behavior; and (c) rationalizeciisten
decision making in the drug development process and pharmacotherapy. In practice,
pharmacometrics often involves pharmacokinetic, pharmacodynamic, pharmaacocky
biomarker-outcome link and/or disease progression models.

In the white paper published in 2004 on critical path assessment of medical
products development (88), the U.S. Food and Drug Administration (FDA) recognized
the need for “new tools to get fundamentally better answers about how theasafety
effectiveness of new products can be demonstrated in faster time frathesone
certainty, and at lower costs.” Low efficiency in drug development resthe largest
challenge facing the pharmaceutical and biotechnology industries. Kolaaadts L
analyzed the success rates from first-in-human to registration gan1991 to 2000 for
ten pharmaceutical companies in the United States and Europe and found out that the
average success rate for all therapeutic areas is only approximate($2)19%odel-
based drug development was cited by the FDA, along with advances in clinical
pharmacology, as essential elements for innovative drug development itidasl @ath
Initiative (88).

Recognizing the role of pharmacometrics in drug development and regulatory
domains, FDA has taken various initiatives to integrate this discipline asflaet drug

application review process (90, 91). As the results, pharmacometric applicagians w
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incorporated in 42 of a total of 244 New Drug Applications (NDAs) submitted tooeardi
renal, neuropharmacology, and oncology drug products between 2000 and 2004, and a
pharmacometric component was involved in approvals for 26 NDAs and labeling in 37
NDAs (92). Similarly, a pharmacometric component was involved in approvals for 20
NDAs and labeling in 17 NDAs out of a total of 31 NDAs with pharmacometric asalys
from February 2005 through June 2006 (93).

Among all the different types of pharmacometric modeling, population
pharmacokinetic modeling is perhaps the most commonly applied. Consequently,
guidance documents on population pharmacokinetic analyses were published by both the

FDA and European Medicines Agency (EMEA) (94, 95).

Population Pharmacokinetics

Population pharmacokinetics is the study of the sources and correlates of
variability in drug concentrations between individuals (96). Population pharmadokinet
analysis comprises the characterization of variation in pharmacolistavior within
the population and the identification of demographical, pathophysiological, and
therapeutic characteristics, such as body weight, renal function, disg¢assrataing
status, concurrent medications etc, that may account for the variability (9fH®Y)
knowledge is essential in mapping the response surface of the drug of intgxiestjrex
differences seen in subgroups, developing and evaluating dosing strategies,gmdglesi
future studies (98-100). Currently, population pharmacokinetic analysesaarky
applied in characterizing the pharmacokinetics of the drug in the target papaladl in
special populations, such as pediatric and elderly populations, and in recommending the
dosing strategies in these populations (95). In drug development, this type oésinalys
often carried out in patients, but much less in Phase | studies (101). It is sddgbast

this approach should be implemented in all phases of drug development (98).
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Population pharmacokinetic approach offers several advantages over the
traditional pharmacokinetic studies. Traditional pharmacokinetic studiestanedaine in
a small homogenous group of individuals with intensive sampling, and involve fitting the
model to data obtained from each individual separately. The population approach, on the
other hand, allows both sparse and intensive data to be used. The sparse sampling
approach has enabled pharmacokinetic studies to be carried out ethicallgiah spe
populations such as neonates (102-105), pediatrics (106-108), pregnant women (109-
111), critically ill patients (112-115) and elderly (116, 117). The population approach
also allows the pooling of heterogeneous data into one dataset, for example data from
different study centers or different trials, trials with intense and sparspling, data
from children and adults, or experimental plus observational data. Data frismvitia
unbalanced design, where the number of samples per subject may differ, can also be
incorporated.

Various methods have been proposed and used in population pharmacokinetic
modeling, including naive pooled data, standard two-stage approach, Bayesiatiastim
and nonlinear mixed-effects modeling. Briefly, naive pooled data approaciatest
population mean parameters by treating all data as if the data arosediragiea
individual, while standard two-stage approach estimates each individual's
pharmacokinetic parameters and then uses the individual parameters to ¢egémate
population parameters. In Bayesian analysis, the prior distribution of the parsumed
population of subjects and the actual data from an individual are used to estimate the
individual’'s parameters. Nonlinear mixed-effects modeling is a one-stagysis that
allows for the all fixed and random parameters to be estimated simultaneodsiail&d
discussion on the advantages and disadvantages of each approach can be found elsewhere
(118). Currently, the most commonly used method is the nonlinear mixed-effects
modeling, and the majority of population pharmacokinetic analyses employing this

approach are carried out using NONMEM package developed by Beal and Sheiner (119)
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However, it is unfortunate that NONMEM has become synonymous with population

pharmacokinetics.

Nonlinear Mixed-Effects Modeling

As the name implies, nonlinear mixed-effects modeling allows for the
simultaneous estimation of parameters relating the fixed effects rehaineeffects to the
observed data. Fixed-effect parameters are the estimated pasamletiang the
observed or measured variables to model prediction. These parameters can be model
parameters, such as clearance and volume of distribution, or impact of covarities
pharmacokinetic parameters. The random-effect parameters measurexfiiained
random variability, including the inter-individual variability and the residuahtdity.
Inter-individual variability accounts for the difference between the astidnparameter
for an individual and the expected value for the parameter (i.e. the population@stimat
In pharmacokinetic modeling, inter-individual variability is sometimes viewed
incorrectly as a nuisance. Residual variability accounts for the difietsteveen
measured and model-predicted concentrations for an individual. It can be due to the intra
individual variability, inter-occasion variability, measurement error, odeh
misspecification error (97, 120, 121).

In population pharmacokinetic modeling, nonlinear mixed-effects population
pharmacokinetic models consist of three components: structural, covariateriandeva
models. The pharmacokinetic model that best describes the concentration-titeeoprof
a drug forms the structural model, also known as the base model. The covariate model
describes the impact of subject specific covariates on the pharmacokimatiepes.
Lastly, the variance component takes into account the inter-individual variapititthe
residual variability.

Mathematically, a general nonlinear mixed-effects model used to loke$e

observed response in an individual can be written as:
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yij = f(Xij, Bi) + i

gj ~ N(0,6°)
where Y is the jth observed response for individualx; f@;) is the nonlinear function
used to predict the responseg, denotes the vector of independent variables (e.g. dose
and time) B; denotes the vector of model parameters,sgmdpresents the residual
variability which is assumed to be independent and normally distributed with zaro me
and variance”. 3 is used in NONMEM to denote the covariance matrixef@nd its
dimension is related to the number of residual variance terms.

Correspondinglypi, which varies quantitatively among individuals due to inter-
individual variability, can be mathematically written as:

Bi =90, z) +n,

i~ N0, ?)
where g is a known function describing the expected val@g of terms of individual
specific covariateg;, and the vector of population parameters; represents the
deviation of the individual parameter vectors from the population predictions, and is
assumed to be independent and normally distributed with zero mean and vafiddce
is used in NONMEM to denote the covariance matrix)faand its dimension is
determined by the number of inter-individual variance parameters.

Using a simple one-compartmental pharmacokinetic model with first order
elimination following single intravenous bolus dose administration as an example, the
mixed-effects model describing the drug concentration-time profileren be written
as:

Cij — Di/Vi . exp—(CLi/Vi) - ij + i
where G denotes the jth blood concentration of the drug for individual i, while D, V, CL
and t are the dose administered, volume of distribution, clearance and elapssddane
dose administration respectivety.represents the residual variability, as defined

previously.
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Furthermore, if the volume of distribution is a linear function of body weight,
then the value V for individual i can be described by:

Vi =01+ 0, * (weight) + 1y,
wheref; and, are the intercept and slope describing the linear relationship between V
and weight for individual i angy; accounts for the deviation in V for individual i from

the population estimate for V.

Model Evaluation

After a population pharmacokinetic model has been developed, the model needs
to be evaluated for its performance. Different terms have been used for this psocés
as “model evaluation”, “model validation”, “model qualification”, “model perforoen
and “model assessment”. Model evaluation was defined by Yano et al. as amasses
of the predictive ability of a model for domain-specific quantities of inteoesgn
assessment whether the model deficiencies have a noticeable effectansub
inferences (122). The amount and type of model evaluation procedures should therefore
be chosen based on the objectives of the modeling and the intended use of the model (94,
95, 123). A population pharmacokinetic model is developed either for descriptive or
predictive purposes. Descriptive population pharmacokinetic models are developed to
describe the variability of the pharmacokinetics of a drug based on the Hataland to
evaluate potential covariate effects and are often used for interpolation punpithse
the range of observed values. On the other hand, predictive models allow for
interpolation and extrapolation purposes.

There are two general approaches for population model evaluation: external
evaluation and internal evaluation. External evaluation is the most stringémichiet
testing a developed model. In external evaluation, the model is compared to an
independent data set. However, it is often time consuming and sometimes ddficult

obtain a test data set. Internal validation can be further categorized irtanbasial
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evaluation and advanced internal evaluation (124). Basic internal evaluaéon of

involves assessment of goodness-of-fit plots, uncertainty of the parametatest

and/or model sensitivity to outliers. Advanced internal evaluation may include more
complex techniques such as data splitting, resampling techniques (e.g. bootstsap, cr
validation) or simulation-based techniques. Brendel and colleagues performed a
systematic review of all population pharmacokinetic and/or pharmacodynariseana
published between 2002 and 2004 with objectives to survey the current methods used in
model evaluation and to assess if the evaluation methods performed were adeqyate (124
They found out that 45% of the pharmacokinetic models employed only the basic internal
methods in model evaluation. 28% of the pharmacokinetic models were evaluated using
advanced internal evaluation with or without basic internal evaluation while dxterna
validation was performed for only 7% of the pharmacokinetic models.

We used a combination of basic and advanced internal evaluation techniques to
evaluate the descriptive and predictive performance of the models developed. The
assessment of goodness-of-fit plots, uncertainty of the parametertestib@otstrap
resampling technique, visual predictive check, which is a simulation-baesggubdiic,
and condition number were used to evaluate the models developed. Informative graphics
play an important role in model evaluation (125). The commonly used goodness-of-fit
plots in population include plot of observations versus population predictions, plot of
observations versus individual predictions, plot of weighted residuals or conditional
weighted residuals versus population predictions, and plot of weighted residuals or
conditional weighted residuals versus time among others. These plots areruseful i
identifying model misspecifications. However, the usefulness of these piolgeca
limited under certain circumstances and therefore should be used along with other
approaches (126). The measures used to evaluate the precision of parametersesti
include the percent relative standard error (%RSE) and bootstrap confidengd.inte

%RSE is expressed as the standard error of a parameter estimate teekhe parameter
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estimate itself. Bootstrap confidence intervals are calculated frorattagotuns and will
be discussed further in the following section.

Bootstrap resampling technique was first introduced by Efron (127). It is a
method of resampling with replacement that has the advantage of using the eatet dat
for model development, which in contrast to data splitting that uses only a subset of the
entire data set. The basic idea behind this procedure is that if the sample vgeahave
good approximation of the population, then the bootstrap method will provide a good
approximation of the sampling distribution of the statistic of interest. Boptahalysis
procedure involves repeatedly generating random samples of size equaize tife s
original data set by sampling with replacement from the original datBaet random
sample will be treated as a new data set and the population model will déofitie new
data set to estimate parameters of interest for that data set. Tigediitirpparameter
estimation are repeated for each new data set generated. The boststraiee and 95%
confidence intervals of the parameters can be calculated and compared torttetgrara
estimates obtained form the final population model. The parameter estimatesdrom
final model are considered reliable if the values are similar to the bpotstiienates and
fall within the bootstrap 95% confidence intervals. FDA recommends that 6P0¢as
bootstrap replicates to be generated when this method is used (94). Bootstrajgestim
can be computed as follows (128):

1

Tr= <3,
N 1

where T* denotes the bootstrap estimate, gneégresents the parameter estimate for
each of N bootstrap replications.
The 95% bootstrap confidence intervals (Cl) are calculated as:
Cl=T*+1.96 SE

where SE is the standard error and is given by:
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SE = [¥(T,-T%)2/ (N-1)]*2

A relatively new model evaluation tool is called visual predictive check,hwhic
originates from the posterior predictive check (122, 129, 130). In visual predictiye chec
observations based on the results of the final population model were simulated. These
simulated predictions were then compared with the original observations totevalua
whether an identified model is able to reproduce the central tendency anditamabi
the present and future data sets (131). If the model derived from the observed data is
adequate, it should generate similar data as the observed data when used in thersimula
setting. From the simulated predictions, the median and non-parametric 90% aanfiden
interval (5th and 95th percentiles) of the simulations are calculated. Thesgipnedi
lines are plotted with the original observations on the same graph to compare the
distribution of the simulations and the distribution of the observed concentrations. The
percentage of observations outside the 90% confidence interval of the simulated data i
also calculated. If approximately 10% or less of the observed data falideotite 90%
confidence interval of the simulations, then the final model and the parametetestim
are said to describe the data adequately (132).

Another useful model diagnostic is the condition number. A condition number is
defined as the ratio of the largest eigenvalue to the smallest eigenvalug aameasure
of the stability of computational problems. A large condition number is indicativie of il
conditioning. In this case, small changes in the data may lead to large changes in the
parameter estimates. lll conditioning can be due to either insufficiemtaatipport
estimating all parameters in a model or a poor model (133). Generally, aaondit

number exceeding 1000 is considered “large” (134).

Thesis Overview and Research Objectives

The general aim of this thesis was to develop population pharmacokinetic models

of AS and DHA in different populations, including the estimation of pharmacokinetic
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parameters, variability associated with these parameters, and idéonfichcovariates
that might explain the variability seen. The specific aims were to:

1. Develop a population pharmacokinetic model of AS and DHA in healthy subjects
who received either single- or multiple-dosing of AS, as a monotherapyamgim
or in combination with pyronaridine.

2. Develop a population pharmacokinetic model of AS and DHA in adult and
pediatric patients with uncomplicated falciparum and vivax malaria who were
administered oral pyronaridine/artesunate combination once daily for 3 days.
This thesis is organized such that Chapter Il and Chapter Il correspondhtof eac

the above specific aims. Each chapter is independent and contains individualédterat
review, problem formulation, and discussion of the original results. Chapter IV
summarizes the works in this thesis and provides recommendation for future works.
Computer codes used in the modeling and summaries of the result output can be found in

the appendices.



Figure 1.1  Schematic representation of malaria life cycle.
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Figure 1.2

Chemical structures of artemisinin derivatives.
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Figure 1.3  Typical concentration-time profiles for AS (solid line) andAlbtoken
line) follwing oral administration of AS.
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CHAPTER II
POPULATION PHARMACOKINETICS OF ARTESUNATE AND

DIHYDROARTEMISININ IN HEALTHY SUBJECTS

Introduction

Malaria is one of the deadliest infectious diseases in the world, causihganear
million deaths among more than 3 billion people who were at risk in 2006 (1).
Unfortunately, given the high burden of the disease, the number of available artaimal
drugs is relatively small. On top of that, the emergence of resistance to the mos
affordable anti-malarial drugs has seriously undermined the global teffcontrol
malaria. As the result of chloroquine and sulfadoxine-pyrimethamine resistaiiions
of lives that could otherwise be saved were sacrificed over the past 30 years (135)
Artemisinin-based combination therapies (ACTs) are now being widely uskd fist-
line treatments foP. falciparum malaria throughout the world.

Artemisinin and its derivatives, dihydroartemisinin (DHA), artesuna®®),(A
artemether and arteether are fast acting anti-malarial drugs prgdheimost rapid
reduction in parasitemia (136). These agents also have gametocytotidiy, avhich
contributes to the reduction in the disease transmission (22, 137). Among the available
derivatives, AS has the most appealing physicochemical and pharmacologpeatips.
It is more water soluble, thermally and chemically more stable, andy&piavertedn
vivo to its active metabolite DHA which is responsible for most of the anti-rablari
activity (138, 139).

Pyronaridine (PYR) is a Mannich-base derivative anti-malarial thabées
shown to be efficacious against erythrocytic stagés el ciparum usingin vitro models
(140-142). Clinical studies have also indicated that PYR is safe and efficacious Bga

falciparum even in area with chloroquine-resistant strains (143-145). Pyronaridine
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tetraphosphate plus artesunate (PA) is under development as a 3:1 fixed ratio
combination for the treatment agaifstalciparum andP. vivax malaria.

