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THESIS ABSTRACT

Evaluating strategies to delay the emergence of resistance to antimalarial drugs

David JamesBell

Background and Aims - Antimalarial treatment may fail due to parasite resistance or
if the parasites are not exposed to adequate drug concentrations. Resistance to most

antimalarials is widespread and artemisinin containing combination therapies (ACTs)

are recommended to delay the development of resistance. Artemisinins have short

elimination half-lives while the partner drugs in the available ACTs have long

elimination phases. Drugs with long elimination phases are more likely to select for

resistant parasites. The aims ofthis thesis were to investigate the selective pressure for

resistance of four different antimalarial regimes and to study their pharmacokinetics

(PK)in children with malaria.

Methods — 455 children under 5 years were recruited into clinical trial in Malawi to

compare sulfadoxine-pyrimethamine (SP) with chloroquine (CQ)+SP,artesunate +SP

and amodiaquine (AQ)+SP for the treatment of uncomplicated malaria. HPLC

methods for the quantification of these drugs were developed and used to investigate
their PK using population PK modelling. These models were used to determine

whether we are adequately dosing this vulnerable age group and to identify PK

predictors of treatment outcome. PCR was used to compare the prevalence of known

genetic mutations associated with resistance before and after treatment with the

different antimalarial regimes.

Results - The day 28 treatment success rate for SP was <30% andinferior to the three

combination therapies. AQ+SP was superior to the other 2 combination therapies.

Over 90% of pre-treatment parasites were “quintuple” mutants, a genotype associated

with parasite resistance to SP and consistent with the high SP failure rates seen.

Treatment with AQ+SP resulted in the selection of the mutation pfmdrl 86Y

associated with AQ resistance. The molecular marker associated with CQ resistance,

pfcrt K76T could not be detected before or after treatment.

Concentration-time profiles were established for 156 children for sulfadoxine (SDX),

134 for pyrimethamine (PYM), 90 for CQ and 62 for the AQ metabolite (AQm) There

was no evidence of under dosing of SP or CQ compared to adults; derived PK

parameters for the children were in keeping with those reportedin the literature. Drug
concentration thresholds, predictive of day 28 treatment outcome, were identified for

SDX, PYM and CQ. Most of the children studied had SDX and PYM concentrations

below these threshold concentrations despite receiving doses equal to or greater than

those recommended.These data suggest that some of the treatmentfailures seen in the

clinical trial may have been due to inadequate drug exposure. Onthe basis of these

data, dose adjustments for SP and CQ are recommendedfor children under5 years.

These are important observations not just for the drugs studied here, but for

antimalarial therapy in general and demonstrate the importance of PK when

conducting efficacy studies and for the optimization of dosing regimes of established

antimalarials and those in development.
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CHAPTER 1 INTRODUCTION

1.1. Malaria parasites andtheirlifecycle

Falciparum malaria is the commonestlife-threatening parasitic disease responsible

for between 300-500 million cases of malaria illness annually and affecting one third

of the world’s population. Estimates of the annual mortality caused by malaria range

from 0.7—2.7 million people [1]. More than 90% of these deaths occur in sub Saharan

Africa. Because of increased drug resistance and drug costs, malaria is responsible

for a substantial amount of economic andsocial hardship through absenteeism from

work and school and the direct costs of treatment.

There are over a 120 species of the Plasmodium genusbutit is P. falciparum, P.

vivax, P. ovale and P. malariae that cause human disease. Until recently, the other

species were thought only to infect animals and not cause human illness. However,

P. knowelsi, a parasite which usually infects monkeys in southeast Asia, has recently

been described causing illness in Malaysia and may now beconsidered the fifth

human malaria species [2]. The geographical distributions of the species vary; P.

vivax infection has the widest geographical range and accounts for over half ofall

malaria infections outside Africa and approximately 10% of those in Africa [3]. P.

ovale is found mainly in West Africa and P. malariae has a patchy distribution

throughout tropical and temperate regions. It is however P. falciparum, found

throughout the tropics, that is responsible for the vast majority of deaths and

morbidity and drugresistant P. falciparum is widespread with the parasite resistant to

most of the available antimalarials in use today. For these reasons, the focus of the

workin this thesis is on the treatmentof P. falciparum infection in Africa.

Malaria parasites are transmitted to humans at the time of biting by the female

anopheles mosquito. Malaria sporozoites are inoculated in the saliva of the mosquito.

These invade hepatocytes in the liver and undergo a variable period of replication,

the exo-erythrocytic cycle. The duration of this stage depends on the species

involved, the presence of antimalarial drugs in the blood and other host and parasite

factors. For P. falciparum,this period is usually between 10 and 20 days. At the end

of this period, millions of merozoites are released from the liver to invadecirculating

red blood cells (RBCs). Several rounds of asexual replication then take place within



the infected RBCsin the blood, the erythrocytic cycle. During this time, the parasite

develops from the ring stage morphology to the trophozoite stage. After

approximately 48 or 72 hours, depending on the infecting species, infected red cells

packed with mature trophozoites (schizonts), rupture, releasing more merozoites (to

infect more RBCs) and other parasite antigens. It is at this point that clinical

symptomsfirst occur.

At some point, usually 2 or 3 week after the infection, some of the merozoites

differentiate into male or female gametocytes which are the stage of the parasites

which are infectious to biting mosquito; gametocytes are not pathogenic. The

gametocytes are taken up by the mosquito during a blood meal. Within the mosquito,

the haploid male and female gametocytes fuse to form diploid zygotes. In a

polyclonal infection, male and female gametocytes are present from different parasite

strains and during zygote formation, genetic mixing between different strains occurs.

This is important in the origin and spread of drug resistance [4]. Genetic

combinations, which confer a survival advantage to the parasite against adverse

conditions — such as drugs, may be created or broken up during this gene mixing

process. In a single strain infection, self-fertilization occurs and the offspring share

the same genesasthe parent.

Zygotes develop into motile ookinetes which migrate from the mosquito gut lumen

into the gut wall where they develop further into oocysts. Sporozoites develop inside

oocysts and are released into the body cavity after oocyst rupture, migrating

thereafter to the salivary glands. At the next blood meal, relatively small numbers of

these sporozoites are inoculated by the biting mosquito, starting a new human or

animal infection. Ovale and vivax have an additionallife stage with the development

of a dormantliver infection in humans, called a “hypnozoite”, which can cause a

relapse of malaria symptoms and parasitaemia many years after successful treatment

of the primary infection. Thelifecycle of P. falciparum in humans and mosquitoes is

shownin figure 1.1.
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Figure 1.1 — Lifecycle of P. falciparum parasites in humans and in the female

anopheles mosquito. From the Centre for Disease Control, USA,

http://www.cdc.gov/malaria/biology/life_cycle.htm

1.2. The pathogenic basis of the disease

The symptoms of malaria are related to the asexual (blood) stage of the parasite.

Cycles of RBC invasion and rupture leads to the release of malarial antigens which

triggers the release of pro-inflammatory cytokines like tumournecrosis factor (TNF)

and interferon-gamma from host mononuclearcells and with it the onset of fever [5].

P. falciparum has the highest replication rate of the human malarias and, unique to

falciparum malaria, infected RBCsin the peripheral blood are able to adhere to each

other, to uninfected RBCs to form rosettes, and to the endothelial walls of small

vessels in the brain, gut, spleen and other organs, as they mature. This process,

knownas cytoadherence, leads to the sequestration of large numbers of parasitized

red cells in microvascular beds. P. falciparum is so much more pathogenic than the

other malarias because of this sequestration process. The precise mechanisms by

which sequestration leads to pathology and the life-threatening complications that



characterise severe malaria are not known, although several hypotheses are proposed

[6]. These include:

- mechanical obstruction of the micro-vasculature causing local ischaemia

- alterations in capillary permeability and the blood-brain-barrier leading to

oedema

- the release of pro-inflammatory cytokines like TNF and interleukin-1 and the

induction of nitric oxide synthesis

1.3. Malaria Clinical Features and Immunity

The consequences of infection with P. falciparum malaria can broadly be classified

into three syndromes, asymptomatic infection, uncomplicated malaria and severe

malaria. Asymptomatic infection occurs when an individual is able to tolerate the

presence of parasitaemia without exhibiting symptoms of the infection.

Asymptomatic infection is not clinically insignificant and may lead to anaemia and

infected individuals are infectious to mosquitoes and a significant reservoir of

infection [7]. This immune tolerance in known as premunition and is due to the

development of malaria specific partial immunity as a result of repeated falciparum

infections (usually with a limited number of locally prevalent isolates). In high

transmission areas, for example much of sub Saharan Africa, this immunity is built

up during early childhood [8]. Development of such ‘semi-immunity’ comesat a

great cost - much of the malarial morbidity and mortality affects young children [9].

Symptomatic malaria is uncommonin older children and adults, and infections may

be cleared by the body’s immune system without treatment being sought.

In contrast, people in countries with low-intensity or sporadic transmission, develop

little acquired immunity, and malaria infection causes symptomatic disease in all age

groups.In low transmission areas and in non-immuneindividuals, pregnancyisa risk

factor for the development of severe disease. Malaria in pregnant semi-immune

women causes maternal anaemia, prematurity and low birth weight, a major risk

factor for infantile death [10]. These effects are most commonly seen in

primigravidae.

Clinical features of uncomplicated or non-severe malaria are non-specific and

include fever, malaise, headache, myalgia, anaemia and minor gastrointestinal



symptoms. Approximately 1-2% of uncomplicated infections progress to severe and

life-threatening malaria characterised by the development of one or more organ or

tissue complications. Severe malaria has a mortality rate of between 15-50%

dependingonthesetting [11].

For children in high-transmission areas, the features that characterise severe malaria

are predominantly severe anaemia, altered consciousness and convulsions, acidosis

and hypoglycaemia [12]. One or several of these may be present in an individual, the

prognosis worsening with the number of complications. Intravascular haemolysis

with haemoglobinuria occurs occasionally in children with malaria and is usually

short-lived and is not associated with a poor prognosis. Renal failure, acute

respiratory distress syndrome and disseminated intravascular coagulation are rare

complications of malaria in children, more commonly seen in adults in low

transmission areas and non-immunetravellers. Most patients suffering coma and/or

convulsions makea full neurological recovery, but 5-10% of individuals are left with

neurological sequelae including ataxia, blindness, epilepsy or subtle motor or

cognitive defects [13,14].

1.4. Determinants of disease severity

In high-transmission areas, malaria specific acquired immunity plays an important

part in moderating the consequencesof a P. falciparum infection and the likelihood

of infection leading to severe disease falls with increasing age of the individual. The

risk of progression to severe disease is also lessened by antimalarial drug prophylaxis

and by the promptnessofeffective therapy for the earliest symptomsandsigns of the

infection.

Several host genetic factors influence the risk that P. falciparum infection will lead

to severe disease. The best documented of these are the protection afforded against

severe malaria by the heterozygous state for hemoglobin S (the sickle cell trait) [15]

and by the alpha+ thalassemias [16]. HIV (human immunodeficiency virus) and

malaria co-exist at high intensity in many countries and available evidence suggests

that immunosuppression due to HIV conveys an increased risk of malarial infection

and is associated with higher circulating parasite densities. HIV-infected individuals

appearto beat greaterrisk of failing treatment and of developing severe disease [17].



Parasite genetic factors appear to affect the ‘virulence’ of parasite clones, and several

studies have suggested that some P. falciparum variants are significantly associated

with severe disease. A family of P. falciparum genes code for the protein

plasmodium falciparum erythrocyte membrane protein 1 (pfEMP1) which is

expressed on the surface of parasitized erythrocytes, and several studies indicate that

virulence of parasite clones is associated with the expression of some of these genes

rather than others [18].

1.5. Malaria Control

In 1955 the World Health Organisation (WHO) set out an ambitious plan for the

worldwide eradication of malaria. The strategy relied heavily upon indoor spraying

with the insecticide dichloro-diphenyl-trichloroethane (DDT) and drug treatment

programmes using the drug chloroquine. However, this strategy was abandoned in

1969 in favour of a strategy of malaria control after in became clear that worldwide

eradication could not be achieved using the tools available at that time. Although the

programme is viewed as having failed, malaria was eradicated from over 30

countries with the risk of malaria removed for over 20% of the world’s population

[19].

The cornerstones of malaria control in Africa today are:

1. Provision of prompt, effective treatment for malaria infections

2. Measures to reduce human / mosquito contact including the use of insecticide-

treated nets (ITN), insecticides like DDT against mosquitoes, larvicidal agents in

mosquito breeding areas and environmental modifications e.g. drainage to remove

mosquito breeding grounds.

3. Intermittent Presumptive Therapy (IPT) in pregnancy, and increasingly in infants,

to prevent or reduce the consequencesofinfection in these vulnerable groups.

The ultimate goal for malaria control is the development of an effective and

affordable vaccine. While some recent vaccine trials in Africa have shown some

early promiseit is likely that this goal remains manyyearsdistant [20].



1.6. Malaria diagnosis and presumptive therapy

The diagnosis of malaria is usually made by examining a peripheral bloodslide for

the presence of parasites. Malaria microscopy is time consuming and requires

training and equipment but, in skilled hands,is still the most sensitive method of

detecting infection. Rapid diagnostic tests (RDTs), by which parasite antigens or

enzymesare detected in a drop of blood applied to a test-strip, have become more

widely available in recent years, but their cost remains prohibitive in many countries

[21]. In most sub-Saharan African countries there are insufficient staff or resources

available to perform blood tests — whether by microscopy or by RDTs - on every

patient with suspected malaria.

Interpreting the results of an RDT or blood film is, in some circumstances, fraught

with difficulty. In much of Africa, asymptomatic infection is common and the

presenceofparasites in the blood does not equate with disease [22]. A child with a

fever and a cough with a positive blood film or RDT may in fact have pneumonia

and notbeill because of the malaria infection. This leads to over-diagnosis and over-

treatment of malaria, and result in a failure to identify and treat the true cause of the

illness. In low transmission countries, asymptomatic carriage is not seen, and a

positive blood test is indicative of disease. To add tothe difficulty, a single negative

blood film does not rule out malaria; infected red cells sequester in the tissues in the

later stagesof the parasite’s life cycle and may notbe present in the bloodat the time

of the test. Even if parasites are circulating, a non-immune person may becomesick

when the parasite density in the peripheral blood is too low to detect by microscopy

or RDT. As a consequence of this, many clinicians will choose to treat a patient for

malaria on clinical grounds despite a negative bloodtest.

In the light of these difficulties, many malaria endemic countries have a policy of

“presumptive diagnosis” of malaria. A child presenting with clinical features

consistent with malaria and in whom noothercauseis apparent, is treated for malaria

without any blood tests being performed. The Integrated Management of Childhood

illness (IMCI) guidelines of the WHO contain within them this principle of

presumptive diagnosis [23]. The clinician attending a sick child will follow a

diagnostic algorithm based uponrelatively simple symptomsandsigns leadingto the

diagnosis. The IMCI guidelines are amended to cover the diseases common to



children of each country where they are used and to follow national treatment

policies. Commonconditions covered include acute respiratory infections, diarrhoeal

diseases, meningitis, sepsis, malaria, measles, ear infection, malnutrition and

anaemia. A policy of treatment based on presumptive diagnosis is a pragmatic

answer to the diagnostic difficulties outlined above and, although it leads to over-

treatment of malaria, it is affordable when treatments are cheap, effective and have

few side-effects. In the coming era of more expensive treatment regimes, this policy

is coming underincreasing scrutiny [24,25].

1.7. Antimalarial Chemotherapy

1.7.1. Aims of treatment

The aims of treatment for uncomplicated malaria are (1) to prevent progression to

severe disease and (2) to eliminate the parasites from the body. For severe malaria,

the aims are (1) to eliminate parasites using parenteral antimalarial therapy and, (2)

to support the patient until organ ortissue dysfunctions are corrected.

In sub Saharan Africa most cases of uncomplicated malaria are managed on an

outpatient basis with oral antimalarial therapy. Patients are usually less sick owing to

the partial immunity built up after repeated malaria infections during childhood. In

non-immunepopulations and severe malaria cases, inpatient treatment is commonly

required. In addition to anti-parasite treatment, supportive therapy to treat anaemia,

maintain hydration and provide antipyretic measures should also be given if required.

For P. ovale or P. vivax infection, an additional aim is to achieve a “radical” cure

with the eradication of the hypnozoite or liver dormant stage to prevent future

relapse. This may however be unrealistic if the patient lives in an area where

reinfection is inevitable (in fact the risks of the drug might outweighits benefits in

these circumstances).

1.7.2. Drugs to treat falciparum malaria

The ideal treatment for uncomplicated malaria is an inexpensive, single dose oral

regime with noside effects and against which parasites would not developresistance.

None of the treatment regimes currently available satisfy all of these conditions.

Antimalarials drugs broadly fall into five different chemical groups:



1. Quinoline derivatives

2. Antifolates

3. Artemsinin derivatives

4. Antibiotics

5. Atovaquone

Important features of these drugs are discussed below with particular emphasis on

the drugs studied in this thesis, sulfadoxine (SDX), pyrimethamine (PYM),

chloroquine (CQ), amodiaquine (AQ)and artesunate ART). The chemicalstructures

of these compoundsare shownin figure 1.2.
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Figure 1.2 Chemical structures of sulfadoxine (SDX), pyrimethamine (PYM),

chloroquine (CQ), amodiaquine (AQ) and artesunate (ART). From Hodel EM et al

(2009) [26].

1.7.3. Quinoline Derivatives

Thefirst treatment for malaria to be introduced to England wasderived from the bark

of the Cinchona tree and brought by Jesuit missionaries returning from South

America around the middle of the 17" century. The bark was used bynative Inca

tribes as a treatment for fever and its active components, cinchona alkaloids,



included quinine and quinidine [27]. The structure of quinine with its quinoline

nucleus was elucidated in 1908 leading to the development of synthetic quinoline-

based antimalarials. In the 1925 German research workers in the Bayer laboratories

synthesized thefirst synthetic antimalarials, an 8-aminoquinoline called plasmoquine

and in 1932, mepacrine, an acridine dye derivative with antimalarial properties, was

developed [28]. In 1934, further modifications to the quinoline nucleus led the

German scientists to the 4-aminoquinoline chloroquine (CQ), initially called

resochin.

With the onset of the Second World War, the Allied powers including Great Britain

and the United States set up a collaborative drug discovery programme to develop

synthetic antimalarial compounds [29]. The spur to this was that 95% of the world’s

quinine supplies were cut off when the Japanese army took the island of Java and

with it, the Cinchonaplantations. The Allies “re-discovered” CQ, which had not been

further developed by the Germanscientists, and it began clinical trials in 1943 [30].

Another 4-aminoquinoline, amodiaquine (AQ) was developed in 1955 as an

alternative to CQ.

In 1963, the problem of CQ resistance during the Vietnam War led the US Walter

Reed Army Institute for Research to stage a large-scale screening programme to

identify further antimalarial drugs to protect its soldiers. This led the development of

2 new classes of quinoline derived drugs, 4-quinoline-methanols which included

mefloquine (discovered in 1984), and aryl (amino) carbinols which included the

drugs halofantrine and lumefantrine. Two further quinoline derived drugs were

developed in China in the 1960s; piperaquine, a bis-quinolines with two quinoline

nuclei bound by a covalentlink, and pyronaridine,structurally related to the acridine-

based compound mepacrine.

1.7.3.1. Chloroquine (CQ)

This 4-aminoquinoline has activity against the blood (ring form) stage of the

parasites and gametocytes but not against sequestered parasites. CQ costs less than

$0.10 per adult treatment, has rapid antipyretic andanti-parasitic effects and is taken

orally once daily for 3 days. CQ appears to be safe in pregnancy and its main

symptomatic adverse-effect is pruritus. CQ remains the first-choice drug for
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infections by P. vivax, P. ovale and P. malariae and is also used for IPT in

pregnancy in some countries. CQ resistance wasfirst documented in the late 1950s in

Southeast Asia then Africa by the end of the 1970s and is now established in almost

all malaria-endemicareas of the world [31].

Chloroquineis rapidly and almost completely absorbed after oral administration. The

drug is about 50% bound to plasma proteins and undergoesextensive tissue binding,

particularly to erythrocytes (especially parasitized erythrocytes), and melanin

containing tissues in the skin (causing itch) and the eye. About half of the drug is

eliminated unchanged by the kidneys. The remainder is metabolised in the liver to

desethyl and bisdesethyl-chloroquine then excreted in the urine. The principal

metabolite, desethyl-CQ has similar antimalarial potencyas the parent drug [32].

1.7.3.2. Amodiaquine (AQ)

This 4-aminoquinoline retains someutility against CQ resistant parasites and forthis

reason it is increasingly being used in Africa, usually in a “combination therapy”

with another drug. [33]. AQ resistant falciparum malaria is however described in

parts of Africa [34]. AQ is inexpensive at $0.15 per adult treatment, and is taken

orally once daily for 3 days and is thoughtto be safe in pregnancy.

AQ wasfirst marketed for both the treatment and prevention of malaria. However, in

the mid-1980s, severe adverse reactions in the form of hepatitis and agranulocytosis

were described in travellers taking AQ as a prophylaxis, at estimated rates of | in

15,650 and 1 in 2,100 subjects respectively [35]. Between 1984 and 1987, 20 cases

of AQ associated agranulocytosis were reported in the literature in individuals taking

AQ for malaria prophylaxis [36-41]. The shortest duration of prophylaxis prior to

diagnosis of agranulocytosis was 3 weeks and lowesttotal dose consumed 1.2 grams.

The treatment dose for a 70 kg adult is 2.1 grams. As a result, the drug was

withdrawnas a prophylaxis against malaria in 1986.