Population pharmacokinetics of AS and/or DHA following the administration of
AS have been previously described in malaria patients. Karunajeewa and calleague
investigated the disposition of AS and DHA in 47 children from Papua New Guinea with
uncomplicated malaria after the administration of AS suppositories (146). The populat
pharmacokinetics of DHA were also assessed in 164 patients with moderated se
falciparum malaria following intra-rectal dosing of AS and in 24 pregnant worten w
acute uncomplicated falciparum malaria after the administration of orél4#S 148).
However, parent AS data were not modeled in these two studies, mainly because there
were too few data points available for AS.

To date, no population pharmacokinetics analysis of AS and DHA has been
published in healthy subjects receiving oral AS dosing. Such analysis wiltpravi
means of comparing the pharmacokinetics of AS and DHA in malaria patients and
healthy subjects and therefore expand our understanding in the effect of the sliatas
on the pharmacokinetics of AS and DHA. The aims of this analysis are to develop a
population pharmacokinetic model of AS and DHA in healthy subjects following oral
administration of PA combination or AS alone and to identify covariates that are
important determinants of the variability seen in pharmacokinetic paranoétas and

DHA.

Materials and Methods

Subjects and Study Designs
Data used in performing this analysis were pooled from a four-part Phase |
clinical trial (Protocol number SP-C-001-03). All studies were conducted atithieaCl
Trial Center of Seoul National University, Seoul, South Korea, in accordanceheiith t

Guidelines of Good Clinical Practice and Declaration of Helsinki. Ethical apprasl
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obtained from Institutional Review Board of Seoul National University. Wiritteormed
consent was obtained from each subject prior to the studies. All subjects wtrg hea
Korean men and women evaluated by a physician at screening (Day -21 tee@pha
physical examination, vital signs, electrocardiogram, medical hiatadyaboratory
evaluations. All study drugs and placebos were provided by Shin Poong Pharmaceuticals
(Seoul, Korea) and were identical in appearance to maintain blinding.

The first part was designed as a single oral ascending dose, randomized, double-
blind, placebo-controlled, staggered and parallel group study to evaluate the
pharmacokinetics, safety and tolerability of PA following single oraliadtnation of
PA at following doses: 6+2 mg/kg, 9+3 mg/kg, 12+4 mg/kg or 15+5 mg/kg. Nine
subjects were recruited for each dose level, and randomized to receivindgPéither
treatment or placebo in 7:2 ratio. It was also carefully noted that at leaef &@ch
gender should receive active in each cohort.

The second part was conducted to evaluate the potential of drug interaction
between PYR and AS when used as a combination in 3:1 ratio. It was a 2-cohort, parallel
2-period randomized, blinded, crossover study of a single oral dose of PA 12+4 mg/kg
versus each of the individual drug at the same dose plus placebo of the other drug. 20
subjects were enrolled into this study, and randomly assigned into either tahnort
cohort 2 in equal numbers. In cohort 1, 5 subjects received PYR alone in period 1
followed by PA combination in period 2, while another 5 received the treatments in
reverse order. In cohort 2, 5 subjects received AS alone in period 1 followed by PA
combination in period 2, while another 5 received the treatments in reverse order. Ther
was a 21-day washout period between the two periods.

The third study was a 2-period, randomized and crossover study to investigate the
effect of food on the pharmacokinetics of PA. 20 subjects were enrolled into the study
and randomly allocated to each of the fasted or the fed arm in equal numbersn After a

overnight fast of at least 10 hours, the subjects in the fasted arm received PA 1234 mg
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with 240 mL of water and remained fasted for at least 4 hours post-dose while the
subjects in the fed arm subjects were given the test meal 30 minutes prior to the
treatmentThe meal provided was a high-fat (approximately 50% of the total calorific
content of the meal) and high calorie (approximately 800-1000 calories) mealeghe m
contained approximately 150, 250, and 500-600 calories from protein, carbohydrate and fat,
respectively. Meal composition was based on the FDA guidelines for food €tfidits
(149).Water was permitted as desired except for 1 hour before and after drug
administration and a standard meal was scheduled at the same time in eatbfpbea

study for each subject. After a washout period of 21 days, the subjects returtied f
crossover treatment.

The purpose of the last part of trial was to evaluate the pharmacokinetiog, safet
and tolerability of PA following multiple oral dosing of PA at following dose< 6+
mg/kg, 9+3 mg/kg, 12+4 mg/kg or 15+5 mg/kg once daily for three consecutive days.
The study design was otherwise similar to the design of the first stighy.dtibjects
were recruited for each dose level, and randomized to receiving eithera@Adne or
placebo in 6:2 ratio. The schematic representations of the study designs arenshow

Figures 2.1-2.4.

Sample Collection and Storage

For the first three studies, venous blood samples for the determination of AS and
DHA pharmacokinetics were collected prior to dosing and at 0.33, 0.67, 1.33, 1.67, 2,
2.5, 3, 4,5, 8and 12 hours post-dose. For the multiple-dosing study, the samples were
taken prior to the dosing of each dose and at 0.33, 0.67, 1, 1.33, 1.67, 2, 2.5, 3, 4, 5, 8 and
12 hours after the third dose. Blood samples were collected into pre-chilledrgampl
tubes containing potassium oxalate/sodium fluoride (BD Vacutainer systeankliifr
Lakes, NJ) and placed on wet ice before centrifugation within 5 minutes ofticollec

Immediately after centrifugation, plasma was removed and transferred/oto t
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approximately equal volume aliquots in screw cap Nalgene cryovials and then froz

immediately at or below -8C until analysis.

Analytical Method

Plasma concentration of AS and DHA were determined using a validated liquid
chromatography-mass spectrometric method described by Naik et al. Alls@mples
were assayed in the same laboratory. The plasma samples spiked with irdedsais
artemisinin was cleaned up using solid phase extraction method. Theiertcactridges
were activated with 1 mL of methanol followed by 1 mL of 1 M acetic acid. Tisengla
samples were then loaded to the cartridges. The cartridges were wash2anlv of 1
M acetic acid followed by 1 mL of 20% methanol in 1 M acetic acid. The analytes wer
eluted from the cartridges using 2 mL of 40% ethyl acetate in butyl chlohgendn
agueous step was applied immediately after the washing step. The eluevapasted
by stream of nitrogen. The residue was reconstituted wituR@ mobile phase and 25
uL was injected on to column.

Analysis was performed with a Shimadzu Model 2010 liquid chromatograph-
mass spectrometer (Shimadzu, Columbia, MD) in single ion monitoring positive mode
using atmospheric pressure chemical ionization as an interfaceo Bottf tautomers of
DHA were separated, however only theautomer of DHA was taken into account for
guantitation. Under the chromatographic condition, the rattoasfdp was about 4:1.

The lower limit of quantification (LOQ) for AS and DHA using 0.5 mL of plasma tva
ng/mL (equivalent to 2.6 nmols/L for AS and 3.5 nmols/L for DHA). The coefficient of
variation for intra-day and inter-day precision ranged from 7% to 14% and 9% to 14% for

AS, and 11% to 14.9% and 11% to 15% for DHA, respectively.
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Population Pharmacokinetics Analysis

Base Model Development

Nonlinear mixed-effects model building was conducted using NONMEM
software version VI, level 2.0 (ICON Development Solutions, Ellicott Citip) ¥119),
as implemented on a Windows XP operating system (Microsoft Corporation, WA,
Seattle) with G95 Fortran compiler (Free Software Foundation, Boston, MA). All
models were fitted using the first-order conditional estimation method. NOWMEput
was processed using PDx-Pop 3.10 (ICON Development Solutions, Ellicott City, MD)
and Xpose version 4.0 (Uppsala University, Uppsala, Sweden) (151). Graphical plots
were produced using S-PLUS version 8.0 (Insightful Inc, Seattle, WA) and R 2.&1 (Fre
Software Foundation, Boston, MA).

Measurements below the LOQ of the assay were excluded from the dataset. Si
the molecular weights of AS and DHA are quite different (384.4 for AS and 284.9 for
DHA), the concentrations were converted to the equivalent values in nmols/L. AS dose
was also converted to the equivalent values in nmols. The concentrations were then
natural log-transformed before the analysis.

Model selection was guided by the plausibility of the estimates, minimum
objective function value (MOFV), equal to minus twice the log-likelihood function,
Akaike Information Criterion (AIC), equal to MOFV plus two times the number of
parameters, condition number, defined as the ratio of the largest eigenvalue to the
smallest eigenvalue, visual inspection of diagnostic plots and the precisionratpara
estimates.

In the initial stage of model building, one- and two-compartment pharmacokinetic
models with first order absorption and first order elimination were fitted t $heata to
determine the best structural model for AS. Once the best pharmacokineticonddg|

was determined, DHA data was modeled as a metabolite compartment corméuted t
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central compartment of AS. It was assumed that conversion to DHA was the only
significant route of elimination for AS and that the conversion was irreve(SibleOne-
and two-compartment models with first-order disposition were tested for Did&velop
the best metabolite structural model. For the two-compartment model, it sussess
that DHA was eliminated only from the central compartment. After theshestural
model was determined, all parameters were estimated simultaneoughADSAN 6 in
NONMEM.

Inter-individual variability (1) of the pharmacokinetic parameters wadeled
assuming a log-normal distribution, as follows:

P = Poop * €Xpfi)
where Ris the estimated parameter value for individuapé, Represents the typical
population estimate for the parameter gnid the deviation of from By, Then
random effects were assumed to be independent and symmetrically didtvilthteero
mean and varianas®. A diagonal covariance matrix was modeled, as the data did not
support the implementation of a full variance-covariance matrix. The magnitutteroef i
individual variability was expressed as coefficient of variation (%CV).

Residual variability (RV) was modeled using an additive model as shown below:

In Cj=1In Goreq,jj + &i
where G and Gyeq,j represent the jth observed and model predicted AS or DHA
concentrations, respectively, for individual i afjadlenotes the additive residual random
error for individual i and observation j. Theandom effects were assumed to be

independent and symmetrically distributed with zero mean and variance

Covariate Model Development

After the optimum model for AS and DHA was determined, covariate analysis
was carried out to assess additional variables as possible determinantsaofihiety

seen in the pharmacokinetic estimates. Covariates examined include totaleiglaty w
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age, gender, type of dosing (single- or multiple-dosing), co-administrationRaRY
food intake (fasted or fed). Body weight and age were treated as continuouatesva
while gender, dosing type, co-administration of PYR and food intake were treated as
categorical covariates. The coding for the categorical variablesoass:
1. Gender was coded as O for female and 1 for male.
2. Dosing type was coded as O if subjects received single oral AS dose or 1 if
subjects received multiple oral AS dose.
3. Co-administrationof PYR was coded as O if AS was administered as monotherapy
or 1 if AS was administered in combnation with PYR.
4. Food intake was coded as 0 for fasted subjects or 1 for fed subjects.
Potential covariates were initially identified using generalizedtizédinodeling
(GAM) as implemented in the Xpose software. The potential covariates weresihed
using stepwise forward addition followed by stepwise backward eliminationdunace
(152). The influences of the covariates were tested by adding a covarlsentodel at a
time in the forward addition step, and then by removing a covariate from the model at a
time in the backward elimination step. The changes in MOFV between the ‘full’ and the
‘reduced’ models were then calculated. The difference in MOFV between tvea nest
models was approximated byadistribution. An MOFV change of 3.84 (corresponding
to a significance level of 5% at one degree of freedom) was used as the cutdéfde anc
covariate in stepwise addition. When no more covariates could be included, theestepwis
backward elimination was carried out. For a covariate to remain in the modehge cha
MOFV of at least 10.83 (corresponding to a significance level of 0.1% at one degree of
freedom) was needed.
The relationship between continuous covariates and pharmacokinetic parameters
were evaluated using both linear and power functions, with the covariates @¢@mtere
scaled at their median values:

P=01+0, « (WT-61.5) for linear function
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P=0; « (WT/61.5§* for power function
wheref; represents the parameter estimate P of an individual with a body weight of 61.5
kg and0, is a factor describing the correlation between body weight and the parameter.
The influences of binary covariates on the parameter were modeled using a @naporti
relationship, as follow:

P =03 (1404 « FOOD)
whereb; represents the parameter value in subjects receiving the test dnagtviaod,
ando6, is the fractional change in the parameter in subjects receiving the testitirug
food. FOOD variable was coded as 0 for the fasted subjects and 1 for the subjects who

received test drug with food.

Model Evaluation

The non-parametric bootstrap procedure was employed to evaluate theprecisi
of the parameter estimates and the robustness of the final model. 500 bootstr&p datase
were generated by repeated random sampling with replacement from the N\N\DNME
input data file, and the final NONMEM model was fitted to the bootstrap datasets.
Bootstrap parameter estimates, standard errors and 95% confidencesntereal
obtained and compared with the parameter estimates from the original.dataset

Visual predictive check was also performed to evaluate the predictive albilit
the model. 500 virtual observations at each sampling time point were simulated using the
final model and its parameter estimates. The observed data were then pldttide \wih,
50th and 95th percentiles of the simulated data that was above the LOQ. The percent of
observations outside the 90% prediction interval was also calculated. The condition

number of the final model was also calculated as a measure of the stabilgynaddel.
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Results

Data

Data from 118 concentration-time profiles arising from 91 healthy Korean
subjects were pooled from four clinical studies. The subjects received singhedtiple-
dosing of 2-5 mg/kg AS orally either in combination with PYR or as a monotherapy
regimen with or without food. A total of 9 and 18 subjects contributed two
pharmacokinetic profiles each in separate occasions for the drug-iateraed food
effect study, respectively. Since the elimination half-lives for AS and RkeAvery short
and the elimination of the drugs are deemed to have completed after the 21-day washout
period, the pharmacokinetic profiles arising from the same subject in diffecasiacs
were treated as independent profiles. 916 and 1352 concentration measurements for AS
and DHA respectively were used in the modeling. The plots of observations versus tim
after dose for AS and DHA are shown in Figure 2.5 and Figure 2.6. Table 2.1 and Table
2.2 summarize the study and the data characteristics as well as demaegoafiec

patients included in this analysis.

Model Development

A one-compartment model with first order absorption and first order elimination
best described the AS data. When a two-compartment model was fitted to the AS data,
minimum MOFV and AIC were reduced moderately (11.897 and 3.897 unit,
respectively). However, the visual inspection of goodness-of-fit plots showed no
improvement in the fit. The precision of the estimates obtained were als¢yshghse.
Consequently, the simpler one-compartment model was used to fit the AS data.

The DHA data were then sequentially modeled using a one-compartment model
with linear elimination and also a two-compartment model. The two-comparntnuete

fitted the DHA data better, leading t0165.186 and 157.186 unit reduction in MOFV and
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AIC respectively. Goodness-of-fit plots also showed obvious improvement in thel overal
fit.

The final model used to simultaneously model the AS and DHA data consisted of
a dosing compartment, a central compartment for AS, a central compaaimeant
peripheral compartment for DHA, as shown in Figure 2.7. The model was parameterized
in terms of absorption rate constant for AS (Ka), apparent clearance f@LAS (vhere
F is the unknown oral bioavailability), apparent volume of distribution of the central
compartment for AS (V2/F), apparent clearance for DHA from the centrgdarbment
(CLM/F), apparent central volume of distribution for DHA (V3/F), inter-cortmpantal
clearance for DHA (Q/F), and apparent peripheral volume of distribution for DHA
(V4/F). Inter-individual variability was estimated for all parameteut Q/F and V3/F,
since the available data would not support the inclusion of the two terms. Fixing the
variance of the random effects for Q/F and V4/F to zero had little influence on the
MOFV, and was essential for the model to minimize successfully and to talthda
covariance matrix of the estimates. The population estimates of appaseahcte
(CL/F) and volume of distribution (V2/F) for AS were 1190 L/h with 36.2% inter-
individual variability and 1210 L with 57.4% inter-individual variability, respectively
For DHA, the population estimates of apparent clearance (CLM/F) and centraevalum
distribution (V3/F) were 93.7 L/h with 28% inter-individual variability and 97.1 L with
30% inter-individual variability, respectively. The population estimates ofrappenter-
compartmental clearance (Q/F) and peripheral volume of distribution (\&t/BHA
were 5.74 L/h and 18.5 L, respectively.