AQ inducedtoxicity is thought to be an immunological phenomenon. Amodiaquine

is extensively metabolised in the liver and one ofits metabolites, a quinoneimine,

forms highly immunogenic drug-protein complexes [42]. Some individuals develop

antibodies against this drug-protein complex and these antibodies are thought to be

11



responsible for the agranulocytosis and hepatitis. However, not all patients who

develop antibodies will have adverse effects, and the mechanisms of AQ induced

toxicity are not fully understood [43].

In the late 1990s, in the face of high levels of resistance to CQ, mefloquine and

sulfadoxine-pyrimethamine (SP) and because there were few alternatives, the WHO

again recommended AQ for the treatment of malaria. As a treatment it appears safe

though we probably have insufficient data and continued pharmacovigilance is

required [44]. There is concern that as the drugis increasingly used to treat malaria

in Africa, with doses taken several times a year, adverse reactions may be seen.

AQ is readily absorbed after oral intake and is rapidly metabolised in the liver to

desethyl-amodiaquine (AQm) and amodiaquine—quinonimine, responsible for the

toxicity seen in some individuals. Within 8 hours of an oral dose, AQ can no longer

be detected in plasma.It is the metabolite, AQm, which is responsible for most of the

antimalarial activity. AQm and AQ are over 90% plasmaprotein bound and excreted

by the kidneys [45,46].

1.7.3.3. Mefloquine

This is a potent drug against P. falciparum resistant to 4-aminoquinolines and

antifolate combinations and also against P. ovale, P. vivax and P. malariae.

However, because of its cost (>$3 per treatment) and frequent symptomatic side

effects it is not considered realistic treatment option for uncomplicated malaria in

Africa. In Southeast Asia, resistance rapidly developed when mefloquine wasused as

a monotherapyto treat malaria [47].

1.7.3.4. Lumefantrine

Lumefantrine is combined with artemether in a fixed ratio tablet to make the potent

antimalarial combination ‘“artemether-lumefantrine” (AMLU, Coartem™). This is

effective against drug resistant falciparum malaria and is in wide-spread use

throughout the world as first-line treatment for uncomplicated malaria. The

combination has few side-effects and is well tolerated. More information on

Coartem™is given later in this chapter.
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1.7.3.5. Quinine

Quinine remains efficacious in clinical trials against multi-drug resistant P.

falciparum in most parts of the world, though in parts of Southeast Asia there is

evidence of a decline in the efficacy of the drug resulting in longer parasite and fever

clearance times [48]. As a monotherapy, it must be taken three times a day for 7

days, which makesit unsuitable for routine use for uncomplicated malaria. In malaria

endemic areasit is usually reserved for the treatment of severe disease or wherefirst

line therapy for uncomplicated disease has failed. Quinine has marked symptomatic

adverse-effects (tinnitus, dizziness, nausea) occurring in most individuals even at

normal doses. In the UK, quinine is the treatment of choice for both severe and

uncomplicated P. falciparum infections [49].

1.7.4. Antifolate drugs

These drugs inhibit parasite biosynthesis of folic acid, an essential step for de-oxy

ribonucleic acid (DNA) synthesis, by competing for the active site of the parasite

enzymes dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS) in

the parasite folic acid synthesis pathway [50]. Antifolate drugs were originally

developed for the treatment of leukaemia after it was observed that folic acid was an

essential factor for the growth of leukaemia cells. Proguanil wasthe first of the anti-

DHFR drug to be discovered in 1945 and is a pro-drug for cycloguanil.

Chlorproguanil is a pro-drug for chlorcycloguanil. Both are structurally related to

pyrimethamine (PYM), the most widely used anti-DHFRagent.

Sulpha drugs, including sulfadoxine (SDX), sulfalene and dapsone, inhibit the

parasite enzyme DHPS. When used alone, the potency of the anti-DHPS drugs is

low, however, when combined with anti-DHFR drugs like PYM,there is synergy.

This has led to their development as antimalarials combination therapies;

sulfadoxine-pyrimethamine (SP or Fansidar), sulfalene-pyrimethamine (Metakelfin)

and dapsone-pyrimethamine (Maloprim) [51]. Of these three antifolate combinations,

it is SP that is the most widely used.

1.7.4.1. Sulfadoxine-pyrimethamine(SP)

In the 1990’s, in response to the emergence of CQ resistant falciparum malaria, SP

replaced CQasfirst line treatment for uncomplicated malaria in many countries in
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Africa. SP would seem to be an ideal treatment choice for outpatient therapy - it

costs less than $0.10 per adult treatment, is taken as a single oral dose and has few

side-effects. However, resistance has developed quickly to SP whereverit has been

used, facilitated by the long half-lives of SDX and PYM [52]. Despite widespread

resistance, SPisstill extensively used in some countries, usually in combination with

AQ or CQ,andis used for IPT in pregnancy as a monotherapy.

SDX and PYMare both readily absorbed after oral ingestion and are highly protein

bound in the blood. Most SDX is excreted unchanged in the urine with a small

proportion metabolized to acetyl and glucuronide derivatives prior to excretion.

These metabolites are not active against malaria. PYM is extensively metabolised in

the liver, though some drug is eliminated unchangedin the urine. The metabolites are

not thought to have antimalarial activity [53].

1.7.5. Artemisinin Derivatives

Artemisinin (ginghaosu) is derived form the Chinese medicinal herb quinghao

(Artemisia annua) or sweet wormwood. In China, quinghao has been used as a

treatment for fever since the 4" century AD [54]. The active component, artemisinin

was extracted in 1972 and derivatives of the parent drug include artesunate (ART),

artemether, arteether and dihydroartemisinin. The artemisinins are effective against

all human malaria species and are active against malaria parasites at all stages of

their life cycle, from circulating ring forms to sequestered schizonts and they are

gametocidal. As a result, they cause the most rapid drop in circulating parasite

numbersof all the antimalarial drugs. In a typical adult malaria infection with a 2%

parasitaemia, the total number of parasites in the individual is approximately 10".

Every 2 days artemisinins reduce this parasite load by 10*, the parasite reduction

ratio (PRR). This compares to a PRR of 10° for CQ and SP, 10° for mefloquine and

10 for tetracycline [55].

Few adverse effects have been reported although the safety of artemisinins in

pregnancyis a concern. The artemisininsare all teratogenic in both rats and rabbits at

doses similar to those used in man [56]. The WHO advises that the artemisinins

should not to be takenin thefirst trimester of pregnancy unless the mother’s life is at

risk [57]. In fact, since pregnancytesting is generally unavailable, it is unclear how
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this recommendation will be managed operationally, and increasing numbers of

children will be born to mothers who were exposed to these drugs in early

pregnancy. Intravenous artesunate has been shownto be superior to quinine for the

treatment of severe malaria in adults in Southeast Asia, associated with a lowercase-

fatality rate, and is now the preferred primary therapy for complicated malaria in that

region [58]. Declining quinine efficacy has long been recognized in Southeast Asia

but not in Africa and trials comparing intravenous artesunate with quinine in African

children are in progress.

Artemisinins are rapidly metabolised in the liver to dihydroartemisin (DHA), the

chief biologically active metabolite. All artemisinins have very short elimination

half-lives, from < 1 hour for DHA and around 4 hours for artemether [59]. As a

result of this rapid elimination, artemisinins must be taken for 5 to 7 days when used

as monotherapyto attain a parasitological cure and this is operationally impractical.

When an artemisinin is combined with another antimalarial as an “artemisinin

combination therapy” (ACT), the treatment need be taken for only 3 days.

1.7.6. Antibiotics

Several antibiotics, including doxycycline, clindamycin and azithromycin have

antimalarial activity; reducing parasite load by a factor of 10 every 2 days [55]. As

such, they have no role as a monotherapy but are used to augmentthe activity of

other antimalarials. A seven-day course of doxycycline or clindamycin may be taken

with quinine where decreased susceptibility to quinine is suspected. Doxycycline is

also used as a prophylaxis.

1.7.7. Atovaquone

Atovaquone belongs to the naphthoquinone class of drugs. It has weak antimalarial

activity on its own but when combined with proguanil as Malarone™ has proven to

be an effective treatment against multi-drug resistant malaria and also a useful

prophylaxis. It is however very expensive ($30 per treatment), so unlikely to be used

in Africa as part of any national treatment policy. Similarly to the antifolate drugs,

the actions of the two drugs are synergistic. Resistance to Malarone™ has been

documentedin a few case reports from Africa [60].
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1.8. Resistance to antimalarial drugs

Resistance to antimalarial drugs is of huge public health importance and P.

falciparum has developed resistance to most of the drugs currently available. The

consequencesof drug resistance include more cases of severe disease and death, and

economic costs as a result of time off work and the need to treat resistant parasites

with more expensive agents. The development and spread of CQ resistance is

thought to have led to a 2 to 11 fold rise in the malaria associated mortality in

African children [61].

Southeast Asia and in particular, the Thai-Cambodian borderareais referred to as the

“birthplace” of antimalarial drug resistance. This refers to the observation that

parasite drug resistance to CQ, SP and mefloquine wasfirst observed in this area,

before spreading to other parts of Asia and onto Africa [62]. Why resistance arose

first in this part of the world is not fully understood but may be due in part to the

widespread use of fake or substandard drugs, differences in malarial immunity in

Asia compared to sub Saharan Africa and the fact that because malaria infections are

usually symptomatic in that region, all of the human parasite populationis eventually

exposedto drug.

Resistance may develop through the amplification and increased expression of

specific parasite genes or by spontaneous genetic point mutationsin the genes. In the

presence of drug, point mutations or amplifications, which confer survival advantage

to the parasite, will be preferentially selected. Mutations mayarise in the drug target

itself, e.g. the genes dhfr and dhps, reducing their sensitivity to the action of

antifolate drugs, or resistance may arise when mutationsarise in genes encoding drug

transporters, resulting in a reduced concentration of drug (CQ and AQ)atits target

site [63].

1.9. Molecular markersof resistance

1.9.1. Chloroquine

Pfcrt (plasmodium falciparum chloroquine resistance transporter), the gene

responsible for CQ resistance (CQR), encodes a protein called pfCRT, which is

localized in the parasite food vacuole wall. Several mutations within this gene have

been identified but the K76T mutation, resulting in an amino acid substitution from
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lysine (K) to threonine (T) at codon 76, appearscritical [64]. As a molecular marker

for CQR in vivo, this mutation is almost 100% sensitive and 40-50% specific, [31]

and it has been shownto confer resistance in genetic transformation studies [65].

Another gene, pfmdrl (plasmodium falciparum multidrug resistance gene 1),

encoding Pgh-1, a food vacuole glycoprotein, has been suggested as also having a

role in modulating CQR [66]. Many polymorphismsof this gene have been described

but the N86Y mutation, with substitution of asparagine (N) for tyrosine (Y) at codon

86 and the D1246Y mutation (substitution of aspartic acid (D) for tyrosine (Y) at

codon 1246) have been the most investigated in Africa. Some studies have shown

associations between these mutations and in vivo CQR,but others have not [31].

Amplification of the pfmdr1 gene (increased copy number) has also been associated

with CQR in somestudies [67]. Unlike the pfcrt K76T mutation, pfmdr1 mutations

or amplifications do not appear to be the major determinant of CQ resistance, and

their role may be to augmentthe degree of CQ resistance [68].

1.9.2. Amodiaquine

The genetic basis of parasite resistance to AQ is less well understood than for CQ.

AQ has been shown to haveclinical utility even in areas of chloroquine resistance

[33] but in vitro studies have demonstrated cross-resistance between CQ and AQ

suggesting that the drugs share a commonresistance mechanism [69]. Mutations in

the genes pfcrt and pfmdr1 have been associated with AQ resistance in vitro [70]. In

Nigeria, the presence of mutantalleles in both pfcrt 76 and pfmdrI 86 alleles have

been shownto be associated with in vivo AQ resistance and these mutations were

selected in children who failed AQ treatment [71]. The role of pfmdrI copy number

in AQ resistancein vivo is not established.

1.9.3. Lumefantrine and Mefloquine

In vitro studies have demonstrated parasite cross-resistance to lumefantrine and

mefloquine and suggested a central role for pfmdr/ in the shared resistance

mechanism [72]. An increase in pfmdr1 copy numberhas been shownto be the best

predictor of mefloquine treatmentfailure and morerecently an increase in the pfmdr1

copy number was associated with a decrease in parasite in vitro sensitivity to
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lumefantrine [47,73]. The pfmdr1 86Nallele has also been associated with decreased

lumefantrine sensitivity in vitro [74].

1.9.4. Sulfadoxine-pyrimethamine

Resistance to SP is mediated by the sequential acquisition of point mutations in the

genes dhfr and dhps [75]. PYM initially selects for the single dhfr mutation, S108N

(Serine to Asparagine), causing low-level resistance and is subsequently followed by

NS51I (Asparagine to Isoleucine) or C59R (Cysteine to Arginine). A fourth point

mutation in dhfr, 1164L (Isoleucine to Leucine) confers high-level resistance to PYM

and is found extensively in Southeast Asia and South America but there is debate

over its existence in Africa [76]. More discussion on these mutations is found in

chapter5 ofthis thesis.

Point mutations in the gene dhps at codons 437, 436, 581, 540 and 613 are associated

with a decreased susceptibility to SDX [75]. In Africa, the mutations A437G

(Alanine to Glycine) followed by K540E (Lysine to Glutamine) then A581G

mutation (Alanine to Glycine) are most commonly found. Parasites with all mutant

alleles at dhfr codons 51, 59 and 108 are termed “triple” mutants and parasites with

all mutant alleles at dhfr codons 51, 59 and 108 and dhps codons 437 and 540 are

called “quintuple” mutants. These genotypes have been shown in Malawito be

strongly predictive of SP failure in young children, with oddsratio for failure of 10.3

and 13.4 for “triple” and “quintuple” mutants respectively [77]. Additionally, the

combined presence of the mutant alleles dhfr 59R and dhps 540E has been shown to

predict the presence of the quintuple mutant with a high degree of accuracy and can

be used as molecular markers for this genotype.

1.9.5. Artemisinins

There is now some data to suggest that some parasites have developed a reduced

sensitivity to artemisinin drugs. As with CQ and SP resistance, the first reports of

possible artemisinin resistance have come from studies conducted on the Thai-

Cambodian border. Two patients out of 60 treated with artesunate in Cambodia in

2007 demonstrated delayed parasite clearance despite adequate drug levels in their

blood [78]. The two patients did eventually clear their parasites but the implication

from the study is that the parasites have become more “tolerant” of the drug. Cure
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rates with artesunate plus mefloquine or artemether plus lumefantrine have also been

declining in that region and this decline is not thought to be entirely attributable to

increased resistance to the mefloquine or lumefantrine [79]. If these artemisinin

tolerant parasites do becomeresistant and spread to other regions of the world like

Africa, then the consequences for world-wide malaria control would be catastrophic.

Muchof the worldwide malaria control strategy relies upon this class of drugs.

1.10. Drug resistance in Malawi

In 1993, because of high numbers of CQ treatment failures, Malawi becamethefirst

country in sub Saharan Africa to switch from CQ to SP asfirst line treatment for

uncomplicated falciparum malaria. Prior to this change, the SP efficacy rate was

reported to be 100% in Malawi [80]. However, SP failure rates have risen since, to

day 28 parasitological failure rates of 73% by 2002 [81] and 79% by 2005 [82]. In

parallel with the rising failures, there has been a rise in the prevalence of dhfr

mutations associated with resistance [83]. In 1992, 6% of parasites were dhfr N511

mutants and 18% were C59R mutants. By 2000 these figures had risen to 84% and

88% respectively.

For CQ thesituation is reversed. With the withdrawal of CQ in 1993, there has been

a steady fall in the prevalence of the mutation pfcrt K76T from 85% in 1992 to 13%

in 2000 [83]. In addition there has been fall in the prevalence of the mutation

pfmdrl N86Y from 58% in 1993 to 22% in 2000 anda fall from 54% in 1993 to 24%

in 2000 for pfmdrI D1246Y. A return of in vivo CQ sensitivity, predicted by these

molecular changes, has now been reported from Malawi with 99% of children treated

with CQ monotherapyin a study in 2005, having treatmentsuccess[82].

1.11. Antimalarial treatment failure for reasons of drug disposition

In addition to parasite resistance, treatment may fail due to inadequate antimalarial

drug exposure. Indeed, some reports of parasite ‘resistance’ to drugs mayin fact be

due to sub-therapeutic drug concentrations rather then true resistance [84]. For a

malaria infection to be cured, the antimalarial drug must be present in blood at a

concentration above the minimum inhibitory concentration (MIC) until all the

parasites have been eradicated or the numbers have been reduced sufficiently such

that the host immunesystem can clear the remainder. Failure to do so mayresult in a
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recrudescence of the original infection and a treatment failure, even if the parasites

are fully drug sensitive.

The Parasite Reduction Ratio (PRR) describes the numbers of parasites cleared

during one asexual cycle of parasite replication (48 hours for P.falciparum) by an

antimalarial drug. Artemisinins are the most potent antimalarial with a PRR of

around 10°, meaning that they will reduce parasite numbers by 10,000 fold per

asexual cycle. SP, CQ and AQ have PRR of around 10° and mefloquine around 10°

[55]. In a typical adult P. falciparum infection with a 2% parasitaemia, the total

numberof parasites in the individual is approximately 10'*. In order to clear all

these parasites, artemisinin monotherapy would need to be taken for at least 3

asexual cycles (6 days). Artemisinins have such short half-lives that this requires

daily dosing. For CQ, AQ and SP,as a monotherapies, the drug concentration needs

to be above the MIC for 4 asexual cycles or 8 days. The activity of the immune

system in clearing parasites is not factored into this model.

Drug concentrations below the MIC may occur for several reasons. Firstly, the

wrong dose may be taken. In most sub Saharan African countries, malaria treatments

are usually bought from a local store without any contact with a health care provider.

This leads to the use of inappropriate drugs, over or under-dosing, and the choice of

treatment may be determined by financial constraints [85]. Even if the child is seen

by a health care worker, there is evidence that treatment guidelines are frequently not

followed and incorrect drug doses are given, even using SP, a single dose treatment

[86]. Even if the correct dose is taken there maystill be failure to reach therapeutic

concentration in the child. Most antimalarial dosing regimes for children are derived

using pharmacokinetic (PK) data from studies in healthy adult volunteers andthere is

little PK data to confirm that sick children with malaria are receiving adequate drug

exposure. Sick children also often vomit their medication. Finally, there is the

widespread use of substandard or fake antimalarial drugs in Africa so that patients

whoare prescribed and take the correct treatment maystill have a treatmentfailure

[87].

Pharmacokinetic studies of antimalarials are recognised as crucial in the future

developmentof antimalarial drug policies and dosing regimes [88]. Traditional PK

20



modelling requires multiple samples to be collected from subjects (often healthy

volunteers) in order to determine individual PK parameters. Such an approach may

be unethical and impractical in sick young children. Population pharmacokinetics

(PopPK) has been developed as a method to get aroundthis difficulty. It is the study

of the variability in drug disposition between individuals when standard dosage

regimens are administered and unlike the traditional PK methods, PopPKallowsthe

use of sparse data sets, containing one or more data points, to estimate both

individual and the population PK parameters [89]. Clearly this approach is ideally

suited to the study of the disposition of antimalarial drugs in young children.

1.12. Combination therapies to delay the development of drug resistance

Combination chemotherapy, using two or more antimalarial drugs together with

different mechanisms and sites of action, is proposed as a mechanism to slow the

developmentof resistance [90]. The probability of mutations arising spontaneously

to both drugs A and is equal to the probability of a mutation arising to drug A

multiplied by the probability of a mutation arising to drug B. Ideally, the two drugs

in the combination should both be highly efficacious on their own with little or no

resistance. This is standard practice in the treatment of HIV and tuberculosis (TB)

and is now recommended by the WHOforthe treatment of malaria [91]. SP and

atovaquone-proguanil are not regarded as combination therapies, because the

componentdrugsare acting synergistically and not independently.

Artemisinins have been suggested as ideal drugs for use in combination therapies,

termed Artemisinin Combination Therapy (ACT), because they cause the most rapid

fall in parasite counts and resistance is currently extremely rare. In an ACT, the

artemisinin component significantly reduces the parasite numbers or biomass,

leaving the remaining parasites to be killed by the second drug or the host immune

system. In 1994, Thailand introduced the combination of artesunate plus mefloquine

to treat uncomplicated malaria because of widespread resistance to CQ, SP and

mefloquine monotherapies. Since then, there has been a sustained high efficacyrate,

a reversal of in vitro mefloquine resistance and a decline in malaria transmission

rates in that region [92]. This decline in malaria transmission is thoughtto be due in

part to the gametocytocidal activity of the artemisinins, reducing an individual’s

infectivity to mosquitoes [93].
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The WHO currently recommends four combination therapies for uncomplicated

malaria in Africa and all of these contain an artemisinin [91]. These combinations are

artemether-lumefantrine, artesunate + AQ, artesunate + mefloquine, and artesunate +

SP. According to the WHOguidelines, the non-artemisinin containing combination

AQ+SP “may be considered as an interim option where ACTs cannot be made

available, provided that efficacy of both is high”. Where possible, combination

therapies should be used as fixed-ratio tablets, with both drugs co-formulated as a

single tablet, to promote better adherence. By 2008, 40 malaria endemic countries in

Africa had adopted ACTasthefirst line treatment for uncomplicated malaria [94].

When ACTsare used, the artemisinin componentis only taken for 3 days. Although

this will not clear all the parasites in a typical infection, the partner drug and immune

system will clear the remainder. If however, the efficacy of the partner drug in the

ACTis low, as is the case with SP and AQ in manyparts of Africa due to high

resistance rates, then there is a greater risk of treatmentfailure.

The most widely used ACT in Africa is artemether-lumefantrine (AMLU,

Coartem™). This is a 6 dose fixed-ratio regimen taken over 3 days that is effective

against multi-drug resistant parasites [95]. In 2008, it had been adoptedasfirst line

treatment policy for uncomplicated malaria in 23 countries in Africa although,until

recently, only a few have been able to implementthis policy owing to a shortage of

the drug. Even provided at cost price by the drug company Novartis, an adult

treatment course costs national programmes around $1. When compared to the cost

of a treatment course of CQ or SP and typical health expenditure per capita in many

African countries of around $40 per annum,this is a big increase. The Global Fund

has been set up to enable poorer countries to buy effective drugs rather than cheap

ineffective drugs [96].