A summary of the covariates evaluated is shown in Table 2.2. Food intake
(FOOD) and total body weight (WT) were found to be significant covariates @améa
CLM/F, respectively, in the following relationships:

Ka = 3.85 ¢ (1-0.84 « FOOD), where FOOD=0 if fasted and FOOD=1 if fed;

CLM/F = 93.7+1.9 « (WT-61.5)
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The typical value of Ka for subjects taken the test drug without food is 3.85 h
When the drug was taken with high fat and high caloric meal, Ka of AS was reduced by
84%. The inclusion of food intake as a covariate in the final model reduced the inter-
individual variability of Ka from 135% to 112%, indicating that this covariate accounted
for 31% of the variability on Ka. The apparent clearance of DHA, CLM/F was atwdel
with total body weight, in which a unit change in the weight would result in 1.9 unit
change in CLM/F in the same direction. With the incorporation of weight in the final
model, the inter-individual variability of CLM/F was reduced from 31.4% to 28%, thus
accounting for 20% of the variability.

Goodness-of-fit plots for AS and DHA indicated a reasonable fit of the model to
the data (Figures 2.8-2.11). Final estimates of the parameters are shattei2.B. The
parameters were well estimated in general, with percent relative stardarranged
from 2.3% to 36%. Parameter related to absorption showed the most variability, with
inter-individual variability for Ka was estimated to be 112% even aftentteeporation
of food intake as a covariate. Residual variability was higher for AS obesivghan
DHA observations. Individual plots for every five subjects are presentadurerR2.12

and Figure 2.13 for AS and DHA, respectively.

Model Evaluation

78% of the 500 non-parametric bootstrap runs converged successfully. The
parameter estimates and 95% confidence interval for the parametexsaleafated from
the converged runs and are presented in Table 2.3. The parameter distributions were
generally symmetrical. All the estimates obtained from the final moelet aomparable
to the bootstrap estimates and were contained within the 95% bootstrap confidence
intervals.

Figure 2.14 and Figure 2.15 shows the results of the visual predictive check for

AS and DHA. Overall, the final model adequately described the observed coticesira
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About 11.6% and 9.8% of the AS and DHA observations were not contained within the
90% prediction interval. The condition number of the final model was 24, indicating that

the model was stable.

Discussion

In the current analysis, we developed a parent-metabolite model to describe the
population pharmacokinetics of AS and DHA in healthy subjects. To our best knowledge,
this is the first population pharmacokinetic analysis of AS and DHA conducted using
data derived from a large number of healthy subjects following oral admiliStchtAS.

The model developed was stable and was able to predict AS and DHA data arising from
single- and multiple-dosing of oral AS equally well.

AS was rapidly absorbed into the systemic circulation, with an absorptionfealf-li
of 10.8 minutes estimated in this analysis. The conversion of AS to DHA was vety rapi
and the concentration of DHA was measurable as early as 20 minutes post-ddse for al
subjects. The sensitivity of the assay used in this study enabled the measwoifeh
concentrations up to 8 hours post-dose and the measurement of DHA concentrations up
to 12 hours post-dose, in 65% and 95% out of the total 1416 available samples,
respectively. Therefore, we were able to characterize the distributipopiilic DHA
to the peripheral tissue. The pharmacokinetic parameter estimates obtanged usi
nonlinear mixed-effects modeling approach employed in this analysisthne similar
range with those obtained using non-compartmental analysis for the sarsetdats).

Using non-campartmental analysis, the mean CL/F of AS and V/F of AS for the four
studies ranged from 966.4-1728.6 L/h and 782.3-1558.6 L, respectively. The mean CL/F
of DHA and V/F of DHA ranged from 89.4-139.5 L/h and 169.6-249.9L, respectively.

The pharmacokinetics of AS and DHA following orally administered AS in
healthy subjects have been previously reported in different settings (76, 81, 154, 155).

However, AS pharmacokinetics was not described in the reports by Benakid &4 al.
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and Na-Bangchang et al. (155). Navaratnam et al. (76) compared the pharmeasosinet
AS and DHA after administration of oral and rectal AS in 12 healthy maleysata
volunteers using non-compartmental approach. Following a single oral dose of 200 mg
AS, the mean area under the plasma concentration-time curve (AUC) to tinity fofi

AS was reported to be 119 ng.h/mL, corresponding to a CL/F of 1680 L/h. We reported a
lower CL/F for AS (1190 L/h) in the current analysis using data from a muar larg
sample size. The bioanalytical method used to measure AS plasma concentiadions w
also more sensitive (LOQ = 1 ng/mL) in our analysis. Teja- Isavadharm deadgras

(81) studied the single-dose pharmacokinetics of AS following the administrati@® of

mg of oral AS in 6 healthy subjects and 6 patients with uncomplicated falciparum
malaria. In their study, the range of apparent clearance and apparent eblume
distribution in healthy subjects were 4.69-29 L/h/kg and 4.2-49.6 L/kg for AS, 1.66-3.26
L/h/kg and 1.99-4.45 L/kg for DHA, respectively. The weight normalized apparent
clearance and apparent volume of distribution obtained in this analysis were 1Bg3 L/h/
and 19.7 L/kg for AS, 1.52 L/h/kg and 1.88 L/kg for DHA, respectively. The eg#mat
obtained in this present analysis are within the similar magnitude compahear to t
findings.

Population pharmacokinetics of AS and/or DHA in malaria patients have been
described in four other papers (146, 147, 156, 157). Karunajeewa et al. (146) proposed a
three-compartment model (a rectal absorption compartment, a central coemdam
AS and a central compartment for DHA) to describe the population pharmacokinetics of
AS and DHA simultaneously in pediatric patients following administration®f A
suppositories. Simpson et al. (147) modeled only the DHA data pooled from five Phase
Il and Il studies conducted in adult and pediatric malaria patients. Botietlgbt-
normalized CL/F and V/F for AS obtained in our analysis are much largerhthamés
reported by Karunajeewa et al. (5.9 L/h/kg and 2.1 L/kg, respectively) (14é&)anger

CL/F and V/F for AS seen in our study might be attributed to the fact that the AS
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bioavailability is reduced when oral AS is given compared to rectal AS (76). @ithire
hand, the weight-normalized CL/F and V/F for DHA obtained in our study are smaller
than those reported by the two studies. Karunajeewarepakted values of 2.2 L/h/kg
and 2.1 L/kg for the CL/F and V/F of DHA (146). The typical CL/F values of DHA
reported by Simpson et al. were 3.17 L/h/kg for a male and 2.03 L/h/kg for afdtoal
an adult weighted 70 kg, the typical value for V/F of DHA was 6.34 L/kg (147). This
finding is also consistent with the observations that the AUC for DHA followinlg ora
administration of AS was higher than that following rectal AS (76, 158), suggektt

the bioavailability of DHA was increased when oral AS was given.

McGready et al. (156) characterized the population pharmacokinetics ofifbHA
pregnant women with acute uncomplicated falciparum malaria followinge-tay
dosing of oral AS (4 mg/kg/day) and atovaquone plus proguanil. However, the
pharmacokinetics of AS was not evaluated because AS was detectable only in about 6.5%
of the total available samples. The pharmacokinetic parameter estioraig#4X were
therefore derived using AS dose in DHA equivalents. The oral clearance for D$1A wa
reported to be 88.5 L/h, which is similar in our analysis. However, the estim&&ifor
apparent volume of distribution in healthy Korean subjects obtained in this analysis i
about 60 % lower compared to the pregnant Karen patients in their study (4.53Tbtkg
larger volume of distribution seen in their study might be attributed to the plgisailo
changes during pregnancy and the effect of the disease state.

Stepniewska et al. conducted a population pharmacokinetic study of AS in
African children with acute malaria from six months to five years old (IB¥% subjects
received either the fixed dose combination of AS and amodiaquine or the separtde table
of both drugs. The DHA data was modelled using nonlinear mixed-effects appfrac
weight normalized CL/F of DHA reported in their study was 0.636 L/h/kg , whash w
almost 60% lower than the value analysis in healthy adults. The discrepancyeould b

related to the developmental changes of metabolizing enzymes that takia pteece
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young children. It has been demonstrated that the glucuronidation of DHA abz edt

by UDP-glucuronosyltransferases (UGTS), in particular UGT1A9 and UGT(287 The
capacity of these metabolizing enzymes in young children could be much less than the
full capacity in adults and therefore resulted in lower CL/F of DHA. In @&veon
developmental patterns of UGT system, de Wildt et al. suggested that the uskgf per
model for clearance is adequate to address developmental changes in yalrag ahdl

may lead the underestimation of clearance by up to 200% in children under 3.4 kg of
body weight (159). The reported weight-normalized V/F of DHA by Stepnieaisél

was 2.285 L/kg, which was quite similar to the value obtained in this analysis (157).

In the present analysis, food intake was found to significantly delay the absorpti
of AS. When AS dose was administered after the intake of high-fat and higle-calori
meal, the population absorption half-life of AS increased from 10.8 minutes to 67.5
minutes. However, the extent of absorption was not altered significantly. Bodytwei
affected CLM/F significantly and therefore was included as a covanidte ifinal
model. The average CLM/F for a healthy subject with 61.5 kg of body weight was
estimated to be 93.8 L/h. A unit deviation in body weight would result in 1.9 unit
deviation in the CLM/F from the population estimate. None of the other covagated t
was significant determinants of the variability seen. Co-administratiByBf did not
affect any of the pharmacokinetic parameters of AS and DHA.

Remarkable time-dependent pharmacokinetics of artemisinin has been dbserve
in both healthy subjects and in malaria patients after single or repeatadarattal
administration of artemisinin dose (55, 56, 58, 160). Auto-induction of CYP2B6 and
CYP2C19 was proposed to be the main mechanism causing the decline of plasma
artemisinin concentrations (62, 161, 162). A semi-physiological pharmacokiratel m
taking into account the autoinduction phenomenon has been developed for artemisinin in
healthy subjects (64). Conflicting observations have been reported concerning the

autoinduction phenomenon after the administration of AS dose. In their unconvincing
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report, Khanh et al. (68) observed a decline in DHA concentrations in 6 malarrggatie
following repeated AS dosing. However, the decline in either AS or DHA concentrati
was not observed in two other studies (57, 69). In this analysis, we tested the type of
dosing in the covariate analysis to investigate any differences in the glokmetics of

AS and DHA following the administration of single- and multiple-dose of AS. None of
the AS and DHA pharmacokinetic parameters was affected by the type of AS dosing
received at a significance level of 0.05. Visual predictive check plots in Figure 2.14 and
Figure 2.15 shows similar distributions for AS and DHA observations followingesing|

or multiple-dose of AS, indicating no sign of decline in AS and DHA concentratioms afte
repeated AS dosing. The model described the AS and DHA observations equally well
regardless the type of dosing received by the healthy subjects.

In conclusion, a descriptive, robust and predictive parent-metabolite model has
been developed using population approach to characterize the pharmacokinetics of AS
and DHA simultaneously in healthy subjects following oral administration of /AS. |
addition, presence of food and weight were found to impact the absorption and
disposition of AS and DHA. The pharmacokinetic parameter estimates obtained in this
analysis will also serve as a comparison for future works involving the chidzatbn of

population pharmacokinetics of AS and DHA following oral AS in malaria patients.



Table 2.1

A summary of the study and data characteristics.

- . Drug interaction : All studies
Characteristic Single dose study study Food effect study Multiple dose study combined
Number of subjects 28 19 20 24 91
Mean AS dose received 34+1.1 3.9+0.16 3.9+0.08 34+1.1 3.7+0.8
(mg/kg) (£ S.D.)

No. of concentration-time profiles 28 28 38 24 118
Total number of observations
AS 206 207 324 179 916
DHA 316 314 449 273 1352
Number of observations <LOQ [N (%)]
AS 130 (38.7) 129 (38.4) 132 (28.9) 109 (37.8) 500 (35.3)
DHA 20 (6) 22 (6.5) 7(1.5) 15 (5.2) 64 (4.5)
Sampling schedule Predose, 0.33, Predose, 0.33, Predose, 0.33, Immediately prior to NA

0.67,1, 1.33, 0.67,1, 1.33, 0.67,1,1.33, eachdose and 0.33,
1.67,2,25,3,4, 1.67,2,25,3,4, 1.67,2,25,3,4, 0.67,1,1.33, 1.67,
5,8and 12 h 5,8and 12 h 5 8and12h 2,25,3,4,5,8and
postdose postdose postdose 12 h after the third
dose

eV



Table 2.2

A summary of the subject demographics and covariates included inlysesana

- . Drug interaction . All studies
Characteristic Single dose study study Food effect study  Multiple dose study combined
Age (years) 24 (19-40) 23 (20-32) 21.5 (19-27) 23 (19-29) 23 (19-40)
Weight (kg) 62.5 60.9 59.9 62.2 61.5

(50.4-70) (50.1-67.1) (50.8-68.5) (51.2-68.8) (50.1-70)
Gender [N (%)]

Female 9(32.1) 10 (52.6) 10 (50) 9(37.5) 38 (41.8)
Male 19 (67.9) 9 (47.4) 10 (50) 15 (67.9) 53 (58.2)
Type of dosing Single Single Single Multiple (once daily Single and multiple

for 3 days)
Food intake
(number of profiles)
Fasted 28 28 19 24 99
Fed 0 0 19 0 19

Continuous variables are given as median (range).

4%
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Table 2.3 A summary of the results obtained from the final model and the bootstrap

analysis.
Parameter Estimate %RSE Bootstrap estimate (95% ClI)
CL/F (L/nh) 1190 4.20 1176 (1060 — 1280)
V2/F (L) 1210 5.77 1199 (1020 — 1370)
Ka (h") 3.85 3.61 4.16 (2.66 — 6.67)
CLM/F (L/h) 93.7 3.30 92.6 (86.5 —99.1)
V3/F (L) 97.1 4.85 96.5 (86.7 — 107)
Q/F (L/h) 5.74 12.8 5.69 (3.72 — 7.53)
VA4/F (L) 18.5 10.6 18.7 (14.1 - 23.2)
OFooD-Ka -0.84 2.32 -0.836 (-0.915 - -0.733)
OwT-cLwiF 1.90 16.3 1.78 (0.993 — 2.58)
IV (variances and %CV)
IIV-CL/F 0.131 (36.2) 17.8 0.130 (0.0824 — 0.176)
IV-V2/F 0.330 (57.4) 20.9 0.347 (0.201 — 0.497)
[IV-Ka 1.26 (112) 15.4 1.32 (0.751 - 2.00)
IV-CLM/F 0.0786 (28.0) 22.5 0.0740 (0.0411 - 0.118)
IV-V3/F 0.0901 (30.0) 36.0 0.0776 (0.0001 — 0.151)
RV (% CV)
AS (nmols/L) 37.5 9.73 37.5(31.0-45.2)
DHA (nmols/L) 28.2 11.2 27.7 (21.6 — 34.8)

RSE: relative standard error; CL/F: apparent clearance for A8ikaown bioavailability; V2/F:
apparent volume of distribution of the central compartment for AS; Karthsorate constant
for AS, CLM/F: apparent clearance for DHA from the central compartriv&AE: apparent
central volume of distribution for DHA; Q/F: inter-compartmental @eae for DHA; V4/F:
apparent peripheral volume of distribution for DHRsop.«ka parameter for the covariate food
intake on KaPwr.cuwe: parameter for the covariate weight on CLM/F; CV: coefficient of
variation; IIV: inter-individual variability; RV: residual vaaibility; AS: artesunate; DHA:

dihydroartemisinin.
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Figure 2.1  Schematic representation of the single dose study design.
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Figure 2.2  Schematic representation of the drug-interaction studydesi
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Figure 2.3  Schematic representation of the food effect study design.
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Figure 2.4  Schematic representation of the multiple dose study design.
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Semi-logarithmic plot of observed artesunate (AS) congensr&ersus

time after dose. The solid line is smoothing line.
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Figure 2.6  Semi-logarithmic plot of observed dihydroartemisinin (DHA)
concentrations versus time after dose. The solid line is smoothing line.
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Figure 2.7  Schematic representation of the final structural model.
CMT 4:
DHA,
Peripheral
V4
Q/F
CMT 2: CMT 3:
CMT 1: Ka AS, CL/F DHA, CLM/F
F*D ’ Central ’ Central ’
V2 V3

CMT, compartment; AS: artesunate; DHA, dihydroartemisinin; F, oral bioééyaD,
AS dose; Ka, absorption rate constant; CL, AS clearance; V2: central volume of
distribution for AS; CLM, DHA clearance; V3, central volume of distribatfor DHA;
Q, inter-compartmental clearance; V4, peripheral volume of distribution for. DHA
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Figure 2.8  Population and individual predicted concentration versus observed
concentration plots of artesunate (AS) for the final model. The solid lines
are lines of identity. The broken lines are smoothing lines.
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Conditional weighted residual plots of artesunate (AS) for therfodel.