A fixed-ratio combination of AQ+ARThas been developed in collaboration between

the drug company Sanofi-Aventis and the Drugs for Neglected Diseases Initiative

Foundation. In trials in Africa, the combination has proven to be as efficacious as

AMLU with no excess of adverse events reported [97]. In 2008, this combination

wasfirst line therapy in 17 countries [94]. ART+SPis not available as a fixed ratio

combination and because of high background resistance to SP in many African

countries, this combination has not been adoptedasfirst line therapy in any countries
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in Africa. There is little experience in Africa using mefloquine+ART owing to its

prohibitive cost.

Other fixed-ratio ACTs under development include dihydroartemisinin-piperaquine

(DHA-PQ ‘Artekin’) and pyronaridine-artesunate. Limited clinical studies have

shown DHA-PQtobeeffective and well tolerated with a price per treatment course

similar to AMLU [98]. However further pharmacokinetic and efficacy evaluation

must be conducted to fulfil rigorous regulatory requirements about its quality,

efficacy and safety before its widespread use can be recommended. Pyronaridine-

artesunate is at an earlier stage of development but also appears to be effective

against drugresistant parasites.

1.13. What will be the effect of deployment of ACTsin Africa?

There is some emerging evidence to suggest that in Africa, the enhanced malaria

control interventions now being employed, including the use of ACTs and ITNs,are

resulting in a reduction in malaria transmission in someareas [94]. Just how much of

this benefit is due to the gametocytocidal actions of artemisinins is unclear. Malaria

transmission rates are generally higher in Africa and asymptomatic infections, which

serve as a reservoir of infected blood, are common and are not exposed to drug

therapy [7]. It also remains to be seen whether the high cure rates currently achieved

in parts of the world by ACTswill be sustained in the high-transmission areas of

Africa, as they have been in Southeast Asia. One of the reasons for this uncertainty

relates to the pharmacokinetics of the drugs.

Parasites carrying resistance mutations, whether recrudescent (survivors from the

original infection) or newly acquired infections, are preferentially selected when the

drug concentration in the blood falls below the concentration necessary to kill

resistant parasites, but above the concentration required to kill fully sensitive

parasites [52]. The period of time during which this occurs is the selective window

and is related to the pharmacokinetic (PK) profile of the drug [99]. In areas of low

transmission, reinfection during this selective window is unlikely and as long as the

original infection is adequately treated, the chance of selecting a resistant parasite

during this period is very low. However, in areas of high transmission, re-infection

during this period is common and combined with higher initial parasite densities the
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effect of this selective windowis morecritical. Drugs with long terminal elimination

phases favour this selection process [52] and CQ, SDX, PYM, mefloquine and AQ

all have long elimination phases. The selective window has been defined for PYM;

PYMresistant parasites with dhfr point mutations are selected for up to 52 days after

a single treatment with SP [52]. We do not know theselective windowsfor AQ, CQ,

mefloquine, piperaquine, pyroniradine and SDX buttheseare likely to be long, given

the long elimination half lives of these drugs.

All 4 of the ACTs recommended by the WHO combine an artemisinin drug

(eliminated from circulation within ~15 hours of last dose) with a partner drug that

has a long elimination half-life (T ¥2), so that the partner drug persists in circulation

for a considerable period after treatment - AQm (5-10 weeks), mefloquine (~10

weeks), lumefantrine (4 weeks) and SP (4-6 weeks). These partner drugs are left

“unprotected” as their concentrations fall to sub-therapeutic levels and recrudescent

or newly infecting parasites carrying resistance mutationsare preferentially selected.

There is already evidence of the selection of resistance mutations using ACTs in

Africa. Studies from Zanzibar and Uganda have demonstrated significant increases in

parasites carrying the pfmdr1 86N allele during the 6 weeks after treatment with

AMLU [100,101]. This allele has been associated with decreased lumefantrine

sensitivity in vitro [74]. Other studies have demonstrated the selection of pfmdr1 86Y

and pfmdr1I 1246Y mutations after treatment with AQ+ART [102,103]. These studies

provide evidence that these combination therapies are able to drive the selection of

resistance mutations and it will be important to monitor closely their efficacy,

especially in high transmission areas, to see whether these genotypic changes

translate into treatmentfailures.

How then do wedesign combination therapies to minimise the effect of this selective

window?Is it necessary to only use combination therapies where the elimination T 2

of the component drugs are matched? These are some of the major queries facing

malaria researchers today. Theoretically, there could be an advantage in matching the

elimination half-lives so that both the drugs in the combination protect each other

during their elimination phases. However, the artemisinins all have short half lives

and there are no drugs currently available to partner the artemisinin if this principalis

to be followed. Both components in the antifolate combination chlorproguanil-
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dapsone have short half lives but the development of the ACT containing both

chlorproguanil-dapsone and ART hasbeen halted following safety concerns detected

during phase3 trials [104].

Combining an artemisinin with a drug with a longer T % maystill prevent or slow

the selection of resistance even though the artemisinin will not protect its partner

drug during its elimination phase. A 3 day course of ART, spanning 2 P. falciparum

asexual life-cycles, will reduce the parasite load by around 10° leaving on average

between 10°-10° parasites for the second drug to clear. The chanceofa resistant

mutation arising spontaneously is therefore considerably reduced. In addition, the

gametocytocidal action of the artemisinin should reduce the transmission of resistant

parasites.

Combining two non-artemisinin drugs with longer half lives is another possibility.

AQ+SPis the only non-artemisinin combination therapy currently recommended by

WHO.This combination has shownexcellent efficacy in several African studies and

a recent meta-analysis concluded that the efficacy of AQ+SP in Africa was similar to

that of AQ+ART but inferior to artemether-lumefantrine [105]. The results of the

studies in this meta-analysis showed considerable variability, in part due to

differences in existing background resistance to SP and AQ andalsoto differences in

the transmission intensities at the study sites; AQ+SP was more efficacious in high

transmission areas. This is probably due to a combination of factors; increased host

acquired immunity in these areas and also to the post-treatment prophylactic

properties of the combination. The long elimination phases of these drugs will

prevent new infections occurring for some time after treatment. However, post-

treatment prophylaxis comesat a cost, the selection of resistance.

Finally, the issue of cost and availability of treatment in Africa will be important in

settings where malaria diagnosis is presumptive, treatment is available over the

counter at the village shop and asymptomatic carriage is common. As countries in

Africa switch their treatment policies to provide ACTs asfirst-line therapy for

malaria, many issues will require continuing and careful attention. These include the

long-term availability of drugs, quality of the drugs, the continuing place of
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presumptive diagnosis, risks and consequences of non-compliance and mechanisms

to identify and respond to the emergence of drug resistance.

1.14. The Aimsofthis thesis

ACTsare increasingly being deployed in Africa to try to prevent antimalarial

resistance but they are relatively expensive and their supply has up to now been

limited. In addition, there is emerging evidence that the use of ACTs in high

transmission areas mayresult in selection of resistance mutations. Recently a return

to CQ sensitivity has been demonstrated in vivo in Malawi associated with the

disappearance of a molecular marker for CQR. Combinations of CQ or AQ plus SP

would be more affordable but what therapeutic benefit do these combinations bring?

More evidence ofthe clinical and parasitological benefits of different combination

antimalarial therapies and their ability to slow the development of resistance is

required.

In this thesis, I have compared four different treatment regimes for children with

uncomplicated malaria in a randomised single-blinded clinical trial; CQ+SP,

ART+SP AQ+SP and SP alone (chapter 4). I have compared the prevalence of

knownresistance alleles present in the original infection and in parasites appearing

after treatment to test the hypothesis that ART+SP, with its mismatched elimination

profiles, exerts greater selection pressure for resistance mutations in the genes dhfr

and dhps than CQ+SP or AQ+SP. In addition, I have investigated whetherthe use of

CQ or AQ with SP leadsto the selection of pfcrt and pfmdrJ mutations (chapter5).

A further aim of the thesis was to addressthe possibility that treatment failures could

have a pharmacokinetic basis. To this end, I have established and validated high

performanceliquid chromatography (HPLC) assays in Malawito allow the accurate

quantification of the antimalarial drugs SDX, PYM, CQ and AQm (chapter 3). These

techniques were used to determine drug concentrations in blood samples collected

from children in the clinical trial (chapter 6). Using a PopPK approach, I have

created models to describe the disposition of these drugs in young children treated

for malaria under operational conditions in resource poor settings (chapter 7). In

chapter 8, these models are used to look for evidence that some treatment failures

were due to insufficient drug exposure and to determine PK parameterspredictive of
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treatment response. Finally, the disposition of these drugs in children in thetrial is

comparedto data from other studies in adults and children to address the question of

whether the current paediatric dosing regimes are achieving comparable drug

exposuresto those in adults.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Introduction

This chapter describes the PCR methods used to determine the prevalence of

resistance mutations in the malaria parasites examined in this thesis. The parasites

were obtained from Malawian children recruited to the clinical trial described in

chapter 4. These techniques were established during a 6 week attachment to the

laboratory of Professor Chris Plowe at the University of Maryland, USA in 2003.

Chapter 3 details the HPLC methodsusedin this thesis to describe the disposition of

antimalarial drugs in the childrenin thetrial.

2.2 Malaria microscopy andstaining

Venous or capillary blood obtained from children in the clinical trial was used to

prepare blood films for microscopy. Thick blood films were prepared by placing a

drop of blood onto a clean glass slide, drying at room temperature, then staining

using Fields’ Stain. Thin smears, prepared by creating a monolayerfilm of red blood

cells (RBC) on a clean glassslide, were air dried, fixed in methanol and stained using

Fields’ Stain. Thick films were used to determine parasitaemia. The estimated

parasite count per ul of blood was determined using the formula:

Estimated parasite count / ul blood = Numberof Parasites counted X 8000

Numberof White cells counted

The figure 8000 is used as an estimated total white blood cell (WBC) count andis

commonly used in malaria trials. In the clinical trial, this estimated parasite count

was used to determine suitability for recruitment and an accurate count, determined

using the patients’ actual WBC count wasusedforall the subsequent analyses. The

thin films were used to determine the parasite species present. The presence or

absence of gametocytes was also noted on examination of each thick blood film.

2.3 Polymerase Chain Reaction (PCR)

PCRtechniques were used to amplify short sections of deoxyribonucleic acid (DNA)

spanning genes knownto beassociated with resistance to antimalarial drugs within

the parasite genome. The PCR products were incubated with allele-specific
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restriction enzymes, which cleaved the fragments depending on whichalleles were

present. By running the restriction fragments on a gel, the allele type could be

established by the size of the fragment(s) present. These techniques are useful for

identifying the presence of known point mutations but are not sensitive enough to

detect alleles present at low levels in mixed / polyclonal parasite infections. A

mutation presentin less than 10% ofthe total population is unlikely to be detected by

these conventional PCR methods [106]. PCR wasalso used to genotypethe parasites,

to determine the numberofclones present in an infection and to attempt to determine

whether parasites appearing after treatment were due to new infectionsarising after

treatment or recrudescentinfections (present in the original infection and not cleared

by treatment).

2.3.1 Extraction of parasite DNA

Whole blood from the children in the clinical trial was spotted onto Whatman3 filter

paper (Whatman PLC, Maidstone, UK). The papers were allowedto air dry, and then

stored with a desiccant in a sealed plastic bag at room temperature. The patient’s

name,study number, andthe date of collection were written on the outside of the bag

in permanent ink. Parasite DNA wasextracted from these filter paper samples butif

this failed or no filter paper was available, parasite DNA wasextracted from the

whole blood collected in EDTA bottles andstoredat -80°C.

2.3.2 Extraction of parasite DNA from filter paper blood samples

A section of bloodedfilter paper approximately 25mm x 25mm wascut into smaller

pieces using clean scissors and transferred into a 0.6ml PCR tube. 50u] of methanol

was added andthe tube incubated at room temperature for 15 minutes. After this, any

remaining methanol was poured off and the paper allowed to dry overnight at room

temperature. 75-100ul of PCR-quality water was addedto the dried filter paper and

heated to 95-100°C for 15 minutes. The tube was vortexed every 3 minutesto ensure

adequate mixing. After 15 minutes the water (containing the extracted DNA) was

removed from the tube to a clean PCR tube andstored at -20°C.

2.3.3 Extraction of parasite DNA from whole blood samples

Parasite DNA wasextracted from whole blood, collected into EDTA tubes using the

QIAamp DNABlood Mini Kit (Qiagen Ltd, UK). Asper the kit instructions, 200 wl
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of whole blood was mixed with 20u of proteinase K and 200u1 of AL lysis buffer,

mixed by vortexing, and incubated at 56°C in heat block for 10 min. The mix was

then centrifuged at 8000 rpm for | minute before 200u1 of ethanol was added and the

mixture vortexed. This mixture was put into a spin columnin a collection tube and

centrifuged and 8000 rpm for 1 minute. The filtrate was discarded and 500 ul of

wash buffer AW1 was added to the spin column. This was re-centrifuged at 8000

rpm for 1 minute and again the filtrate was discarded. 5001 of AW2 buffer was

added to the spin column and centrifuged at 14000 rpm for 3 minutes. The filtrate

was discarded and 200 ul of AE solution added to the spin column andleft at room

temperature for 5 minutes, then centrifuged at 8000 rpm for | minute. Thisfiltrate,

containing the parasite DNA, was collected into a 0.6ml PCR tube andstored at -

20°C.

2.4 Detection of point mutations associated with drug resistance using PCR

The presence or absence of point mutations in the parasite genes pfcrt, pfmdrl, dhfr

and dhps wasassessed in parasites collected from children on recruitment into the

clinical trial and in parasites appearing in the children at a later point after treatment.

These methodsare available at http://medschool.umaryland.edu/cvd/plowe.html. For

the gene pfmdr1, the polymorphisms N86Y and D1246Y were examinedand, in the

pfcrt gene, the K76T mutation. In the dhfr gene, the following polymorphisms were

examined: S108N, N51], C59R and I164L, and in the dhps gene, A437G, K540E and

A581G.

2.4.1 General PCR conditions commontoall reactions

PCR wascarried out in Blantyre, Malawi, using a PTC-100 thermo-cycler. All the

PCR methods took place as 2 step, nested reactions; the PCR product of thefirst

reaction (nest 1) was used as template for the second reaction (nest 2). Primer

sequencesfor all reactions are shown in Table 2.1. In the first step, 5ul of extracted

parasite DNA was mixed with 20ul of reaction solution containing PCR buffer,

primers, 0.5U Taq DNA polymeraseper reaction and de-oxynucleotide triphosphates

(dNTPs). Each dNTP was used at a concentration of 2004M and each

oligonucleotide primer used at a concentration of 14M. Genomic DNA (gDNA) from

laboratory adapted parasite reference strains — one with the resistant allele and one

wild type - were used asthe positive controls in the nest 1 reaction and PCR-quality
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water was used as negative control. For the nest 2 reaction, lul of the nest 1 PCR

product was used as the DNA template and mixed with 15ul of reaction solution

containing PCR buffer, primers, Taq and dNTPsat the same concentrationsas nest 1.

Nest 2 was run with two negative controls: Ip of the amplicon of the nest | negative

control and a PCR-quality water control for the nest 2 reaction. Positive controls

included Iu of the amplicon of the gDNAcontrols from nest 1 and, for the nest 2

reaction, plasmids known to contain wild type and mutant forms of the

polymorphism underinvestigation. Plasmids controls and gDNA were obtained from

Professor Chris Plowe. In addition, Dr Alexis Nzila, Wellcome Trust Tropical

Centre, Nairobi, Kenya, supplied parasite DNA from a Kenyan isolate known to be

mutant at both dhps 540 and 581.

5ul of the nest 2 PCR product was run on a 2% agarose gel by electrophoresis to

confirm that a DNA fragmentof the expected length was present and to check that no

contamination had occurred — the presence of DNA bandsin the negative control

lanes. The agarose gel contained ethidium bromide and was viewed underultraviolet

light. The remaining nest 2 product was divided into 2 portions and half incubated

overnight with a restriction enzyme specific for the allele of interest and the other

half incubated with PCR-quality water.

After incubation, 5ul of Orange G dye was added to each tube and samples (with

enzyme and without enzyme) were run in adjacent lanes on a 2% agarose gel

alongside a 100 base-pair DNA ladder. The presence or absenceofa restriction site

was determined from the size of the DNA fragments band from sample pairs on the

agarose gel. Samples showing both cleaved and uncleaved DNA fragments were

called “mixed infections”, containing both the wild type and mutant forms of the

allele under investigation.

2.4.2 Conditions specific for the individual polymorphisms

2.4.2.1 Pfcrt K76T mutation

PCRwasperformed as described above using the primers CRT 76-A and CRT 76-B

for nest 1 and CRT 76-X and CRT 76-Y for nest 2, table 2.1. The reaction solution
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contained MgCl, at a concentration of 2.5 mM. Genomic DNA from lab parasite

strains 3D7 or HB3 wasusedin the nest | reaction as a wild type control and V1S,

DD2or K1 as a mutant control. The plasmids, CRT-3D7 and CRT-DD2 wereused in

the nest 2 reaction as wild type and mutant controls respectively. PCR product sizes

were 537bp after nest 1 and 134bpafter nest 2.

Nest 1 PCR cycling conditions were:

- 94°C for 3 minutes

- 94°C for 30 seconds then 56°C for 30 seconds then 60°C for 1 minutes x 45

cycles

- 60°C for 3 minutes.

Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 48°C for 30 seconds then 65°C for 30 seconds x 30

cycles

- 65°C for 3 minutes.

For the restriction digestion, 5 ul of the nest 2 PCR product was mixed with PCR-

quality water, enzyme buffer and 0.5 units of the restriction enzyme Apol and

incubated at 50°C for 12 hrs. Fragments containing the wild type allele (K76) were

cut by Apol producing two fragments, one of 34bp and one of 100bp. Nest 2 PCR

products with the mutant allele (76T) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose. Figure 2.1 shows an example of

a 2% agarose gel showing the results of restriction digests of the pfcrt K76T

secondary (2er) PCR product.
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Figure 2.1. Pfcrt K76T digestion. Patient samples (Pt 1 — 7) and controls visualised

on 2% agarose gel. Each patient or control occupies two adjacent rows, the first row

(left) contains the 134 bp 2er PCR product after incubation overnight with the

restriction enzyme Apo /, the second row contains 2er PCR product only. Apo /

cleaves DNA containing the wild type K76 allele into 34 and 100 bp fragments.

Patients 1 and 3 - 7 were cleaved;all contain wild type allele K76. PCR for patient 2

failed. 3D7 (wild type gDNA control) and CRT-3D7 (wild type plasmid control) are

cleaved. VIS (mutant gDNA control) and CRT-DD2 (mutant plasmid control)

contain the 76Tallele and are not cleaved.

2.4.2.2 Pfmdr1 N86Y mutation

PCR wasperformed as described above using the primers MDR 86-A and MDR 86-

B for nest 1 and MDR 86-X and MDR 86-Y for nest 2, table 2.1. The reaction

solution contained MgCl, at a concentration of 2.5 mM. Genomic DNA from lab

parasite strains 3D7, HB3 or 7G8 wasusedin the nest | reaction as wild type control

and V1S, Dd2 or K1 as a mutant control. No plasmid controls were available for the

nest 2 reaction. PCR productsizes were 450bp after nest 1 and 291bpafter nest2.

Nest | PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

- 72°C for 15 minutes.

Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 42°C for 30 seconds then 65°C for 45 seconds x 25

cycles

- 72°C for 15 minutes.
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For the restriction digestion, 5 ul of the nest 2 PCR product was mixed with PCR-

quality water, enzyme buffer and 0.5 units of the restriction enzyme Afl IJ and

incubated at 37°C for 12 hrs. Fragments containing the mutant (86Y) allele were

cleaved producing two fragments, one of 126bp and one 165bp. The wild type (N86)

allele was not cut and these size differences were distinguishable after

electrophoresis on 2% agarose. Figure 2.2 demonstrates an example of a 2% agarose

gel showingtheresults ofrestriction digest of the pfmdrl N86Y 2er PCR product.
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Figure 2.2. Pfmdrl N86Y digestion. Patient samples (pts 1 — 12) and controls

visualised on 2% agarose gel. Each patient or control occupies two adjacent rows;

the first row (left) contains the 291 bp 2er PCR product after incubation overnight

with the restriction enzyme Afl III, the second row contains 2er PCR product only.

Afl III cleaves DNAcontaining the mutant 86Y allele into 126 and 165 bp fragments.

Patient 7 is cleaved (mutant), and PCR for patients 8 and 9 failed. All other patient

samples are not cleaved and contain the wild type allele N86. 3D7 (wild type gDNA

control) is not cleaved. V1S (mutant gDNAcontrol) is cleaved.
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2.4.2.3 Pfmdr1 D1246Y mutation

PCR was performed as described above using the primers MDR 1246-A and MDR

1246-B for nest 1 and MDR 1246-X and MDR 1246-Y for nest 2, table 2.1. The

reaction solution contained MgCl, at a concentration of 2.5 mM. Genomic DNA

from lab parasite strains 3D7, HB3, V1S, Dd2 or K1 was used in the nest | reaction

as wild type control and 7G8 as the mutant control. No plasmid controls were

available for the nest 2 reaction. PCR product sizes were 295bp after nest 1 and

203bpafter nest2.

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 secondsthen 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

- 72°C for 15 minutes.

Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 30 seconds x 25

cycles

- 72°C for 15 minutes.