The broken lines are smoothing lines.

Figure 2.9
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Figure 2.10 Population and individual predicted concentration versus observed
concentration plots of dihydroartemisinin (DHA) for the final model. The
solid lines are lines of identity. The broken lines are smoothing lines.
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Figure 2.11 Conditional weighted residual plots of dihydroartemisinin (DHAhr

final model. The broken lines are smoothing lines.
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Figure 2.12 Plots of the artesunate (AS) observations (open circles), population
predictions (broken lines), and individual predictions (solid lines) from the
final model for selected subjects.
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Figure 2.12 Continued
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Figure 2.13 Plots of the dihydroartemisinin (DHA) observations (opengjrcle
population predictions (broken lines), and individual predictions (solid

LN [DHA Concentration (nmols/L)]

lines) from the final model for selected subjects.
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Figure 2.13 Continued

LI [DHA Concentration (nmaols/L)]
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Figure 2.14 Visual predictive check of the final model for artesunateddrvations.
The open circles represent the observed concentrations, solid lines represent
the 90% confidence interval obtained from the simulations, and the dashed
line represents the 50th percentile of the simulations.
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Figure 2.15 Visual predictive check of the final model for dihydroartemigidHA)
observations. The open circles represent the observed concentrations, solid
lines represent the 90% confidence interval obtained from the simulations,
and the dashed line represents the 50th percentile of the simulations.
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CHAPTER IlI
POPULATION PHARMACOKINETICS OF ARTESUNATE AND
DIHYDROARTEMISININ FOLLOWING ORAL
PYRONARIDINE/ARTESUNATE TREATMENT IN ADULTS AND

CHILDREN WITH UNCOMPLICATED MALARIA

Introduction

Malaria is one of the deadliest infectious diseases in the world, causihganear
million deaths among more than 3 billion people who were at risk in 2006 (1).
Unfortunately, given the high burden of the disease, the number of available artaimal
drugs is relatively small. On top of that, the emergence of resistance to the mos
affordable anti-malarial drugs has seriously undermined the global teffcontrol
malaria. As the result of chloroquine and sulfadoxine-pyrimethamine resistaiiions
of lives that could otherwise be saved were sacrificed over the past 30 years (135)
Artemisinin-based combination therapies (ACTs) are now being widely uskd fist-
line treatments foP. falciparum malaria throughout the world.

Artemisinin derivatives are fast acting anti-malarial drugs produti@gnost
rapid reduction in parasitemia (136). These agents also have gameto¢ oy,
which contributes to the reduction in the disease transmission (22, 137). Among the
available derivatives, AS has the most appealing physicochemical and pblagrel
properties and thus it is most widely used (138, 139). AS undergo rapid conversion
vivo to its active metabolite DHA which is responsible for most of the anti-rablari
activity.

Pyronaridine (PYR) is a Mannich-base derivative anti-malarial thabées
shown to be efficacious against erythrocytic stagés el ciparum usingin vitro models

(140, 141). Clinical studies have also indicated that PYR is safe and efficaciou$ agains
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P. falciparum even in area with chloroquine-resistant strains (143-145). Pyronaridine
tetraphosphate plus artesunate (PA) is under development as a 3:1 fixed ratio
combination for the treatment agaifstalciparum andP. vivax malaria.

A recent literature search retrieved four studies on the population
pharmacokinetics of AS. The population pharmacokinetics of AS and/or DHA following
the administration of intra-rectal AS was characterized in 47 children mn&@ewa et
al. (146) and in 164 adult and pediatric patients by Simpson et al. (147). McGready et al
(148) studied the population pharmacokinetic of DHA in 24 pregnant women with acute
uncomplicated falciparum malaria after the administration of oral AS, \Bigpniewska
et al. (157) evaluated the pharmacokinetics of AS in 66 African children whoeece
oral AS and amodiaquine.

The aims of this analysis are to characterize the population pharmacokafietics
AS and DHA in large number of adult and pediatric patients with uncomplicated
falciparum and vivax malaria following oral administration of PA combination@nd t
identify covariates that might explain the variability seen in pharmadokip@rameters

of AS and DHA.

Materials and Methods

Subjects and Study Designs

PA fixed combination in the ratio of 3:1 has been evaluated extensively as a 3-day
oral therapy for use in children and adults to treat acute, uncomplicatedriaicipad
blood stage vivax malaria. Plasma concentrations of AS and DHA from a Phasky Il s
in pediatric patients and from four Phase Ill studies in adult and pediatrintpatiere
included in this pharmacokinetic analysis.

The aim of the Phase Il study SP-C-003-05 was to investigate the safety,
tolerability and pharmacokinetics of the PA combination in tablets and granules

formulations (PyramaX Shin Poong Pharm Co. Ltd., Seoul, Republic of Korea) for the
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treatment of uncomplicated falciparum malaria in Gabonese patients dgegkars.
The study was designed as an open-label dose escalation study recruitingrits pati
sequentially in each treatment cohort. Study drugs were administered dgderdaree
days as co-formulated tablets at the following dose levels: 2:6 mg/kg, X§,ragd
4:12 mg/kg artesunate and pyronaridine, respectively. Additionally, a pedietnule
co-formulation was investigated at the medium dose strength (3:9 mg&dpumnth
cohort. Patients were hospitalized for the first 72 hours. They were furtherddliapv
until Day 42, with follow-up visits occurring on Days 7, 14, 21, 28, 35, and 42.The
details of this clinical trial were described elsewhere (43).

Phase Il study SP-C-004-06 was a multicenter, comparative, randomizetgl paral
group, non-inferiority study conducted to compare the efficacy and safédty bxéd
combination of PA (Shin Poong Pharm Co. Ltd., Seoul, Republic of Korea) with that of
mefloquine plus AS (Mepha Ltd, Aesch-Basel, Switzerland) in adult and pediatri
patients with uncomplicated falciparum malaria. Patients were randosiiynad in 2:1
ratio to either receiving PA or mefloquine plus AS once a day for 3 consecutive days
The actual dose was based on body weight ranges for both PA combination and the
comparator regimen. Patients were followed for 42 days, with the preffergcy
endpoint (PCR-corrected Adequate Clinical and Parasitological Response)narat
28 days after initiation of study drug administration (Day 28). Patientamechan the
study facility for at least 4 days (Study Day 0, 1, 2 and 3) and returned to theistud
for all scheduled follow up visits until completion of the study on Day 42. Incidence and
severity of adverse events and of clinically significant laboratorytseseire monitored.

The study design of Phase Il study SP-C-005-06 was similar to that ofSRuidy
C-004-06. In this study, the efficacy and safety of the fixed combination of PA was
compared with that of artemether/lumefantrine (Codfteédovartis SA., Basel,
Switzerland). Adult and pediatric patients with uncomplicated falciparurarraatere

randomly assigned in 2:1 ratio to either receiving PA once a day for 3 conselays/e
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or artemether/lumefantrine twice a day for 3 consecutive days. Tred dose was based
on body weight ranges for both PA combination and the comparator regimenféilie sa
and efficacy assessments were similar to study SP-C-004-06.

The aim of Phase lll study SP-C-006-06 was to compare the safety aad\effi
of PA with that of chloroquine (Shin Poong Pharm Co. Ltd., Seoul, Republic of Korea) in
adult and pediatric patients with acute uncomplicated vivax malaria. & wasticenter,
comparative, randomized, parallel group, non-inferiority study. Patienesraedomly
assigned in 1:1 ratio to either receiving PA or chloroquine once a day for 3 corsecuti
days. The actual dose was based on body weight ranges for PA combination. The dosage
of chloroquine used in the adults was 620mg on Days 0 and 1 and 310 mg on Day 2. The
dosage used in children was 10 mg/kg of chloroquine on Days 0 and 1 and 5 mg/kg on
Day 2. Patients who completed the study up to Day 28 and who have normal glucose-6-
phosphate dehydrogenase (G6PD) activity were administered a 14-day cdifse of
mg/day of primaquine (supplied by Shin Poong Pharm Co. Ltd., Seoul, Republic of
Korea), starting on Day 28 to complete their radical cure. The primarg@ffendpoint
of this study was the cure rate on Day 14 while the secondary efficacy etsdpoluded
cure rates on Day 21 and 28 among others.

Phase Il study SP-C-007-07 was a multi-center, randomized, open-labeled,
parallel-group, non-inferiority study to compare the efficacy and safet\ttokee-day
regimen of the fixed combination of PA granule formulation (pediatric Pyranghin
Poong Pharm Co. Ltd., Seoul, Republic of Korea) versus artemether/lumefantrine
crushed tablets in infants and children (betweénkg and < 25 kg body weight) with
acute uncomplicated falciparumalaria. The actual dose was based on body weight
ranges for both PA combination and the comparator regimen. The safety aaclyeffic
assessments were similar to study SP-C-004-06.

The efficacy endpoints and schedule of assessments selected geokoatsdf

the current WHO guidelines for monitoring drug efficacy (163). The triate we
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conducted in accordance with the Guidelines of Good Clinical Practice anddbedar
of Helsinki. Written informed consent, in accordance with local practice, waisethta

and approval for the study was granted by local Ethics Committee.

Sample Collection and Storage

For the Phase Il pediatric study, plasma samples were collected for
pharmacokinetic analysis of AS and DHA at the following time points: prior ty stud
drug administration, 0.25, 0.5, 1, 1.5, 2.5, 4, 8, 12 hours after first drug intake, prior to
second drug administration and prior to third drug administration. For all Phase IlI
studies at all participating clinical study sites, unless determined agledoythe
sponsors, the investigators were required to collect one or two blood samples fnom eac
patient at two different time points. One sample was drawn on Day 0 (0.15 to 12 hr post-
dose) or Day 1 (0.15 to 12 hr post-dose), and a second on Day 2 (0.15 to 12 hr post-dose).
Actual sampling time was recorded.

At each sampling time, 1 mL of venous blood was collected in into pre-chilled
sampling tubes containing potassium oxalate/sodium fluoride (BD Vacutainer® No.:
367925 or equivalent) for the separation of plasma. The samples were placed on wet ice
before centrifugation within 15 minutes of collection. Plasma was removed filsm ce
and transferred into two approximately equal volume aliquots in screw cap tsyovia
(Nalgene No.: 50000012) immediately after the centrifugation. The plasnmdesawere
immediately frozen at or below -80°C in a laboratory freezer. They weireskapped
separately via air express frozen on dry ice to the Clinical Pharmacogibaboratory
at College of Pharmacy, the University of lowa. All samples were stor80%C until

drug analysis was performed. All samples were analyzed in the samedajorat

Analytical Method
Plasma concentration of AS and DHA were determined using a validated liquid

chromatography-mass spectrometric method described by Naik et glw{tb8light
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modifications. Briefly, AS, DHA and internal standard artemisinin wereaetdd from

0.25 mL of human plasma using solid phase extraction. The reconstituted extracts were
chromatographed isocratically using a Phenomenex Synergi Max:RP5 4 2.0 mm
column with a mobile phase of 0.04% trifluoroacetic acid, methanol and acetonitrile
(40:45:15, v/viv) delivered at a flow rate of 0.18 mL/min.

Chromatographic analysis is carried out on a Shimadzu Model 2010 liquid
chromatograph and mass spectrometer (Shimadzu, Columbia, MD, USA) using a LC-
10AD Solvent Delivery system (Pump: A, B). The injection is made with a Shimadzu
SIL-10AD automatic injector and analysis uses Shimadzu model 2010 data analysis
software Lab Solutions Version 3. Methanol was added post-column to improve
ionization and prevent probe needle clogging. The compounds were detected and
guantified by mass spectroscopy. The lower limit of quantification (LOQAS and
DHA was 1 ng/mL (equivalent to 2.6 nmols/L for AS and 3.5 nmols/L for DHA). Both
andp tautomers of DHA were separated, however onlytteutomer of DHA was taken
into account for quantitation. Under the chromatographic condition, the ratiaraif3
was about 4:1. The coefficient of variation for intra-day and inter-day precaiged
from 2.2% to 9.2% and 5.8% to 8.6% for AS, and 1.7% to 6.2% and 6.5% to 8.2% for
DHA, respectively. The intra-day and inter-day bias ranged from -13% to EHh8%

7.2% to 6.2% for AS, and -9.6% to 13.8% and 0.4% to 5.5% for DHA, respectively.

Population Pharmacokinetics Analysis

Base Model Development

Population pharmacokinetic analyses were conducted using the first-order
conditional estimation method with interaction (FOCEI) in NONMEM softwarsiger
VI, level 2.0 (ICON Development Solutions, Ellicott City, MD) (119), as implentente
on a Windows XP operating system (Microsoft Corporation, WA, Seattle) with G95

Fortran compiler (Free Software Foundation, Boston, MA). PDx-Pop 3.10 (ICON
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Development Solutions, Ellicott City, MD) and Xpose version 4.0 (Uppsala University,
Uppsala, Sweden) (151) were used to process the NONMEM output. Graphical plots
were produced using S-PLUS version 8.0 (Insightful Inc, Seattle, WA) and R 2.&1 (Fre
Software Foundation, Boston, MA).

Measurements below the lower LOQ of the assay were excluded frontalsetda
Prior to modeling, AS and DHA concentrations were converted to the equivalent values
in nmols/L and were transformed to the natural log scale. AS dose was also cbtoverte
the equivalent values in nmols.

Inter-individual variability (1) of the pharmacokinetic parameters watimated
by assuming a log-normal distribution, as shown below:

P = Poop * €Xpfi)
where Pdenotes the estimated parameter value for individughd ré€presents the typical
population estimate for the parameter gna the difference betweendhd Ro, Then
random effects were assumed to be independent and symmetrically didtvilthteero
mean and varianag®. The magnitude of inter-individual variability was expressed as
coefficient of variation (%CV).

The random residual variability (RV) was modeled using an additive model as
shown below:

In Cj = In Gyred,ij + &ij
where G and Gyeq,j represent the jth observed and model predicted AS or DHA
concentrations, respectively, for individual i afjadlenotes the additive residual random
error for individual i and observation j. Theandom effects were assumed to be
independent and symmetrically distributed with zero mean and variance

In the initial stage of model building, one- and two-compartmental
pharmacokinetic models with first order absorption and first order eliminaticnfisted
to the AS data to determine the best structural model for AS. The absorption of AS was

also tested with zero-order model and Weibull-type absorption model (164-166).
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Enterohepatic recirculation model was also examined since some patlabtsedx
double-peak kinetic profiles. Different models to account for enterohepaticutation
phenomenon have been proposed (167-172). The model that we tested was based on the
model proposed by Gabrielsson and Weiner (169) with slight modification. The model
took into account only one bile release from the gall bladder and the releasedalowe
zero-order process for an interval of 0.25 hour.

Once the best pharmacokinetic model for AS was determined, DHA data was
modeled by assuming complete conversion of AS to DHA and that the conversion was
irreversible (84). The conversion was also assumed to take place only in thé centr
compartment. One- and two-compartmental models with first-order dispositien wer
tested for DHA to develop the best metabolite structural model. For the two-
compartmental model, it was assumed that DHA was eliminated only frorarttralc
compartment. A parent-metabolite model with two parallel first-ordesrpben
processes, which conceptually corresponding to the absorption of AS from the gut and
conversion of AS to DHA in the gut, was also tested. After the best structurdl wasle
determined, all parameters were estimated simultaneously using ADVAN 5
NONMEM.

Criteria used for model selection included the plausibility of the estimates
minimum objective function value (MOFV), equal to minus twice the log-likelihood
function, Akaike Information Criterion (AIC), equal to MOFV plus two times the lmem
of parameters, condition number, defined as the ratio of the largest eigeiovillae
smallest eigenvalue, visual inspection of diagnostic plots and the precisionratpara

estimates.

Covariate Model Development

Body weight was incorporated as a covariate in the base mpdeki using the

standard allometric function, as follow:
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P, = Pyop ® (WT/70Y
where Ris the estimated parameter value for individuaé, Represents the typical
population estimate of the parameter for an individual with the standard weight of 70 kg,
ando is the allometric exponer@ was fixed to 0.75 for all clearance terms and 1 for all
volume of distribution terms in the model (173).

Additional covariate analysis was also carried out to assess otheresasbl
possible determinants of the variability seen in the pharmacokinetic estirGatvariates
examined include age, baseline hematocrit, baseline hemoglobin, baselinecgtgthro
count, baseline AST, baseline ALT, baseline parasite count, gender, geogreggiaa|
and formulation of AS dose. Age, baseline hematocrit, baseline hemoglobin amaebasel
erythrocyte count were tested as continuous covariates while baselind#seline
ALT, baseline parasite count, gender, geographical region, and formulation of &S dos
were tested as categorical covariates. The coding for the catégariehles is as
follows:

1. Baseline AST was coded as 0 if the level wds5x upper limit of normal range
or 1 if it was > 1.5x upper limit of normal range. Upper limit of normal range for
AST were defined as 19 U/L and 41 U/L for Phase Il and Phase Il studies
respectively.

2. Baseline ALT was coded as O if the level wak.5x upper limit of normal range
or 1 if it was > 1.5x upper limit of normal range. Upper limit of normal range for
ALT were defined as 23 U/L and 45 U/L for Phase Il and Phase Il studies
respectively.

3. Baseline parasite count was coded as 0 if baseline parasite counb®860
luL or 1 if baseline parasite count was > 50,000 /

4. Gender was coded as 0 for female or 1 for male.

5. Geographical region was coded as O for Asia or 1 for Africa.

6. Formulation of AS dose was coded as O for tablet form or 1 for granule form.
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Potential covariates were initially identified using visual inspectiohefriter-
individual variability versus covariates plots and also using generalized additive
modeling as implemented in the Xpose software. The potential covariatethemre
tested for statistical significance using stepwise forward addiitowfed by stepwise
backward elimination procedure (152). The influences of the covariates werkhgst
adding a covariate to the model at a time in the forward addition step, and then by
removing a covariate from the model at a time in the backward elimination step. The
changes in MOFV between the ‘full’ and the ‘reduced’ models were then deltuldne
difference in MOFV between two nested models was approximateg?ujistribution.

An MOFV change of 3.84 (corresponding to a significance level of 5% at one degree of
freedom) was used as the cutoff to include a covariate in stepwise addition. When no
more covariates could be included, the stepwise backward elimination wad oatrie

For a covariate to remain in the model, a change in MOFV of at least10.83
(corresponding to a significance level of 0.1% at one degree of freedom) was reeded.
improvement in the precision of the parameter estimate (relative standajdasrd
reduction in inter-subject and residual variability were also used to detettmine
importance of the covariates as predictors. When finalizing the covariate, imodel
addition to using the stated statistical criteria, clinical consideratsahgo taken into
consideration. For categorical variables, at least a 20% change inette@fbarameter
was needed for the covariate to be considered clinically meaningful.

Depending on the graphical exploration of the relationship between a covariate and
a PK parameter, the effect of the covariate on the parameter was tebtadimear
function and/or a power function and/or an exponential function, with the covariates
centered or scaled at their median values:

P= 0,10, ¢« (COV-COVinedian, for linear function;

P= 0, » (COV/COVedia)™, for power function;

P=01 Exp 02 * (COV-COViedian), for exponential function;
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whereb; represents the parameter estimate, P of an individual with median value of the
covariate COW.edian and0; is a factor describing the correlation between the covariate
COV and the parameter. The influences of binary covariates on the paranreter we
modeled using a proportional and/or additive relationship, as follow:

P =03+ (1404« COV), for proportional relationship;

P =03+04 « COV, for additive relationship;
wherebs represents the parameter value in subjects with the categorical tocadad
as 0, and, is the fractional or additional change in the parameter in subjects with the

categorical covariate coded as 1.

Model Evaluation

The final model was evaluated for its robustness, predictive power, and stability.
Non-parametric bootstrap procedure was employed to evaluate the robustnesmalf the
model. 250 bootstrap datasets were generated by repeated random santpling wit
replacement from the NONMEM input data file, and the final NONMEM model was
fitted to the bootstrap datasets. The bootstrap estimates for the population @aamet
were calculated, and compared with the estimates from the final modddodtstrap
95% confidence interval was calculated based on the percentile of the empirical
distribution of the estimated parameters from the bootstrap runs.

The predictive power of the final model was assessed by performing visual
predictive. 1000 virtual observations were simulated at each sampling timehesintat
model and its parameter estimates. The 5th, 50th and 95th percentiles of the simulated
data above the LOQ were calculated and plotted alongside with the observed data. The
percent of observed data outside the 90% prediction interval was also calculated.

Condition number, as defined as the ratio of the largest Eigen value to the

smallest Eigen value, was used as a measure of the stability of thedohel m
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Simulations

Monte Carlo simulations of the population data were performed using NONMEM
in order to reflect the expected range of variability of the response undaeraihmodel
assumptions. A total of 500 concentration-time profiles for AS and DHA were sgdula
using the parameter estimates obtained from the final model, for a 70-kg pdtce
received an oral AS dose of 3.3 mg/kg, corresponding to the mean AS dose received by
the subjects in this dataset, once daily for 3 days. The sampling times wer8.2ét,
0.5,1, 1.5, 2.5, 4, 8, 12 hours after each dose, and immediately before the second and
third dose. The expected AS and DHA observations and the 50th percentile of the

simulated data were then plotted.

Subpopulation analysis

Due to the concerns of possible resistance to AS in Cambodia, an analysis was
made to compare the demographic characteristics and pharmacokinetic parameter
between Cambodian patients and Thai patients from study SP-C-004-06. Altatatist
analyses were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC). SWAlkitest
was first performed to check for normality of the data. The results reMiéalenot all
variables to be tested were normally distributed. Therefore, two-sidedxttilgank-
sum test was used to compare the two subpopulations. A significance level of 0.05 was

used.

Results

Data
Data arising from 632 adult and pediatric patients with uncomplicated falopar
and vivax malaria were pooled from one Phase Il and four Phase Il clinidestThe
subjects received oral PA once a day for three consecutive days. A total of 1572

concentration measurements were available for AS and DHA each. Out ofaimgdess
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692 (44%) and 132 (8.4%) concentration measurements of AS and DHA respectively
were below LOQ, and were therefore excluded from the dataset. The totalrrmimbe
concentration measurements above LOQ that were used in the modeling were 878
(55.9%) and 1438 (91.5%) for AS and DHA respectively. Two AS observations and two
DHA observations were identified as suspicious observations and/or outliers and

therefore were excluded from the dataset. Patient 248 had extremely higid A&1A
observations at 15.35 hours post-dose (1119.4 nmols/L and 6664.1 nmols/L respectively)
and were identified and therefore removed from the dataset after the bas&duidae

step. Patient 845 had a sample taken at 79.87 hours after the first dose. The sampling time
was questionable since the patients were given AS dose once daily for threfeadiays

526 had an observed AS concentration of 268.2 nmols/L at 10.55 hours post-dose but had
a predicted concentration of 0.77 nmols/L. These two observations were removed from
the dataset after the covariate building steps. The plots of observations veesafer

dose for AS and DHA are shown in Figure 3.1 and Figure 3.2, respectively. Table 3.1 and
Table 3.2 summarize the study and the data characteristics as wellcgga@mcs of the

patients included in this analysis.

Model Development

A two-compartment model with first order absorption and first order elimimat
best described the AS data. The two-compartment model resulted in a significa
reduction in MOFV and AIC of 84.1 unit and 76.1 unit, respectively, compared to a one-
compartment model with first order absorption and first order elimination. Goedfiess
fit plots were also improved. Weibull-type absorption and zero-order absorptien wer
also tested for the two-compartment model. Both models did not result in any
improvements of the model selection criteria. When the AS data was fitted -
compartment model with first-order absorption and enterohepatic reciocilatslight

reduction of 3.4 unit in MOFV was seen. However, the AIC of the enterohepatic
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recirculation model was 4.58 units higher than the two-compartment model without
enterohepatic recirculation.

The DHA data were then sequentially modeled as a metabolite compartment
connected to the central compartment of AS using a one-compartment model \aith line
elimination and also a two-compartment model. The two-compartment model did not
improve any of the model selection criteria. A more complex model with two gdarall
first-order absorption processes conceptually corresponding to the conversiotoof AS
DHA in the gut compartment was also tested. However, this model was not superior t
the parent-metabolite model with one first-order absorption. Thus, the best basgadtruct
model was a parent-metabolite model consisted of a dosing compartment, a central
compartment and a peripheral compartment for AS, and a central compartmenfor DH
as shown in Figure 3.3. The model was parameterized in terms of absorption rate constant
for AS (Ka), apparent clearance for AS (CL/F, where F is the unknown oral
bioavailability), apparent volume of distribution of the central compartmentSor A
(V2/F), apparent clearance for DHA from the central compartment (EL.Mpparent
central volume of distribution for DHA (V3/F), inter-compartmental cleagdoc AS
(Q/F), and apparent peripheral volume of distribution for AS (V4/F). Both conventional
model (Ka > Ke for AS) and flip-flop model (Ka < Ke for AS) were considerfde flip-
flop model had lower MOFV (3059.216 vs. 3065.292) and AIC (3074.31 vs. 3097.29)
compared to the conventional model.

A review of the correlation matrix of the base model revealed a high camnelat
between CL/F and CLM/F (r = 0.93), CL/F and V3/F (r = 0.92), CL/F and Q/F (r = 0.93),
and CL/F and V4/F (r = 0.93). Hence, a reduced covariance matrix was developed and
the model was modified to:

CL/F =01 expf1)

V2/F =0, * expf2)

KA = 03 * expfs)
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CLM/F =04« expfs* n1)

V3/F =65 * expfo* M)

Q/F =06 * €xpP10°® 1)

VA4/F =67 » expP11°® 1)
where the variance of CLM/F, V3/F, Q/F and V4/F was a function of the variance of
CL/F. The structure of the variance-covariance matrix for,, andnz was then tested
with a full matrix containing all diagonal and off-diagonal elements, abdalgnatrix
and other matrices with differing covariance patterns. A summary oésiés is shown
in Table 3.3. The model with a diagonal matrix is the only model with successful
convergence and COVARIANCE ($CQOV) step in NONMEM, and was therefore mised i
the final base model. Unsuccessful $COV step is an indication of over-paraat&teriz
of the model.

A summary of the covariates evaluated is shown in Table 3.2. Body weight was
incorporated in the modalpriori using allometric scaling. None of the additional
covariates examined were statistically significant.

The final model is a parent-metabolite model consisted a dosing compartment, a
central compartment and a peripheral compartment for AS, and a central troempdior
DHA. AS was rapidly absorbed with a population estimate of Ka of 1:0fith 41%
inter-individual variability. The population estimates of CL/F and V2/F for Afew
1520L/h with 42.7% inter-individual variability and 477 L with 175% inter-individual
variability, respectively. The population estimates of Q/F and V4/F for A8 §&6 L/h
and 1100 L, respectively. For DHA, the population estimates of CLM/F and V3/F were
110 L/h and 127 L, respectively. A summary of the results obtained from the findl mode
is presented in Table 3.4. The goodness-of-fit plots of the final model are shown in
Figure 3.4 and Figure 3.5 for AS, and Figure 3.6 and Figure 3.7 for DHA. Individual
plots for every five subjects with intensive pharmacokinetic sampling aseresl in

Figure 3.8 and Figure 3.9 for AS and DHA, respectively.
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Model Evaluation

The parameter estimates with standard error and 95% confidence interval
generated from the bootstrap method are presented in 3.3. The parameter estimates
obtained from the final model were reasonably close to the ones obtained from the
bootstrap method. All the parameter estimates from the final model were@atamed
within the 95% bootstrap confidence intervals.

Figure 3.10 and Figure 3.11 show the results of the visual predictive check for AS
and DHA. Overall, the final model adequately described the observed concentrations.
About 9.2% and 8.2% of the AS and DHA observations respectively were not contained
within the 90% prediction interval. Thus, the model is said to have adequate predictive
power. The condition number of the final model was 492.6, indicating that the model was

reasonably stable.

Subpopulation Analysis
The results of the comparisons in demographic and pharmacokinetic parameters
between Cambodian patients and Thai patients from study SP-C-004-06 are shown in
Table 3.5. Since body weight between the two subpopulations was statisticafigasng
at«=0.05 level, pharmacokinetic parameters were normalized by weight wherever
appropriate before comparison. Other variables that were statisicalificant at
«=0.05 level between the two groups included age, baseline AST, weight-normalized

V3/F, weight-normalized V4/F, ang4eiim pHa.

Discussion
The results of a population pharmacokinetic model of AS and DHA in adult and
pediatric patients with uncomplicated falciparum and vivax malaria areteeparthis
paper.
Out of a total of 1572 concentration measurements available for AS and DHA

each, 44% and 8.4% of AS and DHA concentration measurements respectively were
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below LOQ, and were therefore excluded from the dataset. The percentage of AS
samples below LOQ in this study was not unexpected since AS was very rapidly
hydrolyzed to DHA. The percentage of undetectable samples (AS and DHApceport
three other AS population pharmacokinetic reports were 10.4% and 7.8% (147), 62.7%
and 39% (146), and 93.5% and 70.9% (148).

The final model in this analysis consisted of a dosing compartment, a central
compartment and a peripheral compartment for AS, and a central compartmenfor DH
Whenever model-dependent method was used, the pharmacokinetics of AS has almost
always been modeled using one-compartment model (73, 74, 146, 174, 175).
Occasionally, a two-compartment model was used to fit the AS data (75, 176). A two-
compartment model fit the AS data in our analysis better than one-compartmeht mode
AS is rapidly hydrolyzed to DHA and so its concentration is rarely deteftexdsehours
post dose. However, we were able to detect the AS concentration up to 12 hours post
dose (Figure 3.1). This can be explained by the fact that the patients in our stuhdrecel
a higher average AS dose (3.3 mg/kg) than the patients in the other compartmental
pharmacokinetic analysis of oral AS (2mg/kg) (73, 74). In addition to the higher &S dos
received, the assay method employed is this study was more sensitive (1 ng/mL)
compared to the two studies (50 ng/mL).

Goodness-of-fit plots for AS and DHA indicated a reasonable fit of the model to
the data (Figures 3.4-3.7). The parameters were well estimated inlgeft@rpercent
relative standard error ranged from 3.75% to 43%. Parameter related to V2/id shewe
most variability, with inter-individual variability for V2/F was estimat® be 175%.
Flip-flop kinetics was observed in this dataset, where the absorption ratartdior AS
is less than the conversion rate constant of AS to DHA. The flip-flop model had lower
MOFV (3059.216 vs. 3065.292) and AIC (3074.31 vs. 3097.29) compared to the
conventional model.

The elimination rate constant for AS obtained using the flip-flop model was 3.2
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h™, which is consistent with the value reported in adult patients with severe falciparum
malaria following intravenous AS (3.1')(177). AS was rapidly absorbed into the
systemic circulation, with an absorption half-life of 39.6 minutes as estinmatle |
analysis. The conversion of AS to DHA was also very rapid, with a half-life of a8out
minutes.

Population pharmacokinetics of AS and/or DHA in malaria patients have been
described elsewhere in different populations using either rectal or oral A34846-
157). Karunajeewa et al. (146) described the population pharmacokinetics of AS and
DHA simultaneously in 47 pediatric patients with uncomplicated falciparum a&ad vi
malaria who were treated with two doses of AS suppositories. In another repmu$o8i
et al. (147) presented the results of a population pharmacokinetic analysis ohDHA
adult and pediatric patients with moderately severe falciparum madirgatients were
treated with a single dose of 10 mg/kg of intra-rectal AS. However, the pharmetooki
of AS data was not characterized in the study. Both the weight-normalizEca@dN/F
for AS obtained in our analysis are greater than the resulted reportedunajcamva et
al. (146). The differences in the estimates seen might be due to the fact th&t the A
bioavailability is reduced when oral AS is given compared to rectal AS, asaeyr
Navaratnam et al. (76) in a study comparing pharmacokinetics of AS and D¢A af
administration of oral and rectal AS in 12 healthy male Malaysian volunteetseO
other hand, the weight-normalized CL/F and V/F for DHA reported in this analyes
smaller than those reported in the two reports (146, 147). One explanation is that the
bioavailability of DHA was increased when oral AS was given comparedréorgttal
AS. This is consistent with the observations that the area under the concentragion-t
curve (AUC) for DHA following oral administration of AS was higher than that
following rectal AS (76, 158).