For the restriction digestion, 5 ll of the nest 2 PCR product was mixed with PCR-

quality water, enzyme buffer and 0.5 units of the restriction enzyme Bgl IJ and

incubated at 37°C for 12 hrs. Fragments containing the wild type allele (D1246) were

cut producing two fragments, one of 113bp and one of 90bp. Nest 2 PCR products

with the mutant allele (1246Y) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose. Figure 2.3 demonstrates an

example of a 2% agarose gel showing theresults of restriction digest of the pfmdr1

D1246Y 2er PCR product.
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Figure 2.3. PfmdrI D1246Y digestion. Patient samples (pts 1 — 26) and controls

visualised on 2% agarose gel. Each patient or control occupies two adjacent rows;

the first row (left) contains the 203 bp 2er PCR productafter incubation overnight

with the restriction enzyme BglII, the second row contains 2er PCR product only.

Bgl II cleaves DNA containing the wild type D1246 allele into 90 and 113 bp

fragments. Patient 20 contains both cleaved and un-cleaved fragments and is a mixed

infection with both allele types present. PCR for patient 23 failed. All other patient

samples are cleaved and contain the wild type allele. 3D7 (wild type gDNAcontrol)

is cleaved. 7G8 (mutant gDNAcontrol) contains 1246Yandis not cleaved.

2.4.2.4. Dhfr S108N and 1164L mutations

PCR wasperformed as described above using the primers DHFR 100-A and DHFR

100-B for nest 1 and DHFR 100-X and DHFR 100-Y for nest 2, table 2.1. The

reaction solution contained MgCl, at a concentration of 1.5 mM. Genomic DNA

from lab parasite strain 3D7 wasusedin the nest 1 reaction as a wild type control and

V1S as the mutant control. The plasmids, FR-3D7 and FR-V1S were used in the nest

2 reaction as wild type and mutant controls respectively. PCR product sizes were

414bp after nest 1 and 256bpafter nest2.

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 secondsthen 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

72°C for 15 minutes.
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Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 secondsthen 42°C for 30 seconds then 65°C for 45 seconds x 25

cycles

- 72°C for 15 minutes.

For the S108Nrestriction digestion, 5 ul of the nest 2 PCR product was mixed with

PCR-quality water, enzyme buffer and 0.5 units of the restriction enzyme Alu J and

incubated at 37°C for 12 hrs. Fragments containing the wild type allele (S108) were

cleaved producing two fragments, one of 46bp and one of 210bp. Nest 2 PCR

products with the mutantallele (108N) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose. Figure 2.4 shows an example of

a 2% agarose gel showing the results of restriction digests of the dhfr S108N 2er

PCRproduct.

Ptt Pt2 Pt3 aa Pt5 Pt6 a as) PtQ9 Pt10 Pt11 3D7 VIS

«———————— Patients samples Controls

100 bp

EEYololang

TTTTTTree , wes GG

cl ye ag
100 bp Undigested PCR Product 256 bp Digested PCR Product

 

Figure 2.4. Dhfr S108N digestion. Patient samples (pts 1 — 11) and controls visualised
on 2% agarose gel. Each patient or control occupies two adjacent rows;the first row

(left) contains the 256 bp 2er PCR product after incubation overnight with the
restriction enzyme Alu I, the second row contains 2er PCR productonly. Alu J cleaves

DNAcontaining the wild type S108 allele into 46 and 210 bp fragments. PCR for

patient 2 failed. All other patient samples are not cleaved and contain the mutant

allele. 3D7 (wild type gDNA control) is cleaved. V1S (mutant gDNA control)

contains the 108Nallele andis not cleaved.

For the I164L restriction digestion, 5 wl of the nest 2 PCR product was mixed with

PCR-quality water, enzyme buffer and 0.5 units of the restriction enzyme Psi J and

incubated at 37°C for 12 hrs. Fragments containing the wild type allele (1164) were

cleaved producing two fragments, one of 42bp and one of 214bp. Nest 2 PCR
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products with the mutant allele (164L) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose. Figure 2.5 shows an example of

a 2% agarose gel showingthe results of restriction digests of the dhfr 1164L 2er PCR

product.
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Figure 2.5. Dhfr 1164L digestion. Patient samples (pts 1 — 11) and controls visualised

on 2% agarose gel. Each patient or control occupies two adjacent rows;the first row

(left) contains the 256 bp 2er PCR product after incubation overnight with the

restriction enzyme Psi J , the second row contains 2er PCR product only. Psi I cleaves
DNAcontaining the wild type 1164 allele into 42 and 214 bp fragments. PCR for

patient 2 failed. All other patient samples are cleaved and contain the wild typeallele.

3D7 (wild type gDNA control) is cleaved. V1S (mutant gDNAcontrol) contains 164L

and is not cleaved.

2.4.2.5. Dhfr N511 and C59R mutations

PCR was performed as described above using the primers DHFR 50-A and DHFR

50-B for nest 1 and DHFR 50-X and DHFR 50-Yfor nest 2, table 2.1. The reaction

solution contained MgCl, at a concentration of 1.5 mM. Genomic DNA from lab

parasite strain 3D7 wasusedin the nest 1 reaction as a wild type control and VIS as

the mutant control. The plasmids, FR-3D7 and FR-V1S were used in the nest 2

reaction as wild type and mutant controls respectively. PCR product sizes were

147bp after nest 1 and 113bpafter nest 2.

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 secondsthen 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

- 72°C for 15 minutes.
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Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 30 seconds x 25

cycles

- 72°C for 15 minutes.

For the NS5II restriction digestion, 5 Ww of the nest 2 PCR product was mixed with

PCR-quality water, enzyme buffer and 0.5 units of the restriction enzyme EcoR J and

incubated at 37°C for 12 hrs. Fragments containing the wild type allele (N51) were

cleaved producing two fragments, one of 35bp and one of 78bp. Nest 2 PCR

products with the mutant allele (511) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose.

For the C59Rrestriction digestion, 5 wl of the nest 2 PCR product was mixed with

PCR-quality water, enzymebuffer and 0.5 units of the restriction enzyme BsrG J and

incubated at 37°C for 12 hrs. Fragments containing the wild type allele (C59) were

cleaved producing two fragments, 43bp and one of 70bp. Nest 2 PCR products with

the mutant allele (59R) were not cut and these size differences were distinguishable

after electrophoresis on 2% agarose. Figure 2.6 shows an example of a 2% agarose

gel showingthe results of restriction digests of the dhfr CS9R 2er PCR product.
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Figure 2.6. Dhfr C59R digestion. Patient samples (pts 1 — 10) and controls visualised

on 2% agarose gel. Each patient or control occupies two adjacent rows;the first row

(left) contains the 113 bp 2er PCR product after incubation overnight with the

restriction enzyme BsrG J, the second row contains 2er PCR product only. BsrG 1

cleaves DNAcontaining the wild type C59 allele into 43 and 70 bp fragments. No

patient samples are cleaved,all contain the mutantallele 59R. 3D7 (wild type gDNA

control) and FR-3D7 (wild type plasmid control) are cleaved. VIS (mutant gDNA

control) and FR-V1S (mutant plasmid control) contain the 59R allele and are not

cleaved.
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2.4.2.6. Dhps A437G mutation

PCR wasperformed as described above using the primers DHPS 400-A and DHPS

400-B for nest 1 and DHPS 400-X and DHPS 400-Y for nest 2, table 2.1. The

reaction solution contained MgCl, at a concentration of 2.5 mM. Genomic DNA

from lab parasite strain FCR3 was used in the nest | reaction as a wild type control

and 3D7, V1S, K1 or Dd2 as the mutant control. The plasmids, PS-MALI and PS-

PERUwereusedin the nest 2 reaction as wild type and mutant controls respectively.

PCRproduct sizes were 249bp after nest 1 and 148bpafter nest2.

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

- 72°C for 15 minutes.

Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 30 seconds x 25

cycles

- 72°C for 15 minutes.

For the restriction digestion, 5 ul of the nest 2 PCR product was mixed with PCR-

quality water, enzyme buffer and 0.5 units of the restriction enzyme Ava II and

incubated at 37°C for 12 hrs. Fragments containing the mutant allele (437G) were

cleaved producing two fragments, one of 69bp and one of 79bp. Nest 2 PCR

products with the wild type allele (A437) were not cut and these size differences

were distinguishable after electrophoresis on 2% agarose. Figure 2.7 shows an

example of 2% agarose gel with the results of restriction digest of the dhps A437G

2er PCR product.
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Figure 2.7. Dhps A437G digestion. Patient samples (pts 1 — 22) and controls

visualised on 2% agarose gel. Each patient or control occupies two adjacent rows, the

first row (left) contains the 148 bp 2er PCR product after incubation overnight with

the restriction enzyme Ava II, the second row contains 2er PCR product only. Ava IJ

cleaves DNAcontaining the mutant 437Gallele into 69 and 79 bp fragments. Patient

16 has wild type allele A437, and is not cleaved. All other pts are cleaved and contain

the mutant allele. FCR3 (wild type gDNAcontrol) is not cleaved. 3D7 (mutant gDNA

control) is cleaved.

2.4.2.7. Dhps K540E and A581G mutations

PCR wasperformed as described above using the primers DHPS 500-A and DHPS

500-B for nest 1 and DHPS 500-X and DHPS 500-Y for nest 2, table 2.1. The

reaction solution contained MgCl, at a concentration of 2.5 mM. Genomic DNA

from lab parasite strains 3D7, V1S, K1 or Dd2 wasused in the nest 1 reaction as a

wild type control and DNA from a known DHPS 540E and 581G mutant Kenyan

isolate was used as the mutant control. The plasmids, PS-MALI and PS-PERU were

used in the nest 2 reaction as wild type and mutant controls respectively. PCR

product sizes were 256bpafter nest 1 and 201bp after nest2.

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 seconds then 65°C for 45 seconds x 45

cycles

- 72°C for 15 minutes.
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Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 92°C for 30 seconds then 45°C for 30 secondsthen 65°C for 30 seconds x 25

cycles

- 72°C for 15 minutes.

For the K540Erestriction digestion, 5 wl of the nest 2 PCR product was mixed with

PCR-quality water, enzyme buffer and 0.5 units of the restriction enzyme Fok J and

incubated at 37°C for 12 hrs. Fragments containing the mutant allele (S40E) were

cleaved producing two fragments, one of 56bp and one of 145bp. Nest 2 PCR

products with the wild type allele (K540) were not cut and these size differences

were distinguishable after electrophoresis on 2% agarose. Figure 2.8 shows an

examples of 2% agarose gel with the results of restriction digest of the dhps K540E

2er PCR product.
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Figure 2.8. Dhps K540E digestion. Patient samples (pts 1 — 11) and controls

visualised on 2% agarose gel. Each patient or control occupies two adjacent rows; the
first row (left) contains the 201 bp 2er PCR product after incubation overnight with
the restriction enzyme Fok /, the second row contains 2er PCR product only. Fok 1
cleaves DNA containing the mutant 540Eallele into 56 and 145 bp fragments. All

patient samples are cleaved; all contain the mutant allele. 3D7 (wild type gDNA

control) and PS-Mali (wild type plasmid control) contain the wild type K540 allele

and are not cleaved. Mutant (mutant gDNA control) and PS-Peru (mutant plasmid

control) are cleaved.

For the A581G restriction digestion, 5 wl of the nest 2 PCR product was mixed with

PCR-quality water, enzyme buffer and 0.5 units of the restriction enzyme Mwo J and

incubated at 60°C for 12 hrs. Fragments containing the wild type allele (A581) were

cleaved producing two fragments, one of 36bp and one of 165bp. Nest 2 PCR

products with the mutantallele (581G) were not cut and these size differences were

distinguishable after electrophoresis on 2% agarose.
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Primer Sequence 5 — 3

DHFR 50-A GCGCGCTAATAACTACACATTTA

DHFR50-B CCCGGGCTCTTATATTTCAATTT

DHFR 50-X CTAGGAAATAAAGGAGTATTACCATGGAAATGGA

DHFR 50-Y ATTTTTCATATTTTGATTCATTCACATATGTTGTAACTGTAC

DHFR 100-A GGGGGGCAGTTACAACATATGTGA

DHFR 100-B GGGGGCACATTCATATGTACTATTT

DHFR 100-X CTAATTCTAAAAAATTACAAAATGT

DHFR100-Y TTTCTTTTCTAAAAATTCTTGATAAACAACGGAACCTCTTA

DHPS 400-A GGGGTATTAAATGTTAATTATGATTCT

DHPS 400-B GGGGTCACATTTAACAATTTTATT

DHPS 400-X TGTTCAAAGAATGTTTGAAATGA

DHPS 400-Y CCATTCTTTTTGAAATAATTGTAAT

DHPS 500-A GGGCCCAAACAAATTCTATAGTG

DHPS 500-B GGCCGGTGGATACTCATCATATA

DHPS 500-X GCGCGCGTTCTAATGCATAAAAGAGG

DHPS 500-Y CCCGGGTAAGAGTTTAATAGATTGATCAGCTTTCTTC

CRT 76-A CCGTTAATAATAAATACACGCAG

CRT 76-B CGGATGTTACAAAACTATAGTTACC

CRT 76-X TGTGCTCATGTGTTTAAACTT

CRT 76-Y CAAAACTATAGTTACCAATTTTG

MDR86 -A GCGCGCGTTGAACAAAAAGAGTACCGCTG

MDR86 -B GGGCCCTCGTACCAATTCCTGAACTCAC

MDR86 -X TTTACCGTTTAAATGTTTACCTGC

MDR86 -Y CCATCTTGATAAAAAACACTTCTT

MDR1246-A GGGGGATGACAAATTTTCAAGATTA

MDR1246-B GGGGGACTAACACGTTTAACATCTT

MDR1246-X AATGTAAATGAATTTTCAAACC

MDR1246-Y CATCTTCTCTTCCAAATTTGATA  
Table 2.1. Nucleotide sequences of primers used in the PCR reactions
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2.5. Genotyping to distinguish recrudescent parasitaemias from reinfections

Molecular genotyping of parasites appearing after treatment is a method to attempt to

distinguish recrudescent infections (true failures) from new infections occurring

since treatment. This technique is especially important when efficacy studies are

conducted in high transmission countries and when follow up is extended for several

weeks after treatment. In this situation, reinfection is common and failure to

genotype may lead to an overestimation of the treatment failure rate. Three

polymorphic genes are commonly used; merozoite surface protein-1 (msp-/),

merozoite surface protein-2 (msp-2) and glutamate-rich protein (glurp). For this

study, msp-2 alone was used for genotyping because there wasdata at the time ofthe

study suggesting that this marker alone could effectively distinguish recrudescence

from reinfection [107]. Molecular genotypingis limited by the sensitivity of the PCR

methodandif onestrain is present at as a minority componentofthe infection it may

not be detected [108]. There is also now data showingthat, in vitro at least, the msp-2

polymorphismspresentinitially, may change over time [109]. Thus genotypingis an

imperfect method and there is debate how it should best be done, but is still

recommendedfor use in antimalarial efficacy studies to estimate true recrudescence

rates [110].

Msp-2, codes for a 45- to 50-kDa glycoprotein called msp-2 which is found on the

surface of merozoites. Malaria parasites are haploid and have one copyofthis gene.

In a polyclonal infection, several strains of parasites are present and multiple copies

of msp-2 are produced. The msp-2 gene has 2 highly conserved sequencesflanking a

central highly variable region. This central region is of one of two distinct allelic

families, FC27 and 3D7/IC [111]. Because of this central variable region, the msp-2

protein is polymorphic and size polymorphisms can be identified by gel

electrophoresis. These features enable msp-2 analysis to be used to determine both

the number of parasite clones causing an infection and also to distinguish

recrudescent infections from new infections in malaria treatmentstudies.

The polymorphic regions of msp-2 can be amplified by nested PCR. Nest 1 PCR

primers, M2-OF and M2-OR,corresponded to conserved sequences flanking this

variable region [112]. The nest 2 PCR primers amplify the 3D7/IC and FC27allelic

families depending on whichis present. Forthe nest 1 reaction, 5pl of DNA template
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was added to a 20 wl reaction solution containing PCR buffer, primers, 0.5U Taq

DNApolymeraseper reaction, 2.5 mM MgCl) and 2.5 mM dNTPs.For the nest 2

reactions, lul of the nest 1 amplicon was added to 15ul of the same reaction mixture.

The nest 2 PCR was performed using the second round primers M2-FCF and M2-

FCR for FC27, and M2-ICF and M2-ICR for 3D7/IC in two separate reactions. The

primer sequencesfor the genotyping PCR are shownin table 2.2.

 

Primer Sequence 5 — 3

M2-OF ATGAAGGTAATTAAAACATTGTCTATTATA

M2-OR CTTTGTTACCATCGGTACATTCTT

M2-FCF AATACTAAGAGTGTAGGTGCARATGCTCCA

M2-FCR_ TTTTATTTGGTGCATTGCCAGAACTTGAAC

M2-ICF AGAAGTATGGCAGAAAGTAAKCCTYCTACT

M2-ICR GATTGTAATTCGGGGGATTCAGTTTGTTCG

 

 

 

 

 

     
Table 2.2. Primer sequences for genotyping PCR

PCRcycling conditions were:

Nest 1 PCR cycling conditions were:

- 95°C for 5 minutes

- 94°C for 60 seconds then 58°C for 2 minutes then 72°C for 2 minutes x 25

cycles

- 72°C for 5 minutes.

Nest 2 PCR cycling conditions were:

- 95°C for 5 minutes

- 94°C for 60 seconds then 61°C for 2 minutes then 72°C for 2 minutes x 30

cycles

- 72°C for 5 minutes.

The nest 2 products were run on a 2% agarose gel and visualized byultravioletlight.

The number of clones present in the original infection (day 0 samples from the

clinical trial) and in the recurrent parasitaemia after treatment was determined by

counting the numberof individual bands present. Parasites appearing after treatment
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were Classified as recrudescent if they shared any of msp-2 bandsthat were present

on day 0 and as reinfections if they had no bands in common. Figure 2.9 shows an

example of a gel from a genotyping PCR.

Pt1 oyeg gm8 5 Pts" rio -Pbb = oe | Pt 9

Dayno. 0 28 0 14 O 28 024 O 42 014 0 35 0 28 O 14

100 bp
Ladder

 

Figure 2.9. Msp-2 FC amplification example for patients | — 9 visualised on a 2%

agarose gel. Each patient has 2 adjacent lanes on the gel, the left lane contains DNA

from Day 0 parasites and the right hand lane contains DNA at the time that the

patient developed a recurrent parasitaemia. The day number on whichthis recurrent

parasitaemia occurred is indicated at the top of the lane. The number of bands

corresponds to the number of parasite strains with msp-2 FC genes present at that

time (the 3D7 / IC gel is not shown). Bands of matching size indicate at least one

strain present on day 0 is present at the time of recurrent parasitaemia, i.e. a

recrudescence. Where there are no matching bandsis suggestive of a reinfection, but
the 3D7 / IC results must first be considered. Patients 1, 7 and 9 are recrudescent;

patients 2, 3, 5, 6 and8 are possible reinfections and patient 4 has no FC bands.
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CHAPTER 3 HPLC METHODS DEVELOPMENT AND VALIDATION

3.1 Introduction

This chapter describes the development and validation of HPLC methods for the

accurate and selective quantification of the antimalarial drugs used to treat the

children in the randomized controlled trial described in chapter 4. These assays were

all established and validated at the Wellcome Trust Tropical Centre in Blantyre,

Malawi. HPLC assays for SDX, PYM, CQ, AQ and AQm haveall been described

before [45,113-116]. However, each method uses different analytical platforms,

equipment and reagents makingtheir use in poorer countries prohibitively expensive.

One aim of this thesis was to modify these existing methods to produce a generic

analytical methodfulfilling the followingcriteria:

(a) Use of a shared platform, using the same instrumentation and separation columns

(b) Use of similar reagents for extraction and chromatographic separation

(c) Sensitive enough to allow the analysis of small volumes of whole blood

(between 50 and 200 ul, capillary or venous) stored at -80C (range -80°C to -86°C)

after collection.

3.2 Assayvalidation

3.2.1 Rules

The assays were validated to internationally recognized standards [117]. Three

validation runs for each drug were required for the assay accuracy andreliability to

be assessed. Drug free whole blood was spiked with known amounts of drug and

tumble-mixed for 20 minutes. Calibration curves were constructed by analyzing (in

duplicate) whole blood samples at known drug concentrations (a minimum of 5

concentrations per curve not including zero) within the concentration range of

interest and containing internal standard. The lowest point on the calibration curve

was the lower limit of quantification (LLOQ). Peak area ratios (drug / internal

standard) were plotted against drug concentrations and linearity was assessed by

linear regression. The calibration curve was accepted if 1 295% and 75% of the

standards fell within + 15% of the nominal value, except for the LLOQ whenit

should be within + 20% of the nominal value.
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Quality control (QC) samples were prepared for each drug by spiking whole blood at

3 concentrations within the calibration curve range representing the low QC (LQC)

at 2-3 x the LLOQ,the middle QC (MQC) and a high QC (HQC) at the maximal

concentration on the calibration curve. Accuracy and reproducibility were assessed

by determining the intra-day and inter-day coefficient of variation (% CV) of the

three QCs (6 at each concentration) and the LLOQ,over 3 runs, once weekly for 3

weeks. QCs were frozen at -80C between analyses and run alongside calibration

curve samples freshly made for each of the 3 validation runs. The results of the QC

samples provide the basis of accepting or rejecting the run. At least 67% of the QC

samples had to be within 15% of their respective nominal values; 33% of the QC

samples (but notall replicates at the same concentration) may be outside the + 15%

of the nominal value.

3.2.2. Specificity

Eachof the 4 assays was run with blood samples spiked with SDX, AQ, AQm, PYM

or CQ, to determine if any of the commonly encountered drugs resulted in

interference with the chromatographic peaks. The assays were not run with

mefloquine or artesunate as mefloquineis rarely used in Africa and artesunate has no

ultra-violet (UV) absorbance at concentrations found in humans. So it was unlikely

either of these drugs would interfere with the operational use of these assays.