The population pharmacokinetics of DHA in pregnant women with acute

uncomplicated falciparum malaria was characterized in another studg®seady et al.
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(148). The patients were treated with a three-day dosing of oral AS (4 mg/kaydby)
atovaquone plus proguanil. The pharmacokinetics of AS was not evaluated in thesanalysi
because only 6.5% of the total available samples had detectable AS concentraggns. T
reported a weight-normalized oral clearance for DHA of 1.77 L/h/kg, whichmiasiin
our analysis (1.57 L/h/kg). The population estimate for DHA apparent volume of
distribution reported in their study was 4.63 L/kg, while we reported a population
estimate of 1.81 L/kg, which is about 60 % lower. The larger volume of distribution seen
in their study might be due to the physiological changes during pregnancyngesuéd
larger volume of distribution for DHA.

Stepniewska et al. described the population pharmacokinetics of DHA in African
children with acute malaria from six months to five years old who receities ¢ghe
fixed dose combination of AS and amodiaquine or the separate tablets of both drugs.
(157). The weight normalized CL/F and V/F of DHA reported in their study was 0.636
L/h/kg and 2.285 L/kg, repectively. The CL/F value was much lower than what we
estimated, possibly related to the use of per-kg model in their study. In a mview
developmental patterns of UGT system, de Wildt et al. suggested that the uskgf per-
model for clearance is inadequate to address developmental changes inhyolneg c
and may lead the underestimation of clearance by up to 200% in chilren under 3.4 kg of
body weight (159). The capacity of UGT metabolizing enzymes responsible for DHA
metabolism in young children could be much less than the full capacity in adults, and
therefore resulted in lower CL/F of DHA. The reported weight-normaliz€do¥YDHA
was quite similar to the value obtained in this analysis.

The pharmacokinetic parameters for DHA obtained in this analysis atardioni
those reported elsewhere (75, 81). Newton et al. (75) studied the pharmacokinatats
AS in 19 adult patients with uncomplicated falciparum malaria following sin§leldse
of 2mg/kg. DHA pharmacokinetic parameters were calculated assuming tpeetom

conversion of AS to DHA. They reported a DHA elimination half-life of 0.71 h (0.8 h in
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this analysis), DHA apparent clearance of 1.38 L/h/kg (1.57 L/h/kg) and a DHAeappa
volume of distribution of 1.33 L/kg (1.81 L/kg) during the acute phase treatment. Teja
Isavadharm and colleagues (81) studied the single-dose pharmacokinetics of AS
following the administration of 100 mg of oral AS in 6 healthy subjects and 6 patients
with uncomplicated falciparum malaria. Non-compartmental approach was useiy¢o de
the parameters in their analysis. They reported a DHA eliminationifeatffl0.8 h (0.8 h

in this analysis), DHA apparent clearance of 1.22 L/h/kg (1.57 L/h/kg) andfa DH
apparent volume of distribution of 1.33 L/kg (1.81 L/kg).

In the present analysis, body weight was incorporatadori as a covariate in
the model using allometric function. This approach is physiologically and chnical
relevant since the AS dosing administered was weight-based. The same app®ach w
also used by Simpson et al. (147) in their population pharmacokinetic analysis 0fl AS a
DHA in adult and pediatric malaria patients following intra-rectal dosingfMo other
covariates tested in this analysis were found significant.

The parameter estimates obtained from the final model were reasonalelyaclo
the ones generated from 250 bootstrap replicates, indicating that the finalwasdel
robust. The visual predictive check showed that the final parent-metabolite model
proposed has adequate predictive power. However, all observed AS concentraions af
4 hours post-dose were above the 50th percentile of the simulations. This is not
unexpected since more than 90% of the AS observations were recorded within the first
hours post-dose. In addition, most of the AS observations after 4 hours post-dose were
below LOQ and were therefore excluded from the analysis. The model isaddoveith
a condition number of <1000. The simulations of AS and DHA for a 70-kg individual
under the current model assumptions showed no accumulation in both AS and DHA
concentrations after multiple dosing. Figure 3.12 and Figure 3.13 show the expected

simulated concentration-time profile of AS and DHA for a 70-kg patient and its 90%
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confidence interval. The simulations revealed that the possible concentiaggon-
profiles for the simulated patient were highly variable.

A subpopulation analysis was performed to compare the demographic and
pharmacokinetic characteristic between Cambodian patients and Thai pgatstotyy
SP-C-004-06. The main objective of this analysis was to investigate if theng is a
difference in pharmacokinetic profile between the two groups. Pharmacokinetic
parameters that were statistically significant between the groups@acweight-
normalized V3/F (1.7 L/kg for Cambodian patients vs. 1.9 L/kg for Thai patients),
weight-normalized V4/F (15 L/kg vs. 16.2 L/kg), andetim pHa(0.69 h vs. 0.75 h).
However, these differences were not deemed clinically significant. inattempt to
investigate drug-specific opportunities for the selection of resistanoeydlimination
phase of anti-malarial drugs, Stepniewska and White (135) pointed out that rapidly
eliminated drugs with elimination half-life of less than 1 day usually pravadeindow
of selection for resistance at all. They further concluded that resistareggidly
eliminated drugs such as artemisinins can only occur by inadequate tredtntieist
subpopulation analysis, the AJga was used as a measure of systemic exposure to
DHA and hence a measure of treatment adequacy.oAMJG Cambodian patients was
similar to that of Thai patients. Consequently, we conclude that Cambodian pagesnts w
exposed to DHA at a level similar to the Thai patients.

In conclusion, a descriptive, robust and predictive parent-metabolite model was
successfully developed using population approach to characterize the pharmesokinet
of AS and DHA simultaneously in adult and pediatric patients with falciparum and viva
malaria following oral administration of AS. Body weight was the only datear

included in the final model.



Table 3.1 A summary of the study and data characteristics.

Characteristics

Phase Il study Phase Il study Phase Ill study Phase Ill study Phase Il study All studies
SP-C-003-05  SP-C-004-06 SP-C-005-06 SP-C-006-06 SP-C-007-07 combined

Number of subjects

Mean AS dose received
(mg/kg) (= S.D.)

Total number of observations

Number of observations used
in the dataset [N (%)]

AS

DHA

Number of observations <LOQ [N (%)]

AS
DHA

57 268 197 23 87 632
3.3+0.9 3.3+04 3.4+0.7 3.4+05 3.0+0.5 3.3+0.6
456 536 380 42 158 1572
289 305 187 26 71 878
388 519 342 39 150 1438
167 (36.6) 230 (42.9) 192 (50.5) 16 (38.1) 87 (55.1) 692 (44)
68 (14.9) 16 (3.0) 38 (10) 3(7.1) 7 (4.4) 132 (8.4)

r8



Table 3.2 A summary of the subject demographics and covariates included inlysesana

Phase Il study Phase Ill study Phase lll study  Phase lll study  Phase Il study All studies

Characteristics SP-C-003-05  SP-C-004-06  SP-C-005-06  SP-C-006-06  SP-C-007-07 combined
Age (years) 5 (2-14) 24 (5-58) 11 (5-55) 19 (9-42) 5(0.8-11) 14 (0.8-58)
Weight (kg) 16.2 (10-36.4) 50.2 (20-72.3) 30 (20-80 46.7 (20-67) 17.1 (8-24.8) 38.3 (8-80)
Gender [N (%)]
Female 28 (49.1) 62 (23.1) 105 (53.3) 9(39.1) 557 249 (39.4)
Male 29 (50.9) 206 (76.9) 92 (46.7) 14 (60.9) 2.3 383 (60.6)
Geographical region [N (%)]
Asia 0 (0) 244 (91) 0 (0) 23 (100) 0 (0) 267 (42.2)
Africa 57 (100) 24 (9) 197 (100) 0 (0) 87 (100) 363.8)
Baseline parasite count 6,304 12,838 12,476 10,275 10,074 11,430
(perul) (1,072-174,241)  (1,040-97,500) (1,000-93,923) (1,193-51,947) (78-149,977) (78-174,241)
Baseline hematocrit (%) 29.6 (24.3-38.2) 36 (20%-5 34.2(24.1-57.2) 35.5 (28.6-40.6) 30.2 (24.3t37. 34 (23.9-57.2)
Baseline hemoglobin (g/L) 102 (74-129) 121 (80-171) 117 (84-208) 115 (93-136) 100 (80-130) 115 (74)208
Baseline erythrocyte count 4.1 (3.3-6) 4.6 (2.6-6.5) 4.6 (3.1-7.3) 4.3 (3.3)6. 4.1 (3.1-5.8) 4.4 (2.6-7.3)
(x10'2 /L)
Baseline Alanine 18 (5-70) 22 (2-95) 22 (11-87) 17 (10-122) 22 (5-56 22 (2-122)
Aminotransferase (U/L)
Baseline Aspartate 32 (18-71) 31 (5-114) 39 (18-94) 33 (28-138) 37-18H 35 (5-138)

Aminotransferase (U/L)

Continuous variables are given as median (range).

g8
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Table 3.3 Evaluation of different patterns of the modelimatrix.
. Successfu Successfu

Pattern of@ matrix minimizatior $COV ste| MOFV AlIC
Full Q matrix Yes No 3012.27 3040.2¢
DiagonalQ matrix Yes Yes 3059.21i 3091.2:
Reduced? matrix with covariance

term betweem; & n; Yes No 3015.40:i 3045.4:
Reduced? matrix with covariance

term betweem; & n3 Yes No 3073.14 3103.1!
Reduced? matrix with covariance

term betweem; & n3 Yes No 3079.12 3109.1:
Reduced? matrix with covariance No No 3008.638 3036.64

term betweem; & n,, andn, & 13
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Table 3.4 A summary of the result obtained from the final model and the bootstrap

analysis.
Parameter Estimate %RSE Bootstrap estimate (95% CI)
CL/F (L/h) 1520 5.83 1490 (1310-1660)
V2/F (L) 477 12.5 480 (307-694)
Ka (h") 1.05 8.49 1.12 (0.893-1.63)
CLM/F (L/h) 110 3.75 110 (101-120)
V3/F (L) 127 6.50 127 (110-143)
Q/F (L/h) 136 16.3 162 (101-292)
V4/F (L) 1100 33.3 1126 (625-2220)
Theta (8) 0.914 24.6 0.976 (0.553-1.52)
Theta (9) 1.44 26.6 1.47 (0.735-2.44)
Theta (10) 0.921 39.0 1.12 (0.010-4.35)
Theta (11) 1.47 39.0 1.42 (0.010-4.72)

IV (variances and %CV)

IIV-CL/F 0.182 (42.7) 29.6 0.173 (0.049-0.325)

IIV-V2/F 3.07 (175) 13.8 3.07 (2.02-4.43)

IIV-Ka 0.168 (41.0) 43.0 0.254 (0.0001-0.694)
RV (%CV)

AS (nmols/L) 84.8 9.60 82.5 (63.6-102)

DHA (nmols/L) 105 7.15 105 (86.1-123)

RSE, relative standard error; CL/F, apparent clearance for AS; F, unknown
bioavailability; V2/F, apparent volume of distribution of the central compantiior AS;
Ka, absorption rate constant for AS, CLM/F, apparent clearance for DHA from the
central compartment; V3/F, apparent central volume of distribution for DHA,; iQter-
compartmental clearance for AS; V4/F, apparent peripheral volume of distnilbort
AS; CV, coefficient of variation; 11V, inter-individual variability; RV, selual
variability; AS, artesunate; DHA, dihydroartemisinin.
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Table 3.5 Comparisons of demographic and pharmacokinetic characteristiesretw

Cambodian patients and Thai patients in study SP-C-004-06.

Cambodian patients

Thai patients

Characteristics (N=110) (N=134) P-valu
Demographics

AS dose received (mg/kg) 3.2 (2.4-4.5) 3.4 (2.4-4.6) 0.14
Age (years) 21.5 (5-58) 25.5 (10-55) 0.608
Weight (kg) 46.6 (20-70) 51.6 (21-72.3) 0.0601
('?)aesr‘jli_r;e parasite count 14690 (1160-97500) 11689 (1040-97500) 0.12
Baseline hematocrit (%) 35.6 (23.9-50) 36.7 (24-49) 0.16
Baseline hemoglobin (g/L) 119 (80-171) 124 (81-165) 0.11
'?Xalzﬂi;‘s erythrocyte count 4.6 (2.8-6.3) 4.6 (2.6-6.5) 0.74
Baseline ALT (U/L) 20 (8-75) 22 (2-95) 0.33
Baseline AST (U/L) 35 (14.7-114) 27 (5-104) <0.0001
Pharmacokinetics

CL/F/kg (L/h/kg) 23.2 (11.8-46.3) 24 (12.6-50) 0.27
V2/F/kg (L/kg) 6 (2.4-116.5) 6.1 (2.1-365.7) 0.92
Ka (h") 1.1 (0.74-1.7) 1.1 (0.71-1.8) 0.66
CLM/F/kg (L/h/kg) 1.7 (0.9-3.2) 1.73 (0.96-3.4) 0.33
V3/F/kg (L/kg) 1.7 (0.72-4.6) 1.9 (0.67-5.7) 0.618
Q/F/kg (L/h/kg) 2.1 (1.1-4) 2.2 (1.2-4.21) 0.33
V4/F/kg (L/kg) 15 (6.1-40) 16.2 (5.7-50.2) 0.618
tyor ()° 0.18 (0.06-3.42) 0.19 (0.06-10.8) 0.85
tyzeimona () 0.69 (0.43-1.1) 0.75 (0.55-1.17) <0.0601
AUCppa (nmols.h.L-1) 5063 (2292-8577) 5100 (2146-11279) 0.76

2All values are presented as median (range).

®t12¢ (h) = In(2)*V2/CL

“t12eim,pna(h) = In(2)*V3/CLM

4 p-value based on two-sided Wilcoxon rank-sum test.

© Statistically significant at=0.05.



89

Semi-logarithmic plot of observed artesunate (AS) congengaersus

time after dose. The solid line is smoothing line.

Figure 3.1
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Figure 3.2  Semi-logarithmic plot of observed dihydroartemisinin (DHA)
concentrations versus time after dose. The solid line is smoothing line.
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Figure 3.3

CMT 1
F*D

Ka

CMT 4:
AS,
Peripheral
V4

Q/F

CMT 2:
AS,
Central
V2

CL/F

CMT 3:
DHA,
Central
V3

91

Schematic representation of the final structural model.

CLM/F

CMT, compartment; AS: artesunate; DHA, dihydroartemisinin; F, oral bioééyaD,
AS dose; Ka, absorption rate constant; CL, AS clearance; V2: central volume of

distribution for AS; CLM, DHA clearance; V3; central volume of distribatfor DHA;

Q, inter-compartmental clearance; V4, peripheral volume of distribution for AS.



92

Figure 3.4  Population and individual predicted concentration versus observed
concentration plot of artesunate (AS) for the final model. The solid lines are
lines of identity. The broken lines are smoothing lines.
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Figure 3.5
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Conditional weighted residual plots of artesunate (AS) for therfou|.

The broken lines are smoothing lines.
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Figure 3.6  Population and individual predicted concentration versus observed
concentration plots of dihydroartemisinin (DHA) for the final model. The
solid lines are lines of identity. The broken lines are smoothing lines.
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Figure 3.7  Conditional weighted residual plots of dihydroartemisinin (DHA#®r
final model. The broken lines are smoothing lines.