3.2.3. Recovery

Percentage recovery was determined by comparing the peak area of a directly

injected known concentration of analyte compared with the peak area produced after

the extraction from whole blood of an equivalent concentration of analyte.

3.3. Methods common to the SDX, PYM, CQ, AQ and AQm analyses

3.3.1. Instrumentation and conditions

Chromatography was performed at room temperature, between 20 and 23°C,using a

Thermo Finnigan (San Jose, USA) SpectraSYSTEMS® P1000 isocratic pump and a

Thermo Finnigan SpectraSERIES autosampler AS3000fitted with a 100 wl injection

loop. The same column and guard column were used for all analyses. The column

was a reversed-phase BDS HYPERSIL C18 column, 150 x 4.6 mm, 5 um particle

size (Thermo Hypersil-Keystone, Runcorn, UK) preceded by a LiChrospher 100 RP-
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18, 5 um particle, 10 mm x 4.6 mm guard column (Merck, Damstadt, Germany). The

column effluent was monitored by a variable wavelength Thermo Finnigan

SpectraSYSTEMS® UV1000 detector and peak areas and retention times were

calculated using a Thermo Finnigan Chromjetintegrator.

3.3.2. Common chemicals and reagents

SDX, PYM, AQ (as amodiaquine dihydrochloride dehydrate), CQ (as chloroquine

diphosphate), quinidine (QND), sulfisoxazole (SS), sodium hydroxide, sodium

acetate and 1-octane sulfonic acid wereall purchased from Sigma-Aldrich (St Louis,

USA). Proguanil (PG) and AQm were gifts from Professor Steve Ward, University

of Liverpool, UK. The mobile phases for all 4 assays were constituted from common

reagents; varying combinations of deionised water (at varying pHs), methanol,

acetonitrile and triethylamine. The mobile phase solvents and the extraction solvents,

hexane, ethyl acetate, tert-butyl methyl ether and diethyl ether were purchased from

BDH (Poole, UK) and were HPLC grade. We were able to obtain high-purity

methanol locally in Malawi manufactured by Associated Chemical Enterprises Ltd

(South Africa). Hydrochloric acid and orthophosphoric acid were purchased from

BDH.Foreach drug, 10ml Pyrex glass tubes with PTFE-lined screw-caps were used

in the extraction process. To optimise the extraction process, the cleaned glassware

wasrinsed in a 5% dimethylchlorosilane (FLUKA, Switzerland) solution in toluene

(BDH), rinsed in methanol, and then dried.

3.4. SULFADOXINE

3.4.1. Calibration curve and QCs

Stock solutions of SDX and SS (internal standard) were prepared by dissolving a

weighed amountof solid into an appropriate volume in methanol. Drug free whole

blood was spiked with SDX to produce a calibration curve ranging from 5-100

ug/ml. The QCsat concentrations of 15, 50, 100 ug/ml representing the LQC, MQC

and HQCrespectively, were madein an identical way.

3.4.2. Extraction procedure

Whole blood (50 ul) was pipetted into a silanized Pyrex glass tube and 5 ug SS

added asan internal standard. Iml of 0.1M sodium acetate buffer (pH 3.5) was added

and vortex mixed for 5 seconds followed by 5 minutes of incubation. SDX and SS
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were extracted with 5mls of hexane- ethyl acetate (1:1 v/v) by gently mixing for 30

minutes. After centrifugation at 3000 g for 10 minutes, the organic (upper) phase was

transferred into a clean silanized glass tube and dried under a stream of nitrogen in a

waterbath at 37C.The residue wasreconstituted in 100 ul of mobile phase and 50 ul

was injected onto the column.

3.4.3. Chromatography

The mobile phase consisted of deionised water containing 4.6 mM 1-octane sulfonic

acid, methanol and acetonitrile (70:19:11% v/v), sonicated to de-gas and flowing at

Iml/min. The UV detector wasset at a wavelength of 274 nm.

3.4.4. Results

SDX and SS were baseline resolved with typical retention times of around 5.4 and

3.5 minutes respectively (figure 3.5.A). Using a 50 ul blood sample, the LLOQ for

SDX was 5 ug/ml (250 ng on column), and the calibration curve waslinear in the

range 5-100 ug/ml (r° > 0.97) in all 3 runs,figure 3.1. The inter-assay andintra-assay

CV values at 5, 15, 50 and 100 ug/ml were < 15% and the mean recovery was 62.7%

(table 3.1). Whole blood spiked with sulfamethoxizole (the sulpha component of

cotrimoxazole), AQ, AQM, PYM or CQ andextracted by the same method did not

produce any peaks whichinterfered with the SDX or SS peaks.
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Figure 3.1. Calibration curve from one of the SDX HPLC validation runs.

3.5. PYRIMETHAMINE

3.5.1. Calibration curves and QCs

Stock solutions of PYM and PG (internal standard) were made by dissolving a

weighed amountof solid into an appropriate volume of methanol. Drug free whole

blood was spiked with PYM to producea calibration curve ranging from 50-1000

ng/ml. The QCsat concentrations of 150, 500 and 1000 ng/ml, representing the LQC,

MQCand HQCrespectively, were made in an identical way.

3.5.2. Extraction procedure

Whole blood (150 wl) was mixed with 50 ng of PG in silanized Pyrex tubes. 1ml of

1M sodium hydroxide was added followed by 10 seconds of vortex mixing followed

by 5 minutes of static incubation. PYM and PG were extracted with 4 ml of ethyl

acetate by gently mixing for 30 minutes. The organic solvent (upper phase) was

transferred to a clean silanized glass tube after centrifugation at 3000 g for 10

minutes and dried under a stream of nitrogen in a 37C water bath. The residue was

reconstituted with 100 ul of mobile phase and 50 ul wasinjected onto the column

3.5.3. Chromatography

The mobile phase consisted of deionised water containing 5 mM of 1-octane sulfonic

acid (adjusted to pH 2.5 with concentrated orthophosphoric acid), methanol and

acetonitrile (60:10:30% v/v), sonicated to de-gas and flowing at 3 ml/min. The UV

detector was adjusted to 254 nm.

3.5.4. Results

PYM and PG were baseline resolved with typical retention times of around 3.4 and

5.9 minutes respectively (figure 3.5.B). Using a 150 ul blood sample, the LLOQ for

PYM was 50 ng/ml (7.5 ng on column), and the calibration curves were linear in the

range 50-1000 ng/ml (r° > 0.95) in all 3 runs, figure 3.2. The inter-assay and intra-

assay CV values at 50, 150, 500 and 1000 ng/ml were < 15% and the mean recovery

was 73.8% (table 3.1). Whole blood spiked with AQ, AQM, SDX or CQ and

extracted by the same method did not produce any peaks which interfered with the

PYM orPG peaks.
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Figure 3.2. Calibration curve from one of the PYM HPLC validationruns.

3.6. CHLOROQUINE

3.6.1. Calibration curve and QCs

Stock solutions of CQ diphosphate salt and anhydrous QND(internal standard) were

prepared by dissolving a weighed amount of solid into an appropriate volume in

distilled water and methanol respectively. Drug free whole blood was spiked with

CQ to makea calibration curve ranging from 150-1500 ng/ml. QCs were made in an

identical way at concentration of 300, 750 and 1500 ug/ml corresponding to the

LQC, MQC and HQCrespectively.

3.6.2. Extraction procedure

Whole blood (150 wl) was mixed with 750 ng of QNDin silanized Pyrex tubes. 500

ul of 0.2M hydrochloric acid was added and incubated 2 minutes followed by 1ml of

20% sodium hydroxide. CQ and QND were extracted with Smls hexane tert-butyl

methyl ether (1:1 v/v) by gently mixing for 30 minutes and centrifugation at 3000 g

for 10 minutes. The upper organic phase wastransferred to a clean silanized glass

52



tube and dried undera stream ofnitrogen at 37C .The residue wasreconstituted with

150 wl mobile phase and 50 ul wasinjected onto the column.

3.6.3. Chromatography

The mobile phase consisted of deionised water (adjusted to pH 2.8 with concentrated

orthophosphoric acid) and acetonitrile (85:15% v/v) and 1% triethylamine, de-gassed

and flowing at 3 ml/min. The UV detector wasset at 340 nm.

3.6.4. Results

Chloroquine was baseline resolved with a typical retention time of around 3.0

minutes. Quinidine wasalso baseline resolved and gave 2 distinct peaks around 5.5

and 7.3 minutes (figure 3.5.C). The area of the first quinidine peak was used for

determination of the CQ concentration. Using a 150 wl blood sample, the LLOQ for

CQ was 100 ng/ml (15 ng on column), and the calibration curves were linear in the

range 100-1500 ng/ml (r° > 97%) in all 3 runs, figure 3.3. The inter-assay and intra-

assay CV values at 100, 300, 750 and 1500 ng/ml were < 15% and the mean

recovery was 80.6% (table 3.1). Whole blood spiked with AQ, AQM, SDX or PYM

and extracted by the same method did not produce any peaks which interfered with

the CQ or QND peaks.
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Figure 3.3. Calibration curve from one of the CQ HPLCvalidation runs.

3.7. AMODIAQUINE AND DESETHYLAMODIAQUINE

3.7.1. Calibration curve and QCs

Stock Solutions of AQ, AQm and QND(internal standard) were made bydissolving

weighed amounts of solid into appropriate volumes of distilled water. A solution

containing both AQ and AQmin equal concentrations was used to make calibration

curves in the range of 100-1000 ng/ml for both drugs. Quality controls, containing

both AQ and AQM,were madein an identical way at concentrations of 200, 500 and

1000 ng/ml for the LQC, MQC and HQCrespectively.

3.7.2. Extraction procedure

Whole blood (200u1) containing AQ and AQm were spiked with 500 ng of QND.

Distilled water was added and vortex mixed followed by 10 minutesstatic incubation

in the dark. Acetonitrile (400 wl) was addedto precipitate the plasma and improve

the drug recovery. The drugs were then extracted with 4 ml of diethyl ether by gently

mixing for 30 minutes in the dark. After centrifuging the mixture at 3000 g for 10

minutes, the upper organic phase wastransferred into clean silanized tubes and dried
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under a stream of nitrogen in a water bath at 37C. The residue was reconstituted in

100 ul of mobile phase and 50 ul injected onto the column.

3.7.3. Chromatography

The mobile phase consisted of water, methanol and triethylamine (83:16:1% v/v),

adjusted to pH 2.2 with concentrated orthophosphoric acid, de-gassed and flowing at

1.5 ml/min. The UV detector wasset to 340 nm.

3.7.4. Results

AQm and AQ werebaseline resolved with typical retention times of around 7.2 and

8.4 minutes respectively. Quinidine wasalso baseline resolved and produced 2 peaks

on the chromatogram around 4.3 and 6.2 minutes (figure 3.5.D). The area of the first

quinidine peak was used for determination of the AQ and AQm concentrations.

Using a 200 ul blood sample, the LLOQ for AQ was 100 ng/ml, (20 ng on column),

and the calibration curve waslinear in the range 100-1000 ng/ml (r° > 0.97) in all 3

runs, figure 3.4. The inter-assay and intra-assay CV values at 200, 500 and 1000

ng/ml were < 15% and the mean recovery was 40.9% (table 3.1). At the LLOQ (100

ng/ml), the inter-assay and intra-assay CV values were < 20%. For AQm,using 200

ul of blood, the LLOQ was 100 ng/ml (20 ng on column), and the calibration curves

were linear in the range 100-1000 ng/ml (r° > 0.95) in all 3 runs, figure 3.4. The

inter-assay and intra-assay CV values at 200, 500 and 1000 ng/ml were all < 15%

and the mean recovery was 28.2% (table 3.1). At the LLOQ concentration for AQm,

100 ng/ml, the inter-assay and intra-assay CV values were < 15%. Whole blood

spiked with SDX or PYM and extracted by the same method did not produce any

peaks which interfered with the AQ, AQm or QND peaks. CQ extracted by this

method produced a peak at 5.5 minutes but this did not interfere with the QND, AQ

or AQm peaks.
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Figure 3.4. Calibration curves from one of the AQ (#) and AQm (m#) HPLC

validation runs.

3.8. Discussion

This chapter describes the establishment of assays to measure some of the most

commonantimalarial drugs used in Africa. The assays were set up and validated in

Malawito internationally recognized standards, with inter-day and intra-day % CV

of < 15% atall levels of the QCs and < 20% at the LLOQ concentration. The assays

are sensitive; the LLOQ’s on column being 250 ng, 7.5 ng, 15 ng, 20ng and 20 ng for

SDX, PYM, CQ, AQ and AQm andare specific with no interference detected in the

chromatograms with other commonly encountered drugs. These assays were used in

this thesis to study the disposition of the drugs in blood samples collected from

childrenin the clinical trial (chapters 4, 6, 7 and 8).

The LLOQsand calibration curve ranges for the SDX, PYM and CQ assays are in

keeping with those reported previously [115,116]. For AQ and AQnm,the percent

recoveries we achieved from whole blood were 40.8% and 28.2% respectively.
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These are far below those reported by Gitau et al from blood spots on filter paper;

83.9% for AQ and 74.3% for AQm [113]. Replication of this extraction method

using the samefilter paper as used by Gitau resulted in lower % recoveries than those

obtained from whole blood. The possible reasonsfor this difference are notclear.

There wasno deterioration in the QC samples stored at -80C over the 2 year period

that HPLC was conducted in Malawi for this thesis. This suggests that these drugs

are stable in whole blood for prolonged periods at this temperature. The assays

require only small volumes of blood andso are applicable to studies involving young

children. In some countries in Africa, collecting and storing venous blood samplesat

-80°C may not be possible and the stability of samples stored at -20°C was not

evaluated. Clearly it is important that this is done in the future. In addition the assays

should be tested using dried blood samples stored on filter paper rather than venous

blood as this would further increase their practical utility in Africa. However, as

demonstrated with the AQm assay, extraction from filter paper may result in

decreasedsensitivity of the assays.

HPLCis widely available and relatively inexpensive andis the mostreadily available

method to quantifying drug levels in Africa. Many of the other published assays use

liquid chromatography - mass spectrometry (LC-MS)but this method, becauseofits

cost, is of limited availability and practical use in developing world countries. One of

the advantages of the methods developed here is that they can be used in the

countries where the samples are being collected. The assays established for this

thesis do not allow the simultaneously quantification of these drugs from patients’

blood. Other published studies using HPLC and liquid-liquid extraction have also

been unable to simultaneously measure AQ and CQ or SDX and PYM dueto the

different pH required for their extraction from blood [118]. Recently, a method using

LC-MShasbeen published for the simultaneous determination of 14 antimalarials

and their metabolites in human plasma[119]. The increased cost of this method may

however outweigh the increased conveniencethatit brings.

Practical assays, which can be used under operational conditions in resource poor

countries, to study the disposition of antimalarials in sick patients in Africa may help

optimize treatment regimes. In the past, PK studies of antimalarials have lead to

57



changes in dosing regimes; e.g. splitting the 25 mg/kg dose of the mefloquine

increases the oral bioavailability of the drug, and it has been demonstrated that the

oral bioavailability of lumefantrine is improved if taken with food [120,121]. In

addition, these methods could be used to study the disposition of drugs in patients of

different ages; one recent publication has suggested that children are being under

dosed with SP compared to adults [122]. The four methods described here are cost-

efficient and could be set up in other developing world countries and maylead to

further improvements in prescribing practices.
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Drug QC Concentration Inter-assay Intra-assay % Recovery

Sample CV (%) CV (%)

SDX LLOQ 5 ug/ml 10.9 9.3

LQC 15 ug/ml 11.1 10.8 56.9

MQC 50 ug/ml 13.8 9.3 63.8

HQC 100 ug/ml 10.3 13.1 67.5

PYM LLOQ 50 ng/ml 14 12.6

LQC 150 ng/ml 11.3 10.5 70.2

MQC 500 ng/ml 9.3 9.0 73.2

HQC 1000 ng/ml 7.0 5.6 78.1

CQ LLOQ 150 ng/ml 13.3 13.3

LQC 300 ng/ml 13.3 12.9 79.8

MQC 750 ng/ml (1.2 12.0 81.4

HQC 1500 ng/ml 8.3 8.1 80.5

AQ LLOQ 100 ng/ml 14.8 18.7

LQC 300 ng/ml 11.9 8.5 38.6

MQC 500 ng/ml 122 12.6 47.1

HQC 1000 ng/ml 14.5 12.9 37.0

AQm LLOQ 100 ng/ml 14.7 14.8

LQC 300 ng/ml 13.8 13.0 27.0

MQC 500 ng/ml 13.1 12.0 32.3

HQC 1000 ng/ml 14.7 12.8 25.2  
Table 3.1. LLOQ, LQC, MQC and HQCinter-assay and intra-assay CV values %

drug recovery rates using the SDX, PYM, CQ, AQ and AQm. assays.
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Fig. 3 A-D. Chromatograms showing peaks after extraction from of drugs from

whole blood using each of the four assays described. Retention times (tRs) in

minutes are shownadjacentto the peaks.

A) Sulfadoxine (tR 5.4) and sulfisoxazole (tR 3.5)

B) Pyrimethamine (tR 3.4) and proguanil (tR 5.9)

C) Chloroquine (tR 3.0) and quinidine (tRs 5.5 and 7.3)

D) Amodiaquine(tR 8.4), desethylamodiaquine (tR 7.2), quinidine (tRs 4.3 and 6.2).
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CHAPTER 4 A RANDOMISED BLINDED CLINICAL TRIAL TO

COMPARETHE SAFETY AND EFFICACY OF FOUR TREATMENTS FOR

UNCOMPLICATED MALARIAIN CHILDREN IN MALAWI

4.1. Introduction

Attempts to control malaria have been hampered because of resistance in

Plasmodium falciparum to the most commonly used drugs, chloroquine (CQ) and

sulfadoxine-pyrimethamine (SP). Malawi switched from CQ to SP asfirst line

treatment for uncomplicated falciparum malaria in 1993, the first country in sub

Saharan Africa to do so. SP failure rates have risen since its introduction, to a day 28

parasitological failure rate of 73% by 2002, the year before this trial began [81]. In

parallel with the rising SP treatmentfailures, there was been rise in the prevalence

of dhfr and dhps mutations associated with SP resistance. For CQ, the opposite is

true and there had beena fall in the prevalence of the mutation pfcrt K76T from 85%

in 1992 to 13% in 2000 [83]. In addition there has been a fall in the prevalence of

mutations in the gene pfmdr1. These data suggested the possibility of a return of CQ

in Vivo sensitivity in Malawi.

At the time of this study, many countries in Africa, including Malawi, were using SP

monotherapy as first line therapy for uncomplicated malaria. Indeed, Malawi

continued to use SPasits first line treatment until 2007-2008, more than a year after

this study was completed. Although the WHO recommendsthe use of artemisinin

combination therapies (ACTs) to treat malaria [91], low cost alternatives to ACTs

might have been attractive to the authorities and AQ+SP was considered by the

Malawi National Malaria Control Programmeat that time. AQ+SP had been shown

in some African countries to have efficacy similar to ACTs at that time [105].

Artesunate (ART) +SP was oneof the ACT combinations recommendedfor Africa at

the time of the study.

The aimsof the study wereto:

1. Compare the efficacy and safety of 3 SP based combination therapies,

CQ+SP, ART+SP and AQ+SP with that of SP alone for the treatment of

uncomplicated malaria in young children in Malawi.
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2. Look for a return of parasite in vivo sensitivity to CQ.

3. Comparethe selection of resistance associated mutations in the parasite genes

dhfr and dhps (associated with SP resistance) and pfcrt and pfmdrl

(associated with AQ and CQ resistance). We hypothesized that there would

be more selection of dhfr / dhps mutations in the ART+SP group that in the

other two combination groups due to the mismatching of the elimination half-

lives of ART and SP

4. Look for the selection of mutations in pfcrt and pfmdrI using CQ+SP and

AQ+SP.

5. Study the disposition of the antimalarials SDX, PYM, CQ and AQ in children

with malaria using HPLC and PopPK modelling.

Wedid not include the other ACTsavailable at the time of the study, AQ+ARTor

AMLU, as we were primarily interested in issues of drug resistance and in

comparing the selective pressure for resistance mutations by different SP based

combination therapies with different elimination kinetics.

This chapter describes the methods and results of two clinical trials that took place in

Malawias part of this thesis. The first and largest trial was a randomised single-

blinded clinical trial to compare the efficacy and safety of 3 SP based combination

therapies, CQ+SP, ART+SP and AQ+SP with that of SP alone for the treatment of

uncomplicated malaria in young children in Malawi. The second smaller study,

called the “rich PK”study, is described briefly at the end of this chapter, and aimed

to obtain additional blood samples from children with malaria to assist in the

development of the PK models. Children in this study were treated unblinded with

the same antimalarials as the main trial, but provided more frequent blood samples

for the PK analysis.

The molecular genotyping results used to distinguish recrudescences from

reinfections are presented in this chapter. PCR results on selection of resistance

mutations are described in chapter 5. The PK data is described in chapter 6, and the

PopPK models are described in chapters 7 and 8. The children in the “rich PK” study

were not includedin the efficacy analyses or the molecular analyses.
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4.2 Methods

4.2.1 Ethics approval

Prior to the start of recruitment, ethics approval for both studies was obtained from

the Ethics’ committees of the College of Medicine, University of Malawi and

Liverpool School of Tropical Medicine. A Data & Safety Monitoring Committee and

local Study Monitor were appointed from the outset and throughoutthe study reports

were sent to the committee detailing progress, adverse events and outcomes. Thetrial

was registered with the International Standard Randomised Controlled Trial Number

Register, ISRCTN22075368.http://www.controlled-trials.com/ISRCTN22075368

4.2.2. Study site and duration of the study

The study was based at Chileka health centre which is located next to Blantyre

airport, in a rural setting, 12km from Blantyre, the largest city in Malawi. Thesite

was chosen with the permission of the District Health Officer for Blantyre. The

health centre local population consisted mainly of small holding farmers and their

families. At Chileka, malaria transmission occursall year round but peaks during the

rainy season from Decemberto April. Prior to the commencementofthe study, local

village chiefs, church elders and other prominent community leaders were invited to

the health centre to hear an explanation of the study aims and methods. The aim of

this was to gain community approval for the planned study. The health centre was

staffed by government employed nurses, community health assistants, laboratory

assistants and oneclinical officer. For the purposes of the study, existing staff were

paid a monthly stipend for their assistance in the study. Additional staff employed

full time for the study included a driver, a laboratory assistant and a clinical officer.