10

Ohgerved LM [DHL Concentration (nonols/T)]

10

10

Ohgerved LM [DHL Concentration (nonols/T)]

] 2 4 G a 10
Indradual predicted LM [DHA Concentration (renolsiLj]



Figure 3.8

A% Concentration (nmolsiL)

Plots of the artesunate (AS) observations (open circles), population
predictions (broken lines), and individual predictions (solid lines) from the
final model for selected subjects.
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Figure 3.9
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Plots of the dihydroartemisinin (DHA) observations (open gjrcle
population predictions (broken lines), and individual predictions (solid
lines) from the final model for selected subjects.
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Figure 3.10 Visual predictive check of the final model for artesunatedBrvations.
The open circles represent the observed concentrations, solid lines represent
the 90% confidence interval obtained from the simulations, and the dashed
line represents the 50th percentile of the simulations.
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Figure 3.11
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Visual predictive check of the final model for dihydroartemig¢DHA)
observations. The open circles represent the observed concentrations, solid
lines represent the 90% confidence interval obtained from the simulations,
and the dashed line represents the 50th percentile of the simulations.
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Figure 3.12 Plot of 500 simulated concentration-time profiles for artes(ad) using

AS Concentration (ng/mL)

the estimates from the final model and standard weight of 70 kg. The open
circles represent the simulated concentrations, solid lines represent the 90%
confidence interval obtained from the simulations, and the dashed line
represents the 50th percentile of the simulations.
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Figure 3.13 Plot of 500 simulated concentration-time profiles for dihyemasinin

DHA Concentration (ng/mL)

(DHA) using the estimates from the final model and standard weight of 70
kg. The open circles represent the simulated concentrations, solid lines
represent the 90% confidence interval obtained from the simulations, and
the dashed line represents the 50th percentile of the simulations.
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CHAPTER IV

SUMMARY AND RECOMMENDATION FOR FUTURE WORK

Summary

Artemisinin and its derivatives are the most potent anti-malarial duagiglale in
the market. AS, a water-soluble hemisuccinate derivative of artemisinin,meotte
widely used derivative. Today, malaria treatment is largely relies ontémaisinin-
based combination therapies. AS is rapidly absorbed and hydrolyzed to its active
metabolite DHA.

The pharmacokinetics of AS and DHA has been studied in different populations
(73,74, 81, 154, 174, 175, 177-179). However, these earlier pharmacokinetic studies of
AS were conducted in small sample of subjects with intensive blood sampling schedule
The data collected were often analyzed using non-compartmental analysis agslitts
were presented as mean = standard deviation or median and range. Due to the small
sample size and the use of non-compartmental approach, the results were hardly
representative of the population of interest. The results of these analysesexsi@e
limited to describing the data at hand and can not be extrapolated to the population at-
large.

The introduction of the population modeling approach and the advance in
computing performance in recent years have changed the way pharmacdatudkés
are conducted. Using the statistical-based population modeling which is ongpeter-
intensive, it is now possible to conduct pharmacokinetic studies with sparse sampling
schedule. This approach has opened the door to ethically conducting pharmacokinetic
studies in special populations, such as children and pregnant women, who have limited
immunity and therefore most susceptible to the clinical sequelae of an&tapulation
pharmacokinetics of AS and/or DHA following administration of AS has been describe

in pediatric patients with uncomplicated falciparum and vivax malaria whotvested
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with two doses of intra-rectal AS (146), in adult and pediatric patients withratetie
severe falciparum malaria who were treated with a single dose ofécted-AS (147), in
pregnant women with acute uncomplicated falciparum malaria aftereadhyedosing of
oral AS in combination with atovaquone plus proguanil (156), and in African children
with uncomplicated falciparum malaria who received fixed dose combination afid\S a
amodiaquine orally (157). However, the number of AS observations available for
modeling was limited in all of these studies due to several reasons, such fagensyf

in sampling processing or assay method, relatively small sample sizended |

sampling scheme. Consequently, the analyses have been able to model only the DHA
data (147, 156, 157) and/or fit only a one-compartmental model to AS and/or DHA data
(146, 147, 156, 157). Sometimes, fixing of certain pharmacokinetic parameter to an
arbitrary value was also required (147). On top of these limitations, none of this mode
was evaluated for its predictive performance.

In this thesis, the population pharmacokinetics of AS and DHA following
different dosing and treatment regimens of oral AS were charactemiziéferent
populations. In Chapter Il, we developed a population pharmacokinetic model of AS and
DHA in 91 healthy subjects. The data was pooled from four Phase | studies. These
subjects received either single- or multiple-dosing of oral AS, as a monothmegamgn
or in combination with pyronaridine, with or without food. In Chapter Ill, we develaped
population pharmacokinetic model of AS and DHA in adult and pediatric patients with
uncomplicated falciparum and vivax malaria who were administered oral
pyronaridine/artesunate combination once daily for 3 days. We pooled the data of 632
patients from a Phase Il and four Phase lll clinical trials.

In both analyses, we were able to model the AS and DHA data simultaneously
using a parent-metabolite model that assumed complete conversion of AS toribA. |
individual variability for almost all pharmacokinetic parameters and rdsiduability

for both compounds were defined. AS was rapidly absorbed and hydrolyzed to form
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DHA. The elimination half-lives of AS and DHA were very short. Substantizldity
was seen in the pharmacokinetic parameters between the subjects.

Intake of food with the dose was found to significantly delay the absorption of AS
in healthy subjects. Weight was also included in this model as a determinant of DHA
clearance. When modeling the data from pediatric and adult patients, we inckigad w
as part of the modeal priori using an established and commonly used allometric
function. No other covariates examined in the analysis were statisticglificant.

Finally, the models developed were evaluated for model adequacy, robustness,
stability and predictive performance using a combination of different agpeeaThis is
important to ensure that the models are not only descriptive but also predictive, such that
the results can be used for simulation and extrapolation purposes. Both models were
found to adequately described the data at hand, and robust with sufficient predictive
power.

The final structural model in healthy subjects consisted of a central conepartm
for AS and central and peripheral compartments for DHA. In malarial patieatdata
was best described with two-compartmental model for AS and one-compartmenthal mode
for DHA. The difference in structural models used in the two analyses ctribated
to the empirical approach used in the modeling. The distribution of pharmacokinetic data
was greatly influenced by the choice of sampling times and type ofisgnliptensive
sampling and sparse sampling). It is therefore not surprising that thetfunahral
models were different in the analyses since the choice was largely dyitlea tata at
hand.

Direct comparison of the pharmacokinetic parameters in the two analyses wa
made complicated because different structural models were used tbel¢iserdata arise
from the two populations. The typical apparent clearance values for both AS and DHA
were lower in the healthy population compared to the patient population. Therefore, using

the formula: AUC = Dose/clearance, the AUC of AS and DHA would be higher for a
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typical healthy subject than for a typical malarial patient givendheesdose. Figure 4.1
and Figure 4.2 shows the typical concentration-time profiles of AS and DHA for a
healthy subject and a malaria patient who received an AS dose of 200 mg, using the
population parameter estimates for each of the models. The typical conoesitrae
curves for both AS and DHA looked very similar for the healthy subject andiahalar
patient. However, the £x and AUC values of both AS and DHA were lower for the
patient population compared to the healthy population. This is contrary to the results
reported by Teja-Isavadharm et al. (81). They studied the single-dose pbldmetacs

of AS in 6 malaria patients and 6 healthy subjects and compared the pharmacokinetic
parameters of DHA between patients and healthy subjects. The mgan@ AUC
values of DHA were significantly higher in the patient group than in the hesalthjgcts.

In summary, descriptive, robust and predictive population pharmacokinetic
models of AS and DHA were developed for healthy and patient populations. The model
developed in the patient population can be used as the base to develop a population
pharmacokinetic-pharmacodynamic model which will be discussed further in the
following section. It can also be used as prior information in guiding thetiselet

optimal sampling schedule for future pharmacokinetic studies of AS.

Recommendation for Future Work

Application of Pharmacogenomics
In our work and other published works on population pharmacokinetics of AS
(146, 147, 156, 157), high inter-individual and residual variability in AS and DHA
pharmacokinetics were observed. Different covariates that partly expthmeariability
seen in various populations were identified, including weight on the volume of
distribution of DHA (146, 147), gender on the clearance of DHA (147), and age on the
volume of distribution of DHA. As presented in Chapter Il, food intake and weight were

influential on the absorption rate constant of AS and volume of distribution of DHA,
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respectively. The results of covariate analysis from all these segfurtv that size (age
and gender are highly and positively correlated with weight) is the pricoagariate for
the clearance and volume of distribution of AS and DHA. Since weight is an easily
measured marker of size, an allometric-based model for weight with &ceyefof 0.75
for clearance terms and 1 for volume terms for use in pharmacokinetics was gropose
(173, 180). We therefore adopted this strategy when modeling the population
pharmacokinetics of AS and DHA in malarial patients, as detailed in Chdpter I
However, even after taking into account the effect of weight on all clearance antkvol
terms, the inter-individual and residual variability observed was still pgatigtantial.
The simulation exercise in Chapter Ill again showed the large vayabhilihe simulated
concentrations.

Genetic variation has been found to influence the disposition of many drugs. Gene
polymorphisms were incorporated in some population pharmacokinetic studies as
covariates to explain the variability in drug pharmacokinetics, partigdtarianti-viral
drugs (181-184), anti-cancer drugs (185-187) and some other drugs (188, 189). We
suggest that polymorphisms in drug metabolizing enzyme can be utilized to explain par
of the variability in the pharmacokinetics of DHA. In human, the glucuronidation of
DHA was catalyzed by UDP-glucuronosyltransferases (UGTS), ircptiUGT1A9
and UGT2B7 (84).

The UGT2B7 single nucleotide polymorphisms (SNPs) are highly prevalent in
many populations. The reported frequencies of UGT2B7 polymorphisms are: 211G>T
(17.5% in Japanese, 9% in Asian-Americans, 2% in Hispanic-Americans), 802C>T
(25.4% in Japanese, 48.9-53.7% in Caucasians, 21% in West Africans, 28% in Papua
New Guineans), and 1192G>A (<1% in Japanese) (190-193). The UGT1A9 variant
alleles are less common. The reported frequencies of UGT1A9 polymorphisms are:

8G>A (2.5% in African-Americans, 1% in Asian-Americans), 98T>C (2.2-3.6% in



Caucasians, 1% in Asian-Americans), 766G>A (<1% in Japanese, 1% in Asian-
Americans), and 726T>G (0.5% in Japanese) (193-196).

Given the high prevalence of UGT2B7 polymorphisms in West African and
Papua New Guinean populations, it is important to characterize the metabolic and
phenotypic consequences of this genetic variation on the pharmacokinetic and
pharmacodynamic of DHA. Due to the substantial inter-individual variabilite
pharmacokinetic properties of DHA, it is possible that some of the patients véiectc
AS treatment were exposed to subtherapeutic DHA concentrations. This hasntmporta
implication on the dosing of AS, since resistance to AS can only occur due to inadequate

treatment (135).

Population Pharmacokinetic/Pharmacodynamic
Modeling

Despite the fact that AS is the most commonly used artemisinin derivative,
information regarding its pharmacokinetic/pharmacodynamic relationsbgaigy. In
most studies that described the relationship between pharmacokinetic and
pharmacodynamic variables of AS, the approaches used were gener#édlg toreither
multiple regression or logistic analysis (73, 74, 147, 174). Nonlinear relationakipat
explored in any of these studies.

AS dose-response relationship using modeling approach has been chadacterize
only one occasion (197). In this study, 47 adult patients with acute uncomplicated
falciparum malaria were randomized to receive a single oral dose af@it?&, 50, 75,
100, 150, 200, or 250 mg of AS, followed by a single oral dose of mefloquine.
Pharmacodynamic measures of outcome used were the time to 50% reduction in
parasitemia (P&g), the time to 90% reduction in parasitemia ¢§@nd the parasite
clearance time (PCT). A sigmoid inhibitory effect model was chagerori to fit the

relationship between AS dose and the pharmacodynamic parameters. The @gtBnate
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doses that result in 50% of the maximum effect4Spfor the study population were
0.7, 1.2, and 1.4 mg/kg for B&PGp and PCT, respectively. The estimated lowest dose
to produce maximum effect (&) was 2 mg/kg. They suggest that 2 mg/kg would be the
lowest AS dose to be given to an “average” patient in order to produce maximurteparasi
clearance effect. However, considering the substantial variabilityeketthe patients,
they recommended higher AS dose to be given. Although the dose-response relationship
of AS was characterized in this study, pharmacokinetic modeling was not done. It is
therefore not known which pharmacokinetic parameter is the most important determinant
of the parasite killing effect of AS. Also, since the inter-individual varighbilids not
characterized statistically, the minimum AS dose to be given to producebtkesiffact
in most of the patients is not known.

We recommend that a population pharmacokinetic/pharmacodynamic model be
developed to examine the relationship between different pharmacokinetic pasaneite
the anti-malarial efficacy of AS. Specific pharmacokinetic parametergerest include
area under the plasma concentration-time curve (AUC) and time above minimum
inhibitory concentration (MIC) of AS and DHA. AUC is the measure of systemic
exposure and has been identified to correlate with the anti-malarial astifti
artemisinin compounds. In 24 patients with severe falciparum malaria wheeecei
intravenous AS, the AUC for DHA was found to inversely correlate withsp@74). In
patients treated with artemether/lumefantrine combination, the AUCs of baihabDéi
artemether contributed equally to the parasite clearance time (198). TimeMillibve
should be examined because concentrations below the MIC are associated with net
parasite growth. In order to cure the blood-stage infections in non-immune pakents
anti-malarial blood concentrations need to exceed MIC until all asexualtparas
cleared from the blood (199). Relevant outcome measures may inclugg PCToo,

parasite clearance time, fever clearance time and treatment failure.
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Considering the large variability in the pharmacokinetic and pharmacodynamic
measures of AS and the importance to ensure adequate treatment in the patients, a
population pharmacokinetic/pharmacodynamic model would be very useful in guiding
the search for the optimal AS dose. Using such model, which takes into account the
variability component, a particular target clinical effect can bestaded into a target

dose through simulation.
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Figure 4.14 Typical concentration-time profiles for artesunate (ABgalthy subject
(solid line) and malarial patient (dashed line).
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Figure 4.2  Typical concentration-time profiles for dihydroartemis{DHA) in
healthy subject (solid line) and malarial patient (dashed line).
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APPENDIX A
NONMEM CONTROL FILE FOR THE FINAL MODEL IN

CHAPTER II

;:Model Desc: final model, lcmt AS, 2 cmt DHA

;Project Name: phasel
;Project ID: PHASE 1

$PROB RUN# 033

$INPUT C ID TIME TAD AMT ODV DV MDV EVID CMT ADDL II AGE SEX WT DOS
FOOD

$DATA PHASE1ASDHA.CSV IGNORE=C

$ABB COMRES=9

$SUBROUTINE ADVAN6 TRANS=1 TOL=4

$MODEL

NCOMPS=4

COoMP= (DEPOT,DEFDOSE)
COMP= (CENTRAL,DEFOBS)
CoMP= (METABOL ,NODOSE)
COMP= (PERI,NODOSE)

$PK

"FIRST

" COMMON,/PRCOMG/IDUM1, IDUM2 , IMAX, IDUM4 , IDUM5
"INTEGER IDUM1,IDUM2,IMAX,IDUM4,IDUM5
"IMAX=200000

;AS PARAMETERS
TVCL=THETA(1)
CL=TVCL*EXP(ETA(L))

TVV2=THETA(2)
V2=TVV2*EXP(ETA(2))

TVKA=THETA(3) * (1+THETA(8) *FOOD)
KA=TVKA*EXP(ETA(3))

;DHA PARAMETERS
TVCLM=THETA(4)+THETA(9)*(WT-61.5)
CLM=TVCLM*EXP(ETA(4))

TVV3=THETA(5)
V3=TVV3*EXP(ETA(5))

TVQ=THETA(6)
Q=TVQ*EXP(ETA(6))

TVV4=THETA(7)
V4=TVV4*EXP(ETA(7))

; SCALING AND REPARAMTERISATION
K23=CL/V2

K30=CLM/V3

K34=Q/V3

K43=Q/Vv4

S2=V2

S3=V3

SID=ID



OBS=DV

$INFN

IF (ICALL.EQ.3) THEN
OPEN(50,FILE="CWTABO33.est')
WRITE (50,%*) 'ETAS'