The main randomised blinded study ran from September 2003 and December 2005.

The “rich PK”study ran from December 2005 to April 2006.

4.2.3. Participants

Children presenting to Chileka health centre with an illness suggesting falciparum

malaria were screenedto see if they metall the inclusioncriteria (listed below). For

screening, each child was assessed clinically by the study clinical officer and a

capillary blood sample was taken for malaria microscopy,collection of a dried blood

®
spot on filter paper and for estimation of haemoglobin using a Hemocue™ machine.

Details of children who were screened but found notto satisfy all inclusion criteria
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were recorded in a screening log and these children were offered treatment

appropriate to their clinical condition outside the study. Parents or guardians of

children, satisfying all inclusion criteria, were asked to provide written informed

consentfor participation in the study. If the parent was unable to write, a thumbprint

wasaccepted on the consent form, witnessed by 2 membersofthe study team.

4.2.3.1. Inclusion criteria

1. Age 212 and <60 months

2. Weight 26 kg,

3. Axillary temperature 237.5°C

4. No history of treatment with an antimalarial, cotrimoxazole or a tetracycline

antibiotic in the previous week

Haemoglobin 25.0g/dl using Hemocue®a

6. P. falciparum monoinfection with a parasite density between 2000 and 200,000

parasites per ul

7. Parent willing to provide written informed consent

4.2.3.2. Exclusion criteria

1. Any feature of severe malaria [12].

2. Ifthe child was deemed unsuitable for out-patient managementin the opinion ofthe

attending clinician, even if not fulfilling the WHO definition of severe malaria.

3. Clinical features suggesting a concomitant illness including rashes other than

scabies, red ear drums and abnormal respiratory system examination

4. History of allergy to sulphonamide drugs

5. Involvementin the clinical trial in the past 12 months

4.2.4. Treatment, Randomization and Blinding

Children satisfying all inclusion criteria on day 0 were recruited and randomized to

one of four oral treatment groups. Each child was given a unique study numberand a

member of the study team, the ‘Drug Dispenser’, opened the corresponding

randomization envelope. These numbers were assigned sequentially. Randomization

was in blocks of 12 according to an off-site computer-generated code to assign

patients equally to the four treatment groups.
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1. SP (25 mg/kg sulfadoxine and 1.25 mg/kg pyrimethamine as a single dose on

day 0) + vitamin C 50 mgtablet (placebo) daily for 3 days

2. CQ (10 mg/kg on days 0 and 1, and 5 mg/kg on day 2) + SP (as above)

3. ART (4 mg/kg once daily for 3 days) + SP (as above)

4. AQ (10 mg/kg daily for 3 days) + SP (as above)

Children too young to swallow tablets were given syrup formulations of CQ (50 mg

base per 5mls) and AQ (50 mgbase per S5mls) if required (same doses). The other

study drugs were not available as syrups, and were crushed and given on a spoon

with water. The different treatments and placebo tablets were not identical in

appearanceortaste. A three-day supply of paracetamol (10 mg/kg) wasalso given as

an anti-pyretic.

The ‘Drug Dispenser’ directly observed all drug doses but was not involved in the

assessment of children. All other members of the study team were blinded to the

dispensing process and patients were uninformed of their treatmentallocation for the

duration of the study. Children were observed for 30 minutes after dosing. If the

child vomited, a second dose was given. If vomiting occurred a second time, the

child was withdrawn from the study and treated with parenteral quinine (the standard

of care in Malawi) and admitted to hospital.

4.2.5. Follow up

Routine follow up at the health centre was scheduled for all recruited patients on

days 1, 2, 3, 7, 14, 28 and 42 after treatment (treatment started on day 0). This

schedule was in keeping with the WHO recommendation for antimalarial efficacy

studies [123]. In addition, children could present to the clinic at any other times if

unwell. On each routine follow up visit, the child was assessedclinically by the study

clinical officer, asked about any ongoing or new symptomsandblood wascollected.

If a child failed to attend for a routine follow up, one of the study nurses would be

driven to the child’s hometo attempt to locate the child and check on their well being

and to ask them to attendthe clinic for review.
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4.2.6. Blood sampling and storage

Because of ethical and safety concerns of collecting multiple samples from young

sick children, venous samples (V) were collected on days 0 and 2 only. On other

days, or when venous blood sampling failed, capillary blood (C) was collected. On

days 0 and 2, the samples werecollected at a time up to 6 hoursafter the dosing. The

timing of the blood sample was specified in the randomization instructions. The

reason for this was to assist the development of the PopPK models by attempt to

collect samples covering the absorption phases of the study drugs. The following

blood sampling schedule was used for children in the main efficacy study.

Day0 - Pre-treatment (C)

Day0 (V) up to 6 hoursafter dosing

Day 2 (V) up to 6 hours after dosing

Day 3 (C)

Day7 (C)

Day 14 (C)

Day 28 (C)

If the child was seen for any unplanned visits during this follow up period, an

additional sample (C) wascollected.

Spring-loaded lancets (Becton Dickinson Genie ™) were used for the capillary blood

samples and in most instances 1-2mls of whole blood samples could easily be

collected. For the venous (V) blood samples, a maximum of Smls was collected. At

each visit, blood was used for malaria microscopy, for storage on Whatman 3M filter

paper for later PCR analyses, and storage in EDTA Microtainers™ blood tubes

(Becton Dickinson)at -80°C for later SDX, PYM, CQ and AQ PKanalyses. On days

0 and 2, around 2mls of the venous blood was spun at 1800g for 10 minutes in a

refrigerated centrifuge at 4°C. Plasma was then pipetted off and stored in lithium

heparin Microtainers™at -80°C for the planned artemisinin analysis (not presented

in this thesis). The remaining venous blood wasstored in EDTA Microtainers™.

4.2.7. Laboratory methods

Blood films were stained with Fields Stain A and B andparasite densities estimated

from thick films by counting the numberof parasites per 200 WBCassuming total
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count of 8000 per ul. The estimated parasite count was used to determine the

suitability of the child for inclusion in the study. Haemoglobin (HB) was determined

® on day O for screening purposes. In addition, on days 0 and 14,using Hemocue

whole blood was collected for full blood count estimation using a Beckman Coulter

HMX and measurement of plasma alanine transferase (ALT), total bilirubin and

creatinine using a Vitros DTII dry biochemistry analyzer. The coulter WBC count

wasused to calculate an accurate parasite countfor the analyses.

4.2.8. Assessmentofclinical outcome

Clinical outcomes on days 14, 28 and 42 were determined using the WHO 2003

protocol for trials in areas of intense malaria transmission [123]. This protocol

defines the clinical endpoints for antimalarial efficacy trials so that comparisons can

be made betweenstudies. The endpoints were:

Early Treatment Failure (ETF)

* Development of severe malaria on Day 1, Day 2 or Day 3, in the presence of

parasitaemia

¢ Parasitaemia on Day 2 higher than Day 0 countirrespective of axillary temperature

¢ Parasitaemia on Day 3 with axillary temperature 2 37.5 °C

¢ Parasitaemia on Day 3 2 25 % of count on Day 0

Late Clinical Failure (LCF)

¢ Development of danger signs or severe malaria after Day 3 in the presence of

parasitaemia, without previously meeting any of the criteria of early treatment failure

* Presence of parasitaemia and axillary temperature 2 37.5°C on any day from Day4,

without previously meeting any ofthe criteria of ETF

Late Parasitological Failure (LPF)

¢ Presence of parasitaemia on Day 14, 28 or 42 and axillary temperature < 37.5°C,

without previously meeting any ofthe criteria of ETF or LCF.

Acceptable Clinical and Parasitological Response (ACPR)

¢ Absence of parasitaemia on Day 14, 28 or 42 irrespective of axillary temperature

without previously meeting the criteria for ETF, LCF or LPF.
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‘Withdrawal from the Study” wasused as an additional endpoint. A withdrawal

wasany child whoentered the study (i.e. a randomization envelop was opened), but

did not complete the study (whether or not the patient received study medication).

Reasonsfor withdrawal from the study included:

- Developmentof severe disease on Day0, i.e. the day of enrolment

- Withdrawal of parental consent at any stage

- Failure to attend for scheduled follow up. On days 1, 2 and 3, failure to attend on

that day resulted in “withdrawal”. For the other scheduled follow up visits,

allowance was madefor early and late presentation by + 1 day on day 7, and + 2

days on days 14, 28 and 42.

- Serious adverse events thought to be due to the study medication and serious

enough to stop further doses of that medication being given being given to that

child.

- Protocol violation due to ingestion of a ‘banned’ drug - all antimalarials,

cotrimoxazole, doxycycline, tetracycline, chlorpheniramine andfolic acid.

4.2.9. Management of treatmentfailures

Children with ETF or LCF, who were well enough to continue outpatient

management, weretreated with oral mefloquine (25 mg/kgof base split over 6 hours)

and if they had not vomited after 1 hour, allowed home. They were followed up 1

weeklater with a repeat malaria film to ensure that a parasitological cure had been

achieved. Treatmentfailures, too ill for continued outpatient care, were treated with

parenteral quinine in hospital. LPFs, i.e. children with parasites in their blood but no

fever, were not treated and remained under follow up in the study until day 42 or

earlier if symptoms developed requiring treatment. Children with LPF on day 42

were given oral mefloquine and followed up 1 week later with a repeat malaria film

to ensure that a parasitological cure had been achieved.

4.2.10. Genotyping to distinguish reinfections from recrudescence

Genotyping was performed to differentiate new infections occurring after treatment

from true treatment failures or recrudescences. Parasites were differentiated on the

basis of msp-2 size polymorphisms. Significant reinfection rates can lead to

underestimation of the efficacy of a treatment andit is therefore recommendedthat

for some efficacy analyses, the data should be “PCR-corrected” [110]. See chapter 2
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for the method and a discussion of the complexities of interpreting genotyping

results. All recurrent parasitaemias appearing from day 12 onwardsin the study were

genotyped. Parasites that appeared before day 12, having initially disappeared, were

assumedto be recrudescent.

4.2.11. Statistical methods

The planned sample size of 100 evaluable patients per treatment arm wascalculated

to have 90% powerto detect the difference between an ACPRrate of 80% with SP

alone and 95% with combination therapies using the 5% significance level for each

comparison with SP alone and a type 2 error of 10%. SP wasthe standard treatment

for uncomplicated malaria in Malawi at the time of the study and the available

evidence at the time the study was being planned, suggested an SP ACPRrate of

around 80%. A 25% loss to follow up rate was anticipated, so 125 were to be

recruited per group. The primary endpoint was the day 28 ACPR rate and the major

analysis strategy for the primary endpoint wasintention to treat (ITT). Patients with

missing outcomeswere all classified as successes in one analysis and then as failures

in a separate analysis. Per protocol (PP) analysis was also done to examine the

robustness of the main results.

Analyses were planned using both PCR-corrected and uncorrected data. For the PCR

corrected data, when the PCR analysis indicated that a parasitaemia was a

reinfection, the child was classified as a treatment success on that day, but excluded

from subsequent analyses. If PCR failed, the patient was excluded from the analysis.

Secondary endpoints included day 14 and 42 ACPRrates, time to fever resolution;

time to parasite clearance; change in HB from day0 to day 14 and the appearance of

gametocytes after treatment. We also compared adverse events (AEs) between the

treatment groups, both self-reported AEs and laboratory AEs; rises in ALT,total

bilirubin, and creatinine between days 0 and 14.

A further secondary endpoint was the “Adequate Clinical Response” (ACR)rates

on days 14, 28 and 42. This is an older WHO defined outcome andis the clinical

cure rate - the percentage of children symptomatically better after treatment but in

whom there maystill be parasites. The ACPRrate, or parasitological cure rate, is

now preferred by the WHOfor malariaefficacy trials. The ACRrate is defined as:
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- Absence of parasitaemia on Days 14, 28 or 42 irrespective of axillary

temperature, without previously meeting any of the criteria of early or late

treatmentfailure

- Axillary temperature < 37.5 in the presence of parasitaemia without previously

meeting anyofthe criteria of early or late treatment failure.

Data was double entered into the database by 2 data clerks and validated prior to the

analyses. Analysis of the clinical and molecular data from the study was performed

using Stata 8 by the studystatistician, Mr Mavuto Mukaka according to an analysis

plan pre-written and agreed before the unblinding of the database. Binomial

regression was used to obtain risk differences between treatments and 95%

confidence intervals. Fisher’s exact p-values were reported. Tests of significance

were performed using the 5% level to infer significance for the planned analyses,

comparisons of each combination therapy (CQ+SP, ART+SP and AQ+SP) with SP

alone. Pair wise comparisons between combination therapies were not planned and in

these comparisons we adjusted the significance level to 1.7% (i.e. p<0.017) to

declare significance of a difference i.e. they were adjusted for multiple comparisons

using Bonferroni’s approach.

4.3. Results

4.3.1. Recruitment and Participant flow

One thousand six hundred and twenty five children were screened for the study and

455 of these met inclusion criteria and were enrolled. Baseline characteristics of the

recruited children are shownin table 4.1. The most commonreasonsfor children not

being recruited were:

377 No malarial parasites seen on the blood film

181 Parasite count < 2000 ul

177 Took antimalarials in previous week

147. Temperature < 37.5°C

114 Parasite count > 200,000 / ul

98 Exam features suggestive of severe illness or concomitant medical problem
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SP CQ+SP ART + SP AQ+SP

Number of 114 172 14 4

patients

Median age
(months), (IQR) 22.6 (17.6) 22.2 (14.0) 21.6 (8.2) 21.0 (14.2)

Number(%)
fencile 62 (54.4%) 54 (47.8%) 51 (44.7%) 56 (49.1%)

Numberof days
of fever 3:1 (8) 2.9 (1.8) 3.1 (1.9) 3.1 (1.7)

Weight(kg) 10.9 (2.2) 10.8 (2.3) 10.8 (2.1) 10.8 (2.4)
Initial
temperature (°C) 38.8 (0.9) 38.7 (0.9) 38.8 (0.9) 38.8 (0.9)

varaoman 112,297 116,608 85,599 84,099
104,745 114,642 147,311 159,523

(per pl) ( ) ( ) ( ) ( )
Parasite count >

200,000 /ul (%) 10 (8.8%) 16 (14.2%) 9 (7.9%) 13 (11.4%)

Gametocytes

seen on Day0 18 (15.8%) 15 (13.3%) 18 (15.8%) 19 (16.7%)
Haemoglobin**

9.1 (1.7 9.0 (1.6 8.9 (1.4 9.3 (1.6
(g/dl) (lel) (1.6) (1.4) (1.6)
White cell count
(x10°/L) 10.2 (4.3) 10.8 (4.6) 9.9 (4.4) 10.3 (4.7)

Neutrophil count

(x10°/L) 5.1 (3.6) 5.2 (2.6) 4.1 (2.9) 5.3 (4.1)

Platelet count
(x10°/L) 149 (91) 165 (93) 163 (100) 162 (103)

Alanine

Transferase 19 (13) 18 (17) 18 (16) 22 (19)

(IU/L)

Total Bilirubin
(mg/dl) 0.97 (0.5) 0.95 (0.7) 0.88 (0.7) 0.85 (0.6)

Creatinine

(mg/dl) Oe (Oe) 0.4 (0.1) 0.4 (0.1) 0.4 (0.1)
 

Forall, data shows mean (SD) unless otherwise indicated

*Accurate parasite count calculated using coulter HB and WBCcount

**HB from coulter counter. If not available, the Hemocue™ HB wasused (n= 5)

Table 4.1. Summary ofbaseline characteristics by treatment group

The study profile is shown in figure 4.1. By day 14, 44 (9.7%) children had been

withdrawn from the study, 51 (11.2%) by day 28 and 63 (13.8%) by day 42. The

reasons for withdrawal are showninthefigure.
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4.3.2. Primary Outcome: Treatment Efficacy

Table 4.2 shows results of the ITT analyses with missing outcomestreated first as

successes and then as failures, using data which has not been PCR-corrected. This

approach gives the broadest range of possible outcomes. With missing outcomes

treated as successes, the day 28 ACPR rate was lowest with SP alone at 25% and

inferior to each of the three SP combination therapies (p<0.001). AQ+SP had an

ACPRrate of 97%, higher than each of CQ+SP and ART+SP (p<0.001). There was

no significant difference between CQ+SP and ART+SP. These inferences were the

same using the ITT analyses with missing outcomestreated as failures.

4.3.3. Genotyping results

182 children in the study developed a recurrent parasitaemia after treatment during

the 42 days of follow up. Genotyping was performed on the 155 of these that

occurred 12 or more days after treatment. Twenty-seven recurrent parasitaemias

occurring before day 12 were not genotyped and assumedto be due to recrudescence.

Twenty-five (93%) of the 27 occurred on day 1, 2 or 3 after treatment, with one on

day 8 and one on day11.

The median (range) and mean numberofstrains present on day 0 in the genotyped

samples were 2 (1-6) and 2.2 respectively. At the time of recurrent parasitaemia, the

median (range) and mean numberofstrains were 2 (1-5) and 2.0 respectively. The

PCRanalysesindicated that 96 (62%) of these were likely to be due to recrudescence

and 56 (36%) were reinfections. For 3 (2%) children, the PCR failed. Figure 4.2

shows the proportions of reinfections and recrudescences occurring in the four

treatment groups. The figure includes the 27 recurrent parasitaemias occurring before

day 12 called recrudescences. The 3 PCRfailures were excluded from this analysis.
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Figure 4.2. Numbers of recrudescent and new infections in those children with

recurrent parasitaemia after treatment

4.3.4. PCR corrected Efficacy Results

The PP PCR corrected day 28 ACPR rates are shownin figure 4.3. SP treatment

group wasinferiorto all the SP combination groups on day 14, 28 and 42 (p<0.001).

On day 28, AQ+SP was more efficacious than CQ+SP (p=0.009) and ART+SP

(p<0.001) and on day 42, more efficacious than ART+SP (p=0.004). The difference

between AQ+SP and CQ+SP was notstatistically significant on day 42 (p=0.03)

after adjusted using Bonferroni’s approach.

4.3.5. Secondary Outcomes

The PP PCRcorrected ACRare shownin figure 4.4. The combination therapies were

all more efficacious than the SP alone group p<0.001 on days 14, 28 and 42. The

ACRrates for CQ+SP weresignificantly higher than ART+SP on days 28 and 42

and equivalent to those for AQ+SP.
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Fever resolution (axillary temperature < 37.5°C) by days 1 and 2, was morelikely

with each of the combination therapies than with SP alone, (p<0.008 for each

comparison). Fever resolution rates were 81%, 98% 95% and 99% respectively for

SP, CQ+SP, ART+SP and AQ+SP by day 2. Parasite clearance rates by day 2 were

35% for SP, 47% for CQ+SP, 95% for ART+SP and 55% for AQ+SP. Parasite

clearance by day 2 was more common in the ART+SPgroup than the other treatment

groups, p<0.001. By day 3 however, there was no difference between the 3

combination therapies. Compared to SP alone, parasite clearance was more common

in the three combination therapies on each of days 2, 3 and 7, p =0.005. In the SP

alone group, there was no association between the day O parasitaemia and time to

parasite clearance or between day O parasitaemia and clinical outcome (ACPRvs.

ETF LCF/ LPF).

Mean haemoglobin concentration (HB) rose in all treatment groups, table 4.3.

Compared to SP alone, the mean HB on day 14 was greater after CQ+SP (p=0.03)

and AQ+SP (p=0.002) but not after ART+SP (p=0.81).

 

 

 

Treatment Group Mean Contrast with SP+Placebo group

Group sizes HB
(g/dl) Mean (95% CI P- value

difference for difference)

SP+Placebo 88 9.9
CQ+SP 96 10.2 0.32 (0.03, 0.61) 0.03
ART+SP 105 9.8 -0.03 (-0. 32, 0.25) 0.81

AQ+SP 95 10.3 0.46 (0.16, 0.75) 0.002

Table 4.3. HB change by 14in the different treatment groups compared with the

SP+Placebo group.

Gametocytes were seen in blood film on day 0 in 73 (16%) children. For the children

without gametocytes on day 0, there were no differences between the groups in the

percentage of children with gametocytes on day 28; 4% after SP, 7% after CQ+SP,

5% after ART+SP and 7% after AQ+SP. There remained nosignificant differences

in the numbers with gametocytes on 42 days after treatment.
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4.3.6. Safety and Tolerability

284 clinical AEs were reported in 185 children. Cough was commonest, making up

45% of all AEs. Compared to SP alone, cough was more commonly reported after

ART+SP, p=0.04. No otherstatistically significant differences between groups were

found. There were 8 serious adverse events (SAEs) in the study with no more than 4

in any treatment group. There were no deaths. The SAEs included 2 cases of

pneumonia requiring intravenous antibiotics, 1 child with gastroenteritis requiring

intravenous fluids and 5 treatment failures requiring hospitalisation for intravenous

quinine. For two of these children, this was due to the occurrence of seizures shortly

after receiving their medication on day 0 (1 AQ+SP, 1 CQ+SP), and 1 child had

persisted vomiting on day 1 and was unable to continueoral treatment (AQ+SP). The

other two children had early treatment failures (1 SP, 1 AQ+SP), and were too

unwell to continue oral therapy.

Mean neutrophil countsfell after treatment between day 0 and day 14in all treatment

groups. Nineteen children developed neutropenia of $ 0.5 x 10° cells / ul by day 14,

having had a count of 21.0 x 10° / wl on recruitment, table 4.4. This was observed

more commonly after AQ+SP, p=0.03. For 17 of these children, a repeat neutrophil

count between day 28 and 42 showed a count 21.0 x 10° / wl. For the remaining 2

children no further sample was obtained. There wasno evidenceofany ill effects due

to these transient low neutrophil counts in the children in the study.

 

 

 

 

 

    

Treatment Group Number(%) with Contrast with SP group

Group size Day 14 Neutrophils
< 0.5 x 10° /ul

% Difference P-value

(95% CI)

SP+Placebo 65 1 (1.5%)

CQ +SP 75 4 (5.5%) -4% (-10%, 2%) 0.37

ART + SP 72 7 (9.7%) -8.2% (-16%, -1%) 0.07

AQ +SP 61 7 (11.5%) -10% (-18%, -1%) 0.03  
  
Table 4.4. Number (%) of children with day 14 neutrophil count < 0.5 x 10° / ul,

having been 2 1.0 x 10° / wl on day 0, compared to the SP+Placebogroup.
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Twochildren in the AQ+SPtreatment group developed ALT levels on day 14 of >3

times the upper limit of normal having been in the normal range (15-45 U/L) on

recruitment. The possible association of this adverse effect with AQ+SP was not

significant, p=0.24. One child had a day 14 ALT of 1540 U/L with a total bilirubin

of 1.1 mg/dl (normal range: 0.1-1.4 mg/dl). By day 42 the ALT hadreturned to

normal. The other child had a day 14 ALT of 473 U/L with a total bilirubin of 2.2

mg/dl. No further plasma samples were collected for analysis. Both children were

well and completed 42 days of follow up and both had day 14 neutrophil counts 2 1.0

x 10° / wl. No children had creatinine levels outside of the normal range (0.3-1.0

mg/dl).

4.4. “Rich PK”study

The smaller unblinded “rich PK” study followed on after the main study. Inclusion

criteria were the same as the main study except the maximal age allowed was

<l0years. A more intensive blood sampling regime was used, though in several

cases, not all of these samples were collected. Samples were collected and stored in

exactly the same wayas those samples in the main study. The sampling schedule for

the PK Rich study was:

Day0 - Pre-treatment (C)

Day 0 — 2 different samples within 6 hours of the dose (V),

Day2 - 2 different samples within 6 hours of the dose (V)

Day 3 (C)

Day 7 (C)

Day 14 (V)

4.4.1. Results of “Rich PK” study

Thirty-five children, 21 (60%) male, were recruited; 12 into the CQ+SP group, 11

into the ART+SPgroup and 12 into the AQ+SP group. The mean parasite count for

all 35 recruits was 50138 /ul. The median ages (range) of the children were: CQ+SP

20.8 months (12.0 - 70.7), ART+SP 41.0 (13.2 — 100.2), AQ+SP 37.0 (15.2 — 116.2).

Mean weights in kg were: CQ+SP 10.5, ART+SP 14.6 and AQ+SP 13.2. Mean HB

on day 0 in g/dl were: CQ+SP 9.0, ART+SP 10.0 and AQ+SP 9.0. Thirty-one of the
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35 children recruited had an ACPR response by day 14. The other 4 children were

lost to follow up by day 14; 2 in the ART+SP group and 2 in the AQ+SP group.

4.5. Discussion

In this chapter I have described the results of the clinical trial comparing SP with 3

SP based combination therapies for the treatment of uncomplicated malaria in

children. 1625 children were screened resulting in 455 recruits to the study, a

recruitment rate of 28%, which is in keeping withtrials in other settings. The main

reason for non-recruitment was that no parasites were seen on the screening blood

film, 377 (23%) of the children. These were children with symptoms suggestive of

malaria and in whom no other cause was apparent. Under a policy of “presumptive

diagnosis” which is practiced in health centres’ across Africa, these children would

have been treated empirically with SP.

The case for continuing this policy in Africa is now being questioned by those who

point out that treatment with an ACT is more expensive than using CQ or SP, we

have increasing availability of rapid diagnostic tests (RDTs) to simplify the diagnosis

of malaria, and malaria transmission rates appear to be falling in parts of Africa such

that a diagnosis should no loner be presumed [25]. However, this argument is

countered by those who pointout that although RDTs perform well in studysettings,

the limited data available suggests that in routine use, their sensitivity is more

variable. In addition, rolling out RDTs for routine use presents massive logistic and

training challenges which need to be overcome [24]. To abandon “presumptive

diagnosis” too early will lead to missed cases of malaria and as a result harm to

vulnerable children.

For the purposes of recruitment, an estimated WBCcell count of 8000 per wl blood

was used for the estimation of parasites count from thick blood films. This is

standard practice in malaria studies because in most studies the actual WBC count

determined by a coulter counter is not available to the investigators at the point of

recruitment. In this study, this WBC estimate was used to determine eligibility for

recruitment, then corrected later using the actual WBC count. Asa result of this, 11

children were recruited to the study, split between 3 different treatment groups, with

actual parasite counts below 2000 per wl blood (range 973 — 1985).
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There were 182 children in the study with recurrent parasitaemia after treatment

during the 42 days of follow up. Genotyping was performed 155 of these and not on

the 27 recurrent parasitaemias observed before day 12 as these were assumed to be

due to recrudescence. This assumption wasbased on the life-cycle of P. falciparum,

and the knowledge that the usual time from infection by a biting mosquito to

detectable parasites in the blood is around 2 weeks. There is however evidencethat

the parasites strains detectable in the blood after a single infection episode change

over the course of an infection and if genotyping results are compared between day 0

and days 1-3, additional genotypes may be detected [124]. In the light of this, it

would have been more accurate to have genotyped all recurrent parasitaemias, and

not to have assumedthat those before day 12 were recrudescent. In fact, 25/27 (93%)

of these early recurrent parasitaemias occurred on day 1, 2 or 3 after treatment, with

one on day 8 and one on day 11, suggesting that in most of these cases this

assumption wasprobably correct.

The WHO recommendsthat antimalarial treatment for uncomplicated malaria should

result in an average ACPRrate of 95%, when assessed in clinical trials [91]. Ten

years after the introduction of SP asfirst line treatment for uncomplicated malaria in

Malawi the day 28 ACPR rate lies below 30%. Malawi is in the process of

implementing its new first line treatment policy of artemether-lumefantrine and these

results support the decision to abandon SP. High SP failure rates are seen now

throughout sub Saharan Africa and nearly all countries have now stopped using SP

for first line treatment policy for uncomplicated malaria thoughit is still the choice

for prevention of malaria in pregnancy (IPT) in most [94]. Given the very high

failure rates seen in Malawi in this study, this policy should also now be re-

evaluated.

The combination of ART+SP for 3 days was the least effective of the three

combination therapies. This is not surprising given the poor efficacy of SP. As a

monotherapy, ART is usually taken for 7 days; a 3-day ACT course is only

efficacious when the second drug retains adequate efficacy. The combination of

ART+SP has proven ineffective in other sites in Africa with significant background

SP resistance [125,126]. This study highlights the importance of continuing follow
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up beyond 14 days; ART+SP had a 93% day 14 ACPRrate and had the fastest

parasite clearance rate but efficacy by days 28 and 42 was poor.

This study demonstrates a return of CQsensitivity in Malawi. Another randomized

trial in 2005, also in Blantyre, in which CQ was used as a monotherapy in 80

children with uncomplicated malaria reported a day 28 ACPRrate of 99% [82]. This

compares to the day 28 ACPRrate of 86% in this study. The children in our study

were younger, mean age 22.2 vs. 31.2 months, and had higher parasite counts on

enrolment, and this may explain some of this difference. Other possible reasons

relating to resistance mutations and CQ pharmacokinetics are discussed in chapters 5

and 8. Interestingly, the per protocol, PCR corrected ACRrate for the CQ+SP group

in this study was 97% on day 28 and 93% on day 42. CQ+SP hada sustainedclinical

benefit equal to that of AQ+SP over the 6 week follow up period and significantly

superior to ART+SP (p<0.001). Most children who took CQ+SP had defervescence

of their fever and had a “clinical” response and this may have been related to the

knownanti-inflammatory effects of CQ. However, it is parasitological cure (ACPR)

that is important, children who remain parasitaemic after treatment are at risk of

anaemia and later recrudescence and remain an infection reservoir for biting

mosquitoes.

The combination AQ+SP was more efficacious than CQ+SP, ART+SP,despite the

low efficacy of SP alone. In vitro, AQ has greater activity against P. falciparum than

CQ [127], and this greater potency may be evident here. AQ+SP has shown excellent

efficacy in several African studies and a recent meta-analysis concluded that the

efficacy of AQ+SP in Africa was similar to that of AQ+ART but inferior to

artemether-lumefantrine [105]. The results of these studies showed considerable

variability, in part due to differences in existing backgroundresistance to SP and AQ

and also to differences in the transmission intensities at the study sites; AQ+SP was

more efficacious in high transmission areas. This is probably due to increased host

acquired immunity in these areas and also to the post-treatment prophylactic

properties of the combination.In this thesis, treatment with AQ+SP appearsto result

a longer period of post-treatment prophylaxis than the other treatments; reinfection

rates on days 14, 28 and 42 weresimilar after treatment with SP, CQ+SP or ART+SP

but with AQ+SP, no reinfections were seen until after day 28 (figure 4.2). The
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possible consequences of this prolonged period of post-treatment prophylaxis on

drug resistance are addressed in chapter5.

AQ was withdrawn as a prophylaxis against malaria in 1986, because of

agranulocytosis (1 in 2,100 subjects) and hepatitis (1 in 15,650) [35]. As a treatment

for malaria, AQ is considered to be safe [44], and a fixed ratio formulation of AQ

with artesunate is said to be well tolerated [128]. In this study neutrophil counts fell

after treatmentin all treatment groups but the proportion of children with neutrophil

counts of $0.5 x 103 / ul on day 14 was higher in the AQ+SP group than the SP

alone group, p=0.03. We also observed marked rises in ALT in 2 children after

treatment with AQ+SP though this association was not found to be significant. It is

important to stress that these observations involve small numbersof children and the

study was not powered to detect rare AEs.

One other study to date has observed neutropenia in patients taking AQ as malaria

treatment. In a study from Uganda, treatment with AQ + artesunate was associated

with a higher risk of neutropenia in HIV-infected children, compared with HIV-

uninfected children, 45% vs. 6%, p<0.001 [129]. Neutrophil counts were normal in

all prior to treatment. HIV infected study participants who concurrently received

antiretroviral therapy (ART) or had a history of repeated treatments with AQ +

artesunate had the highest risk of neutropenia. In that study, the children who

developed neutropenia had an increased risk of developing pneumonia during their

neutropenic episodes than matched controls. The reason for this fall in neutrophil

count may be multi-factorial, including HIV infection itself, use of concomitant

medication including ART and cotrimoxazole prophylaxis which have direct marrow

suppressive effects or due to a direct interaction between the AQ and the other drugs

resulting in a potentiation of the AQ toxicity. Given the track record of safety issues

with AQ, these observations will require further scrutiny especially as AQ is

increasingly being used in African patients having several episodes of malaria each

year. The WHOhasidentified the interaction between HIV and malaria as a research

priority for future studies [130].
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CHAPTER 5 THE SELECTION OF ANTIMALARIAL DRUG RESISTANCE

MUTATIONS

5.1 Introduction

Resistance to SP is mediated by the sequential acquisition of point mutations in the

genes dhfr and dhps; PYRselects for mutations in the gene dhfr while SDXselects

for mutations in the gene dhps(see chapter 1) [75]. Combination therapy for malaria

is proposed as a mechanism to slow the developmentof resistance [90]. As discussed

in chapter 1, there is a theoretical risk that combination therapies with mismatched

elimination kinetics will exert greater selection pressure for resistance mutations than

combinations of drugs with matched elimination profiles. In a mismatched

combination, the drug with the longer elimination T % is left “unprotected” for much

of the time when its concentration is falling and this may preferentially select

resistant parasites. One aim of this thesis wasto test this hypothesis, comparing the

selection of resistance mutations in the genes dhfr and dhps after treatment with

ART+SP, with its mismatched elimination profiles, with that seen after treatment

with CQ+SP or AQ+SP. A further aim of this thesis was to determine whether the

use of CQ+SP or AQ+SP leads to the selection of pfcrt and pfmdr1 mutations,

associated with resistance to CQ and AQ.

In Africa, decreased susceptibility to PYM is most commonly associated with point

mutations at codons 108, 51 and 59 of the gene dhfr. Mutations at codon 164 are

sporadically reported in Africa but are associated with high level PYM resistance

[75]. The point mutations most commonassociated with decreased susceptibility to

SDX are at codons 437, 581 and 540 in dhps. Previous work in Malawi has

demonstrated that the presence of the mutant alleles dhfr 59R and dhps 540Ein their

pure forms predicts the presence of the “quintuple” mutant(all mutant alleles at the

dhfr codons 51, 59 and 108 and dhps codons 437 and 540) [77]. This genotype has

been shown in Malawito be strongly predictive of SP failure in young children and

these 2 mutations can be used as molecular markers for this genotype.

Mutations in the genes pfcrt and pfmdr1 have been associated with both CQ and AQ

resistance. The K76T mutation of the gene pfcrt appears to be critical for CQ

resistance (CQR) [31]. The role of mutations in pfmdr/ in determining CQRis less
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clear though they mayhave a role in determining amodiaquine sensitivity [72]. See

chapter | for greater discussion on these mutations. Using PCR, the prevalence of

knownresistance alleles in the genes dhfr, dhps pfcrt and pfmdr1 in the original

infection on day 0 ofthe trial is compared that to the prevalence of these mutation in

parasites appearing after treatment.

5.2 Methods

The PCR methods described in chapter 2 were used to determine the prevalence of

mutations in parasites present on the day of recruitment to the study (day 0) and in

recurrent parasitaemias. In total, 182/455 (40%) children recruited to the study

developed recurrent parasitaemia during their 6 weeks of follow up in the study.

Only the 155 parasitaemias appearing 12 or more days after recruitment were

included in the PCR analyses for resistance mutations. Paired day O and post

treatment (= 12 days) parasites were therefore available from 155 children for the

PCRanalyses. In addition, a random selection of day 0 parasites were includedin the

PCR analyses to provide more information on the baseline prevalence of the

resistance mutations.

The PCRresults are presented in tables, indicating the numbers of wild type, mixed

and mutantalleles at each codon for each of the genesofinterest, dhfr, dhps, pfmdr1

and pfcrt. The % prevalence is calculated from the PCR analyses successfully

completed. The tables show the prevalence’s on day 0 and the prevalence in the

recurrent parasitaemias (212 days). Representative examples of agarose gels showing

the digestion products from the PCR analyses are shownin chapter2.

5.3 Results

5.3.1. Mutations associated with SDX-PYMresistance

5.3.1.1 Dhfr 51, 59, 108 and 164 mutations

The prevalence of dhfr mutant alleles was very high in pre-treatment parasites;

99.4% were 108N, 99.6% were 51I and 96.2% were 59R,table 5.1. After treatment

these prevalence were 100% for 108N, 100% for 511 and 98.6% for 59R and the

number of mixed dhfr 59 infections had fallen to 0.7%, table 5.2. The resistance

mutation dhfr 164L was detected in none of the pre-treatment (n= 155) or post-

treatment (n=146) parasites.
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Day 0 108 51 59 164

Parasites

n=455

Wild Type 1 (0.6%) 1 (0.4%) 8 (2.2%) 155 (100%)

Mutant 157 (99.4%) 255 (99.6%) 358 (96.2%) 0 (0%)

Mixed 0 (0%) 0 (0%) 6 (1.6%) 0 (0%)

PCRFailed 7 1 2 7

Not done 290 198 81 293 
 

Table 5.1. Number and % prevalence of wild type, mutant and mixed dhfr alleles in

parasites present on day0.

 

 

 

 

 

      

Recurrent 108 51 59 164

Parasitaemias

n=155

Wild Type 0 (0%) 0 (0%) 1 (0.7%) 146 (100%)

Mutant 137 (100%) 130 (100%) 151 (98.6%) 0 (0%)

Mixed 0 (0%) 0 (0%) 1 (0.7%) 0 (0%)

PCRFailed 3 2 0 3

Not done 15 23 2 6
 

Table 5.2. Number and % prevalence of wild type, mutant and mixed dhfralleles

present in parasites appearing 12 or more daysafter treatment.

5.3.1.2. Dhps 437, 540 and 581 mutations

Dhps mutations were common in pre-treatment samples; 97.1% were 437G and

94.9% were 540E, table 5.3. After treatment 95.7% were 437G and 92.9% were

540E, and the number of mixed dhps 540 infections rose to 5.2%, table 5.4. The

resistance mutation dhps 581G was detected in none of the pre-treatment (n=135) or

post-treatment (n= 97) parasites.
 

 

 

 

 

     

Day 0 437 540 581

Parasites (n=455)

Wild Type 1 (2.9%) 9 (2.4%) 135 (100%)

Mutant 33 (97.1%) 355 (94.9%) 0 (0%)

Mixed 0 (0%) 10 (2.7%) 0 (0%)

PCR Failed 4 2 9

Not done 417 79 311
 

Table 5.3. Number and % prevalence of wild type, mutant and mixed dhpsalleles in

parasites present on day 0.
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Recurrent 437 540 581

parasitaemias

n=155

Wild Type 2 (4.3%) 3 (1.9%) 97 (100%)

Mutant 45 (95.7%) 143 (92.9%) 0 (0%)

Mixed 0 (0%) 8 (5.2%) 0 (0%)

PCR Failed 0 0 2

Not done 108 1 56     
 

Table 5.4. Number and % prevalence of wild type, mutant and mixed dhpsalleles

present in parasites appearing 12 or more daysafter treatment.

5.3.1.3. Is there any evidence of selection of dhfr / dhps mutations with

treatment?

91.6% (339 out of 370) of the pre-treatment parasites were “quintuple” mutants, 20

by complete analysis of all 5 codons and 319 using dhfr 59R and dhps 540E pure

mutantalleles to predict this genotype. Post treatment, 93.4% (141/151) ofisolates

were ‘quintuple mutants’, 40 by complete analysis and 101 using dhfr 59R and dhps

540E purealleles. This change in the prevalence of the “quintuple” mutant before

and after treatment wasnotsignificant, p= 0.59, table 5.5. In all cases, where dhfr 59

and dhps 540 alone were used topredict this genotype, the results of the dhfr 51 and

108 and dhps 437 analyses wereall mutant as expected.

 

 

 

 

Pre-treatment Post-treatment P-value

Quintuple mutants 339 (91.6%) 141 (93.4%)

Non-quintuple mutants 31 (8.4%) 10 (6.6%) 0.59   
 

Table 5.5. Numbers (%) of “quintuple” mutant parasites before and after treatment

(all treatment groups together).

Paired analyses of parasites obtained before and after treatment from the same

children demonstrated no significant differences in the numbers of “quintuple”

mutants before and after treatment within or between the treatment groups.
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5.3.2. Mutations associated with CQ and AQresistance

5.3.2.1. Pfcrt K76T mutation

The resistance mutation pfcrt 76T, was detected in none of the pre-treatment

parasites (n =244), all parasites were K76 wild type. 15 of the day 0 PCRsfailed,

and 196 parasite samples were not analyzed. The 76T mutation wasstill not

detectable in any of the 151 post-treatment isolates analyzed. In | case the PCR

failed and 3 samples were not analyzed.

5.3.2.2.Pfmdr1 N86Y and D1246Y mutations

Pfmdr1 1246D (wild type) were present in 224 out of 231 (97%) of the parasites pre-

treatment, and 94.5% (86 out of 91) post treatment. This difference was not

significant, and there were no differences within or between the four different

treatment groups.

Pfmdr1I N86 (wild type) were present in 219 out of 244 (89.8%) of the pre-treatment

parasites analyzed, and 134 out of 152 (88.1%) of those post treatment. This

difference was not significant. Paired analyses of parasites obtained before and after

treatment from the samechildren are shownin figure 5.1. For these analyses, mixed

infections were called mutant. Within each treatment group, there was no difference

in the proportions of wild and mutant alleles before and after treatment. However,

when comparing between treatment groups, the proportions of pfmdr/ 86Y (mutant)

in the post treatment AQ+SP group (in 4 recrudescences and | new infection) was

higher than in the SP post-treatment group, p=0.002.

5.4. Discussion

This chapter describes the results of the PCR analyses for resistance mutations

associated with malaria parasites resistance to SDX-PYM, CQ and AQ. PCR has

been done on parasites present before treatment and those appearing after treatment,

to gain information on the background prevalence of these mutations and on the

selection of the mutations with treatment.
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Figure 5.1. Histogram showing the frequency ofpfmdrI/ 86 alleles in children pre and

post treatmentin the four different treatment arms.

The dhfr / dhps “quintuple” mutant genotype has been shown to be strongly

predictive of SP failure in young children in Malawi with an oddsratio for failure of

13.4 [77]. In the parasites obtained in the clinical trial in this thesis, over 90% of

pre-treatment parasites were found to be “quintuple” mutants. This figure is

consistent with the very high treatment failure rates detected in the study in the

children treated with SP only, around 70%. Because the pre-treatment prevalence

was so high, it was impossible to demonstrate selection of this genotype with

treatment using the study sample size that was chosen. Asa result, the hypothesis

that ART+SP would select dhfr and dhps mutations more than CQ+SP or AQ+SP

could not be tested. The prevalence of these mutations has risen quickly in Malawi

since the introduction of SP in 1993. In 1992, the prevalence of the dhfr N51I and

C59R mutations in samples from Blantyre was 6% and 18% respectively [83]. In the

samples collect for this thesis between 2003 and 2006 from just outside Blantyre, the

pre-treatment prevalence of dhfr N51I and C59R mutations was 99.6% and 96.2%

respectively
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No dhfr 164L mutants were detected using these conventional PCR methods.It is

possible that this mutation was present at low levels, <10%, in mixed strain

infections, and that the methods used were not sensitive enough to detect these.