DO WHILE(DATA)
IF (NEWIND.LE.1) WRITE(50,*) ETA

ENDDO

WRITE (50,%*) 'THETAS'
WRITE (50,%*) THETA

WRITE (50,*) 'OMEGAS'
WRITE (50,*) OMEGA(BLOCK)
WRITE (50,*) 'SIGMAS'
WRITE (50,*) SIGMA(BLOCK)
ENDIF

$DES

DADT(1)=-KA*A(1)

DADT (2)=KA*A(1)-K23*A(2)
DADT(3)=K23*A(2)+K43*A(4)-K30*A(3)-K34*A(3)
DADT(4)=K34*A(3)-K43*A(4)

$ERROR

PROP=0
IF(CMT.EQ.2)PROP=EPS(1)
IF(CMT.EQ.3)PROP=EPS(2)
IPRED=-3

IF(F.GT.0) IPRED=LOG(F)
w=1

IRES=DV-IPRED
IWRES=IRES/W
Y=IPRED+W*PROP

"LAST

" coM()=G6(1,D)
" ocom(2)=G(2,1)
" coM(3)=G(3,1)
" coMm(4)=G(4,1)
" coM(5)=G(5,1)
" CcoM(6)=G(6,1)
" coM(7)=G(7,1)
" comM(8)=HH(1,1)
" com(9)=HH(2,1)

$EST METHOD=1 POSTHOC PRINT=5 MAX=9999 SIG=3 MSF0=033.msf

$THETA
(0.1,2000) ;[cL]
(0.1,2000) ;[v2]
(0.1,5) ; [KA]
(0.1,200) ;[cLMm]
(0.1,300) ;[v3]
(0.1,50) ; [Q]
(0.1,50) ; [V4]
(-1, -.3) ;[FOOD_KA]
0, 5 s [wT_CLM]

$OMEGA

1 ;[P] omega(l,1)
1 ;[P] omega(2,2)
1 ;[P] omega(3,3)
1 ;[P] omega(4,4)

11¢
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1 ;[P] omega(5,5)

0 FIXED
0 FIXED

$SIGMA

; [P] omega(6,6)
; [P] omega(7,7)

1 ;[A] sigma(l,1)
1 ;[A] sigma(2,2)

$Cov PRINT=E

$TABLE ID

SID TIME TAD IPRED CMT CL CLM V2 V3 KA Q v4

AGE WT SEX FOOD DOS ONEHEADER NOPRINT FILE=033.tab

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID

CL CLM Q V2 V3 V4 KA K23 K30 K34 K43
NOPRINT FILE=033.par

ETALl ETA2 ETA3 ETA4 ETAS
NOPRINT FILE=033.eta

TIME TAD IPRED IWRES EVID MDV
NOPRINT FILE=SDTABO33

CL KA V2 V3 CLM Q V4
NOPRINT FILE=PATABO33

AGE WT
NOPRINT FILE=COTABO33

SEX DOS FOOD CMT
NOPRINT FILE=CATABO33

comM(1)=G11l com(2)=G21 com(3)=G31l com(4)=G41l

com(5)=G51 com(6)=G61 com(7)=G71 com(8)=H11l com(9)=H21

IPRED MDV

NOPRINT ONEHEADER FILE=033.deriv



APPENDIX B

THE OUTPUT SUMMARY FOR THE FINAL MODEL IN

CHAPTER II

PDx-Pop 3.0 Run Summary File Run No: 033

[18MAY2008 Revision]
Date: ==== START TIME ====

output Extracted from file:

DataFile: PHASELASDHA.CSV

MINIMIZATION STATUS
MINIMIZATION SUCCESSFUL

c:\pdxpop3\phasel\033.res

NO. OF FUNCTION EVALUATIONS USED: 653
NO. OF SIG. DIGITS IN FINAL EST.: 3.2

ETABAR IS THE ARITHMETIC MEAN OF THE ETA-ESTIMATES,
AND THE P-VALUE IS GIVEN FOR THE NULL HYPOTHESIS THAT THE TRUE MEAN IS O.

ETABAR: 0.30E-02 -0.37E-01 -0.86E-01 0.12E-02 0.92E-02 0.00E+00 0.00E+00

SE: 0.28E-01 0.39e-01 0.73e-01 0.23e-01 0.17e-01 0.00E+00 0.00E+00
P VAL.: 0.91E+00 0.34E+00 0.24E+00 0.96E+00 0.58E+00 0.10E+01 0.10E+01
MINIMUM VALUE OF OBJECTIVE FUNCTION : 487.204

ETABAR P VAL. FOR NO ETA < 0.05

MODEL DEFINITION
"FIRST

" COMMON,/PRCOMG/IDUM1, IDUM2 , IMAX , IDUM4 , IDUM5
"INTEGER IDUMI1,IDUM2,IMAX,IDUM4,IDUM5

"IMAX=200000

;ARTS PARAMETERS
TVCL=THETA(1)
CL=TVCL*EXP(ETA(1))

TVV2=THETA(2)
V2=TVV2*EXP(ETA(2))

TVKA=THETA(3) * (1+THETA(8) *FOOD)

KA=TVKA*EXP (ETA(3))

;DHA PARAMETERS

TVCLM=THETA(4)+THETA(9) * (WT-61.5)

CLM=TVCLM*EXP(ETA(4))

TVV3=THETA(5)
Vv3=TVV3*EXP(ETA(5))

TVQ=THETA(6)
Q=TVQ*EXP(ETA(6))

TVV4=THETA(7)
V4A=TWV4*EXP(ETA(7))

; SCALING AND REPARAMTERISATION

K23=CL/V2
K30=CLM/V3
K34=Q/Vv3
K43=Q/v4
S2=V2
S3=v3
SID=ID
0BS=DV

PROP=0

IF(CMT.EQ.2) PROP=EPS (1)
IF(CMT.EQ. 3) PROP=EPS (2)
IPRED=-3

IF(F.GT.0) IPRED=LOG(F)

11¢
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w=1
IRES=DV-IPRED
IWRES=IRES/W
Y=IPRED+W*PROP

"LAST
" com(1)=G(1,1)
" com(2)=G6(2,1)
" com(3)=G(3,1)
" com(4)=G(4,1)
" com(5)=G(5,1)
" com(6)=G(6,1)
" ocom(7)=G(7,1)
" com(8)=HH(1,1)
" CcomM(9)=HH(2,1)

95% CONFIDENCE INTERVAL DESCRIPTOR/

FINAL ESTIMATE %RSE LBOUND UBOUND VARIABILITY
THETA
1 1.19e+003 4.20% 1.09e+003 1.29e+003 CL
2 1.21e+003 5.77% 1.07e+003 1.35e+003 V2
3 3.85 3.61% 3.58 4.12 KA
4 93.7 3.30% 87.6 99.8 CLM
5 97.1 4.85% 87.9 106 V3
6 5.74 12.8% 4.30 7.18 Q
7 18.5 10.6% 14.7 22.3 V4
8 -0.840 2.32% -0.878 -0.802 FOOD_KA
9 1.90 16.3% 1.29 2.51 WT_CLM
INTERINDIVIDUAL
OMEGA VARIABILITY
1,1 0.131 17.8% 0.0853 0.177 «c¢v = 36.2%
2,2 0.330 20.9% 0.195 0.465 «c¢v = 57.4%
3,3 1.26 15.4% 0.880 1.64 c¢v = 112%
4,4 0.0786 22.5% 0.0439 0.113 «c¢v = 28.0%
5,5 0.0901 36.0% 0.0266 0.154 «¢v = 30.0%
6,6 0.00 ces e ce v = ca
7,7 0.00 ce . ce eV = ce
RESIDUAL
SIGMA VARIABILITY
1,1 0.375 9.73% 0.303 0.447 sD = .
2,2 0.282 11.2% 0.220 0.344 sD = 0.531

*Indicates 95% confidence interval that includes zero
%RSE is percent relative standard error (100% x SE/EST)

Akaike Information Criterion: 523.204
Schwarz Bayesian Criterion: 626.284
CONDITION NUMBER = 24.0 (DOES NOT EXCEED 1000)



APPENDIX C
NONMEM CONTROL FILE FOR THE FINAL MODEL IN

CHAPTER IlI

;Model Desc: final model

;Project Name: phase2&3_cov
;Project ID: AS_DHA

$PROB RUN# 183

$INPUT C ID TIME TAD AMT DV MDV EVID CMT AGE WT HT=DROP BMI=DROP
LBW=DROP SEX GEO COUN=DROP XPAR=DROP PARA HCT HGB RBC XALT=DROP ALT
XAST=DROP AST IFXN=DROP OCC=DROP FORM TOUT=DROP

$DATA phase2_3_final.csv IGNORE=C
$ABB COMRES=5

$SUBROUTINE ADVANS

$MODEL

NCOMPS=4

CcoMP= (DEPOT,DEFDOSE)

COMP= (CENTRAL,DEFOBS)

COMP= (METAB)

CcoMP= (AS_PERI)

$PK
TVCL=THETA(L) * (WT/70)**.75
CL=TVCL*EXP(ETA(1))

TVV2=THETA(2)*(WT/70)
V2=TVV2*EXP(ETA(2))

TVKA=THETA(3)
KA=TVKA*EXP(ETA(3))

TVCLM=THETA(4)*(WT/70)** .75
CLM=TVCLM¥*EXP (THETA(8) *ETA(1))

TVV3=THETA(5) *(WT/70)
V3=TVV3*EXP(THETA(9)*ETA(1))

TVQ=THETA(6) * (WT/70)**.75
Q=TVQ*EXP(THETA(10)*ETA(1))

TVVA=THETA(7)*(WT/70)
V4=TvVv4 *EXP(THETA(11l)*ETA(L1))

K12=KA
K23=CL/V2
K24=Q/V2
K42=Q/Vv4
K30=CLM/V3
S2=V2
S3=v3
SID=ID
OBS=DV

$INFN

IF (ICALL.EQ.3) THEN
OPEN(50,FILE="CWTAB183.est')
WRITE (50,%*) 'ETAS'
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DO WHILE(DATA)
IF (NEWIND.LE.1) WRITE(50,*) ETA

ENDDO

WRITE (50,*) 'THETAS'
WRITE (50,%*) THETA

WRITE (50,*) 'OMEGAS'
WRITE (50,*) OMEGA(BLOCK)
WRITE (50,*) 'SIGMAS'
WRITE (50,*) SIGMA(BLOCK)
ENDIF

$ERROR

PROP=0

IF(CMT.EQ.2)PROP=EPS(1)
IF(CMT.EQ.3)PROP=EPS(2)
IPRED=LOG(1)
IF(F.GT.0)IPRED=LOG(F)
w=1

IRES=DV-IPRED
IWRES=IRES/W
Y=IPRED+W*PROP

"LAST

" ocoM()=G6(1,D)
" ocom(2)=G(2,1)
" coM(3)=G(3,1)
" coM(4)=HH(1,1)
" com(5)=HH(2,1)

$EST METHOD=1 INTERACTION NOABORT POSTHOC PRINT=5 MAX=9999 SIG=3
MSFO=183.msf

(0, 1500);[cL]

(0, 500, 5000);[v2]
(0, D ; [KA]

(0, 100) ;[cLM]

(0, 130) ;[v3]

(0, 150) ;[a]

(0, 1000);[v4]

0, D : [THETAS8]
0, 1D ; [THETA9]
0, D : [THETA10]
0, D ; [THETA11]

$OMEGA

1 ;[P] omega(l,1)
1 ;[P] omega(2,2)
1 ;[P] omega(3,3)

$SIGMA
1 ;[A] AS
1 ;[A] DHA

$Cov PRINT=E

$TABLE ID SID TIME TAD IPRED CMT CL V2 KA CLM V3 Q V4
WT PARA HCT ALT AST AGE RBC SEX GEO HGB FORM
ONEHEADER NOPRINT FILE=183.tab

$TABLE ID ETAl ETA2 ETA3
ONEHEADER NOPRINT FILE=183.eta



$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID
ONEHEADER

$TABLE ID

CL V2 KA CLM V3 Q V4
NOPRINT FILE=183.par

TIME IPRED IWRES EVID MDV CMT TAD
NOPRINT FILE=SDTAB183

CL V2 KA CLM V3 Q V4 ETALl ETA2 ETA3
NOPRINT FILE=PATAB183

WT PARA HCT ALT AST AGE RBC HGB
NOPRINT FILE=COTAB183

SEX GEO FORM
NOPRINT FILE=CATAB183

comM(1)=G11 com(2)=G21 com(3)=G31l com(4)=H1ll

COM(5)=H21 IPRED MDV NOPRINT ONEHEADER FILE=CWTAB183.deriv



12C

APPENDIX D
THE OUTPUT SUMMARY FOR THE FINAL MODEL IN

CHAPTER Il

PDx-Pop 3.0 Run Summary File Run No: 183

[18MAY2008 Revision]

Date: ==== START TIME ====

output Extracted from file: c:\pdxpop3\phase2&3_cov\183.res
DataFile: phase2_3_final.csv

MINIMIZATION STATUS
MINIMIZATION SUCCESSFUL
NO. OF FUNCTION EVALUATIONS USED: 611
NO. OF SIG. DIGITS IN FINAL EST.: 3.4

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

ETABAR: -0.17E-01 0.26E+00 0.35e-01

SE: 0.89e-02 0.40E-01 0.62E-02
P VAL.: 0.50E-01 0.13e-09 0.28E-07
MINIMUM VALUE OF OBJECTIVE FUNCTION : 3042.310

ETABAR P VAL. FOR ETA2 , ETA3 < 0.05

MODEL DEFINITION
TVCL=THETA(1) *(WT/70)**.75
CL=TVCL*EXP(ETA(1))

TVV2=THETA(2) * (WT/70)
V2=TVV2*EXP(ETA(2))

TVKA=THETA(3)
KA=TVKA*EXP (ETA(3))

TVCLM=THETA (4) * (WT/70) ** .75
CLM=TVCLM*EXP(THETA(8) *ETA(1))

TVV3=THETA(5)*(WT/70)
V3=TVV3*EXP(THETA(9) *ETA(1))

TVQ=THETA(6) * (WT/70) ** .75
Q=TVQ*EXP(THETA(10) *ETA(1))

TVV4=THETA(7) * (WT/70)
V4=Tvv4 *EXP(THETA(11)*ETA(L))

K12=KA
K23=CL/V2
K24=Q/V2
K42=Q/v4
K30=CLM/V3
S2=V2
S3=v3
SID=ID
0BS=DV

PROP=0

IF(CMT.EQ.2) PROP=EPS (1)
IF(CMT.EQ. 3) PROP=EPS (2)
IPRED=LOG(1)

IF(F.GT.0) IPRED=LOG(F)
w=1

IRES=DV-IPRED
IWRES=IRES/W
Y=IPRED+W*PROP
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"LAST
" comM(1)=G(1,1)
" ocom(2)=G6(2,1)
" com(3)=G(3,1)
" com(4)=HH(1,1)
" coM(5)=HH(2,1)

95% CONFIDENCE INTERVAL DESCRIPTOR/

FINAL ESTIMATE %RSE LBOUND UBOUND VARIABILITY
THETA
1 1.52e+003 5.83% 1.35e+003 1.69e+003 CL
2 477 12.5% 360 594 V2
3 1.05 8.49% 0.875 1.22 KA
4 110 3.75% 102 118 CLM
5 127 6.50% 111 143 V3
6 136 16.3% 92.7 179 Q
7 1.10e+003 33.3% 383 1.82e+003 V4
8 0.914 24.6% 0.473 1.36 THETA8
9 1.44 26.6% 0.689 2.19 THETA9
10 0.921 39.0% 0.217 1.62 THETA10
11 1.47 39.0% 0.347 2.59 THETA1l
INTERINDIVIDUAL
OMEGA VARIABILITY
1,1 0.182 29.6% 0.0764 0.288 c¢v = 42.7%
2,2 3.07 13.8% 2.24 3.90 c¢v = 175%
3,3 0.168 43.0% 0.0265 0.310 c¢v = 41.0%
RESIDUAL
SIGMA VARIABILITY
1,1 0.848 9.60% 0.688 1.01 sb = 0.921
2,2 1.05 7.15% 0.903 1.20 sb = 1.02

*Indicates 95% confidence interval that includes zero
%RSE 1is percent relative standard error (100% x SE/EST)

Akaike Information Criterion: 3074.31
Schwarz Bayesian Criterion: 3166.27
CONDITION NUMBER = 492.6 (DOES NOT EXCEED 1000)
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