Using conventional PCR based methodologies, only a handful of studies in Africa

have detected this mutation. Farnett et al reported the mutation in 4/107 (3.7%) non-

immunetravellers to Africa between 1995 and 1998 taking proguanil prophylaxis;

two had travelled to Kenya and two to Ghana [131]. Staedke et al reported the

mutation in 1/106 (0.9%) children treated with SP in Ugandain 1999 [132] andlater,

between 2004 and 2006, Kamyaet al later reported the mutation in 1/449 (0.2%)

samples also from Uganda[133]. Menard et al found the mutation in 2004 in 1/135

(0.7%) samples from the Central African Republic [134], and Maiga et al reported

the mutation in one isolate from The Comoros in 2004 out of 279 isolates collected

across Africa [135].

More recently, 2 studies using modified PCR techniques, have reported higher

frequencies of this allele in Africa. Lynch et al reported a 14% prevalence of this

mutation in 51 samples collected in Uganda in 2005 using PCR followed by

hybridization with specific oligonucleotide probes [136]. Alker et al described a

4.7% prevalencein parasites collected from HIV positive pregnant women in Malawi

between 2001 and 2003 using a real-time PCR method [137]. Using a modified

version of the Alker et al real time PCR method, Ochong et al tested 158 parasite

samples collected for this thesis (94 pre-treatment and 64 recurrent parasitaemias)

[138]. No dhfr 164L mutants were detected, confirming the results of the

conventional PCR analysis done for this thesis. The rarity of this allele in Africa

despite over a decade of use of SP is an intriguing phenomenon given its rapid

selection in Southeast Asia. More data is required to assess the true prevalenceofthis

mutation at different locations using different molecular techniques. SP remains an

important drug in Africa, for IPT programmes and the emergence of this mutation at

high prevalence would beclinically important.

As a molecular markerfor in vivo chloroquine resistance, the point mutation, K76T,

in the P. falciparum gene pfcrt is almost 100% sensitive and 40-50% specific [64].

With the withdrawal of CQ from use in Malawi in 1993, there has been fall in the

prevalence of this from 85% in 1992 to 13% in 2000 [83]. No pfcrt 76T mutations
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were detected in any of the children studied in this thesis and importantly, there is no

evidence of the reselection of this mutation after treatment with CQ or AQ based

combinations. This mutation appears to have disappeared from this part of Malawi

and is not detectable using conventional PCR methods. CQ resistance did not

disappear so completely or rapidly in parts of Asia as it has in Malawi whenthe drug

was withdrawnthere. In China, CQ was abandoned in 1978 due to drug resistance

and retrospective analysis has demonstrated a 76T prevalence of 90% aroundthat

time from achieved blood samples. By 2001, the prevalence had fallen to 54% and

this was associated with increased CQ sensitivity in vitro [139]. In Venezuela, CQ

was banned in 1986 but the mutation wasstill detected in 167 out of 168 samples

collected from 1998 to 2000 [140].

Possible reasons for these differences in the rates of decline of this mutation include

differences in the extent to which CQ was removed from use in the population, the

extent of migration of parasites carrying the mutation from neighbouring countries

where CQwasstill in use and differences in transmission intensity in these countries.

In high transmission countries like Malawi, the number of parasite clones causing

infection in an individual is usually higher than in low transmission countries. In this

thesis the mean numberofparasite clones per infection was 2.2, ranging from to 6.

Multi-clone infections allow for competition within individuals of parasites with

selection of those with a survival advantage. Under CQ drug pressure, parasites

carrying the pfcrt 76T mutation will be maintained in the population in preference to

wild type parasites. However, with the removal of CQ, parasites with this mutation

are speculated to be less fit than wild type parasites, leading to the decline in their

prevalence [141]. In contrast, in low transmission intensity countries, the number of

parasite strains is often only 1 and this opportunity for competition and selection is

not present.

The clinical trial in this thesis has demonstrated the return of CQ sensitivity in

Malawiwith a day 28 PCRcorrected per protocol ACPRrate of 86%, lower than the

ACPRrate of 99% reported from children treated with CQ monotherapy in the same

city in Malawi in 2005 [82]. This difference in ACPR rates cannot be put down to

differences in CQ resistance as none of the parasites tested in this thesis had the pfcrt

76T mutation. The difference may de dueto the fact that the children in this thesis
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were younger, mean age 22.2 vs. 31.2 months, and had higher parasite counts on

enrolment. Another possible reason to explain the treatment failures seen in this

study is that some children may have failed to achieve therapeutic CQ

concentrations. PK data from these children are reported in later chapters. Despite

these encouraging data showinga return of CQ efficacy in Malawi, a return of CQ to

drug policies in countries like Malawi cannot be recommended. In the countries

surrounding Malawi, including Zambia and Mozambique, there remains a high

prevalence of CQ resistant parasites and these would probably re-emerge in Malawi

if CQ were reintroduced.

AQ+SP was moreefficacious than CQ+SP even against this background of 100%

pfcrt 76 wild type parasites. In vitro, AQ has greater activity against P. falciparum

than CQ [127], and this greater potency maybe evidenthere. Alternatively, the lower

CQ+SP efficacy may have a PK basis (see chapter 8). Treatment with AQ+SP

appears to result in a longer period of post-treatment prophylaxis than the other

treatments studied (see chapter 4 for this discussion). However, post-treatment

prophylaxis comesat a cost; drugs with long terminal elimination phases promote the

selection of parasites with resistance-conferring mutations [52]. Treatment with

AQ+SPwasassociated with the selection of parasites with the pfmdr1 86Y mutation

between day 28 and 42 after treatment. This mutation is associated with in vivo AQ

resistance [71]. Other studies have demonstrated the selection of pfmdrl 86Y and

pfmdrI 1246Y mutations after treatment with AQ+ART [102,103], and after

treatment with AQ+SP [142]. As AQ (combined with ART or SP) is increasingly

used in Africa, it will be important to monitor closely their efficacy, especially in

high transmission areas, to see whether these genotypic changes become widespread

and translate into treatmentfailures. In this thesis, pfmdrJ copy numberhas not been

determined and it may have role in determining AQ resistance. Although pfmdr1

copy numberdoes not appear to be a major determinant of CQ resistance [68], an

increase in copy numberhas been shownto predict mefloquine treatmentfailure and

is associated with a decreased in vitro sensitivity to lumefantrine [47,73]. A recent

study from Malawireported only a single copy of pfmdr/ in 160 parasite isolates that

were examined [143].
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CHAPTER 6 THE DISPOSITION OF SULFADOXINE, PYRIMETHAMINE,

CHLOROQUINE AND DESETHYL-AMODIAQUINE IN CHILDREN WITH

MALARIA

6.1. Introduction

Treatment response in children with falciparum malaria depends on a number of

factors including parasite drug resistance, the child’s immunity, and the

pharmacokinetics (PK) of the drugs administered. Failure to achieve and maintain

parasiticidal drug concentrations for a long enough period of time mayresult in a

treatment failure. This may occur as a result of under-dosing, vomiting of the

medication, the use of fake or sub-standard drugs, or unexpected pharmacokinetics of

the drug in that child. PK data on most antimalarials in children are limited and most

dosing regimes are derived from studies in adults, often healthy volunteers [88]. We

do not know whetherthe current antimalarial dosing regimes result in adequate drug

exposure in children of all ages. A better understanding of the pharmacokinetics of

these drugs may lead to optimisation of their dosing regimes and may identify PK

factors that are predictive of treatment responsein these children.

One aim of this thesis was to characterise the disposition of the antimalarial drugs

SDX, PYM, CQ, AQ and AQmin young children treated for uncomplicated malaria.

This chapter describes the results of the HPLC analyses to quantify SDX, PYM, CQ,

AQ and AQm in blood samples collected from children. The HPLC analytical

methodsused are described in chapter 3. The data cleaning process used to determine

which samples were included in the PK analyses is outlined and the baseline

characteristics of the children included in the PK analysesare described.

Becauseofthe ethical and safety concerns of collecting multiple samples from young

sick children, only a limited number of samples were collected from each child in

these studies. In this chapter, PK parameters are derived from these sparse datasets

using non-compartmental analysis (NCA) and the limitations of this approach are

discussed. Chapter 7 describes the development of PopPK models for each of these

drugs and, in chapter 8, these PopPK models are used to investigate variables

influencing drug disposition and to identify PK factors predictive of treatment
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response. Previously published data on the disposition of SDX, PYM, CQ and AQm

are discussed in chapters 7 and 8.

6.2. Methods

6.2.1. Study population

Whole blood samples for PK analysis were collected from children with

uncomplicated malaria recruited into the randomised blindedclinical trial comparing

SP alone with CQ+SP, ART+SP and AQ+SP described in chapter 4. After

completion of the main study, a smaller unblinded “rich PK” study took place with

more intensive blood samplingto facilitate the development of the PK models.

6.2.2. Blood sampling

For the main blinded study, whole blood samples (1-2mls) were collected into EDTA

Microtainers™ (Becton Dickinson) on days 0, 2, 3, 7, 14 and 28. If the child was

seen for any unplanned visits during this follow up period, additional samples were

collected. On day 0, one sample was collected before any treatment was given and a

second sample wascollected at a time up to 6 hours after the dosing; the timing of

this was specified in the randomisation instructions. Similarly, on day 2, blood was

collected up to 6 hours after the drug dose was taken. For the rich PK open labelled

study, the sampling regime was: pre-treatment, 2 samples within 6 hours of the dose

on day 0, 2 samples within 6 hours of the dose on days 2, 3, 7 and 14. Samples were

stored initially on ice, then at -80°C for subsequent analyses.

6.2.3. Dosing Regimes

All medication was taken orally and the children were observed to ensure the drugs

were taken. If the child vomited within 30 minutes of the dose, a repeat dose was

given. Further vomiting resulted in exclusion from the efficacy study. Children, who

vomited their first dose, were not included in the PK analysis. The dosing regimes

are described in chapter4.

6.2.4. Ethical considerations

Written informed consent was required from the parent of each child recruited.

Ethics approval was obtained from the College of Medicine, University of Malawi

and Liverpool School of Tropical Medicine.
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6.2.5. Determination of drug concentrations in whole blood samples

SDX, PYM, CQ and AQm whole blood concentrations were measured using

validated high-performance liquid chromatographyassays with ultraviolet detection.

These assays were developed and validated in Malawias part of this thesis and are

described in detail in chapter 3. Each run consisted of calibration curve samples,

quality control (QC) samples as well as patient samples. Calibration curves were

constructed by analysing, in duplicate, whole blood samples at known drug

concentrations and with internal standard (a minimum of 5 per curve not including

zero) within the range of interest. Calibration curve samples were freshly prepared

prior to each run by spiking whole blood with freshly made up drug solutions at

known concentration. The lowest point on the calibration curve was the lower limit

of quantification (LLOQ). Peak area ratios (drug / internal standard) were plotted

against drug concentrations and linearity was assessed by linear regression. The

calibration curve was accepted if R° > 95% and at least 75% of the standardsfell

within + 15% of nominal, except for LLOQ whenit should be within + 20% of the

nominal value.

QC samples were prepared for each drug by spiking whole blood at 3 concentrations

within the calibration curve representing the low QC (LQC)at 2-3 x the LLOQ,the

middle QC (MQC) and a high QC (HQC) at the maximal concentration on the

calibration curve. QCs were frozen at -80°C between analyses and run alongside

freshly made calibration curve samples. The results of the QC samples provide the

basis of accepting or rejecting the run. At least 67% of the QC samples had to be

within 15% of their respective nominal values; 33% of the QC samples (not all

replicates at the same concentration) may be outside the + 15% of the nominal value.

Patient samples were analysed in batches and were spiked with a known quantity of

internal standard before analysis. Drug concentrations were calculated by

determining the peak area ratio (drug/internal standard) for the patient sample and

comparingit with those from the calibration curve. Runs where the QC orcalibration

curve samples failed the inclusion criteria were rejected and no patient data was

included from these runs in subsequent PK analyses. If adequate samples remained,

these were re-run. If the derived patient drug concentration was greater than the
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upperlimit of the calibration curve for that drug, the sample wasre-run after dilution

in an equal volumeof blank whole blood and the derived concentration multiplied by

two.

6.2.6. PK Data cleaning

Although CQ and AQ are rarely used in Malawi, SP is widely available and it was

expected that many children would have SDX or PYM intheir blood pre-treatment.

Children with quantifiable (2 LLOQ) concentrations of SDX, PYM, CQ or AQ in

their pre-treatment samples were excluded from subsequent PK analyses. Including

data from these children in the PK analyses would have led to problemsinterpreting

the results. If, pre-treatment, drug was detectable but the concentration was < LLOQ,

that data point was deleted, but other points for that child were included. During the

elimination phase, drug concentrations which were < LLOQ were not discarded.

Instead, their value was changed to that of LLOQ * 0.5, and any subsequent samples

for that patient after this point were deleted. There is no consensus on how best to

handle data which is < LLOQ andon balance this method was chosen as being the

most appropriate [144].

6.2.7. Pharmacokinetic Modelling

Data was analysed using the pharmacokinetic software package Kinetica™ (version

4.4 ThermoFisher Scientific, MA, USA) and SPSS(version 13.0, SPSSInc., Illinois,

USA). Kinetica™ includes methods to perform non-compartmental analyses (NCA),

used in this chapter, and also population PK analyses, described in chapter 7. The PK

parameters calculated include the maximum concentration (Cmax), time at maximum

concentration (Tmax), the elimination phase half-life (T ’%), the area under the

concentration-time curve from time 0 to a specified time (AUC), the clearance (CL)

and the apparent volumeofdistribution (Vz). CL and Vz were also adjusted for the

weight of the children. AUC was calculated using the trapezoid rule with

extrapolation of the terminal phase after the last data point and calculation of the %

extrapolated AUC.In the NCA, measured (observed) drug concentrations (conc.) on

days 3, 7 and 14 are presented where available. Because there were no intravenous

treatment arms in the study bioavailability (F) of 100% was assumed forall

calculations of CL and Vz.
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For the computation of T ¥%, AUC, CL and Vz, using NCA, the numberof data-

points during the elimination phaseis critical. If there are too few points on a log

concentration — time plot to allow estimation the linear phase of elimination to be

made, these variables cannot be computed. This is illustrated by the log

concentration-time plots from two children shownin figures 6.1 and 6.2. In figure

6.1, there are sufficient data for Kinetica™to plotthe line of best fit connecting the

data-points during the elimination phase, while in figure 6.2, the data is too sparse for

a best fit line to be plotted. Without the best fit line, the T % and AUC cannot be

calculated using NCA. As CL and Vz are derived from the AUC, (CL = Dose / AUC

and Vz = T % x CL/ 0.693), these parameters are also not computed. The goodness

of fit of the best fit line to the actual concentration-time points is calculated by

Kinetica™ and given as a R’ value.
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Figure 6.1 Log concentration-time plot showing 4 data points and line ofbestfit.
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6.3. Results

6.3.1. Patient characteristics

455 children met inclusion criteria and were enrolled into the main study and 35

children were recruited to the rich PK study, 12 into the CQ+SP group, 11 into the

ART+SP group and 12 into the AQ+SPgroup. Baseline characteristics and the study,

clinical safety and molecular results from these studies are discussed in chapters 4

and 5.

6.3.2. Sulfadoxine (SDX)

6.3.2.1. SDX PK data

Blood samples from 212 children were analysed for SDX using HPLC over the

course of 25 runs over a 2 year period. Five runs were rejected due to failed QC

samples. SDX wasdetectable in pre-treatment blood sample collected on day 0 from

59 children. For 34 of these children, this concentration was below the LLOQ (<5

ug/ml) and in these cases, the child remained in the PK analysis but the time = 0

sample point was deleted. For 25 children, the pre-treatment SDX concentration was

> 5ug/ml, and these children and all their data points were excluded from the PK

analysis. SDX concentrations detected pre-treatment in children removed from the

analysis ranged from 5 to 82.5 ug/ml. Nine children had later samples with a SDX
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concentration below the LLOQ and these samples were changed to 2.5 ug/ml(i.e.

LLOQ*0.5). A further 3 children were excluded from the PK analysis as their

concentration-time profiles were deemed implausible when comparedto those in the

literature and other children in the study.

In total, 156 children were included in the SDX PK analysis providing 695

concentration-time data points. The median (mean) numberofdata points per child

was 5 (4.5), and ranged from 2 to 7. The latest sample with detectable SDX above

the LLOQ was taken at 720 hours (30 days) after treatment. The baseline

characteristics of these children are shown in table 6.1. Seventy-nine (50.6%) were

male and 42 (26.9%) were in the SP+placebo group, 36 (23.1%) in the CQ+SP

group, 42 (26.9%) in the ART+SP group and 36 (23.1%) in the AQ+SP treatment

group. SP dosing was based upon the weightof the child, see chapter4 for the dosing

schedule used. As expected, age and weight were correlated, R’ = 0.56, p < 0.0001.

Figures 6.3 and 6.4 illustrate the individual concentration-time profiles for the 156

children included in the SDX PK analysis and the distribution of concentration data

 

 

 

 

 

 

 

   

points.

SDX Mean Range Median IQR

n= 156 (SD)

Age 27.4 12.1 - 58.4 23.2 18.1 — 35.0

(months) (12.0)

Weight 11.1 7.1-17.9 11.0 9.4-12.5

(kg) (2.2)
Dose 342.9 250 - 500 375.0 250.0 — 375.0

(mg) (80.2)
Dose/ weight 30.8 25.0 - 37.1 30.9 28.2 — 33.4

(mg/kg) (3.2)
Day 0 HB 9.1 5.7 - 13.1 9.1 7.9-10.1

(g/dl) (1.6)
Day 0 Temp 38.9 37.5 - 41.5 38.8 38.1 — 39.7

CO) (0.9)
Day 0 101290 973 - 292544 99426 49492 - 155186

Parasitaemia (/uL) (71720)     
 

Table 6.1. Baseline characteristics of the 156 children included in the SDX PK

analysis
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Figure 6.3 Concentration-time profiles for the 156 children included in the SDX PK
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Figure 6.4 Distribution of the concentration-time data points from the 156 children

included in the SDX PK analysis
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6.3.2.2. SDX non-compartmental Analysis

Table 6.2 showsthe results of the non-compartmental analysis of the SDX sparse PK

data. For each of the PK parameters listed, the numberof children included is shown;

for example, only 69 of the 156 children had concentration data on day 3.

 

 

 

 

 

 

 

 

 

 

 

      

SDX Observed Mean Range Median IQR

PK Data (SD)

Cmax(ug/ml) 91.5 28.2 - 162.6 91.3 76.1 — 107.7

N=156 (23.6)

Tmax (hr) 32.3 0.8 - 330.7 44.2 2.9 - 47.0

N=156 (35.4)

T % Elimination(hr) 169.2 64.6 - 753.2 [53.1 129.4 — 196.2

N=114 (81.4)

R’ Elimination curve 0.97 0.46 — 1.0 0.99 0.97 — 1.0

N=114 (0.07)

AUC)... (ug/ml/hr) 24871 10009 — 55765 24034 18097 — 28921

N=114 (7978)

%AUC Extrapolated 20.5 2.1 - 72.7 18.0 10.3 — 29.9

N=114 (13.4)

Day 3 Conc.(ug/ml) 74.5 35.5 - 110.0 76.5 60.9 — 86.6

N = 69 (17.7)

Day 7 Conc.(ug/ml) 47.5 18.2 - 80.2 47.6 34.9 — 57.3

N=44 (13.5)

Day 14 Conc.(ug/ml) 23.7 6.1 - 53.6 23.9 15.0 — 30.6

N=124 (9.8)

CL / weight (L/hr/kg) 0.0014 0.0005 — 0.0028 0.0012 0.0010 — 0.0016

N=114 (0.0004)

Vz/ weight (L/kg) 0.30 0.18 — 0.57 0.28 0.26 — 0.34

N=114 (0.08)
 

Table 6.2 PK parameters derived by non-compartmental analysis of the SDX sparse

PK data.

6.3.3. Pyrimethamine (PYM)

6.3.3.1. PYM PK data

Blood samples from 177 children were analysed for PYM using HPLC over the

course of 17 runs over a 2 year period. Two runs were rejected due to failed QC

samples. PYM wasdetectable in the pre-treatment blood sample collected on day 0

in 71 children; for 46 of these, this concentration was below the LLOQ (<50 ng/ml)

and in these cases, the child remained in the PK analysis but the time = 0 sample

point was deleted. For 25 children, the pre-treatment PYM concentrations were 250

ng/ml, and these children and all their data points were excluded from the
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pharmacokinetic analysis. PYM concentrations detected pre-treatment in children

removed from the analysis ranged from 15 to 360 ng/ml. Thirty-one children had

later samples with PYM concentrations below the LLOQ and these samples were

changed to 25 ng/ml (i.e. LLOQ*0.5). A further 6 children were excluded from the

PK analysis as their concentration-time profiles were deemed implausible when

comparedto thosein theliterature and other childrenin the study.

In total, samples from 134 children were included in the PYM PKanalysis providing

606 concentration-time data points. The median (mean) numberof data points per

child was 5 (4.5) and ranged from 2 to 6. The latest time point with a PYM

concentration 2 LLOQ was 432 hours (18 days) after treatment. The baseline

characteristics of these children are shown in table 6.3. Seventy-one (53%) were

male and 36 (26.9%) were in the SP+placebo group, 35 (26.1%) in the CQ+SP

group, 33 (24.6%) in the ART+SP group and 30 (22.4%) in the AQ+SP treatment

group. SP dosing was based upon the weight of the child, and age and weight were

well correlated, R= 0.62, p < 0.0001. Figures 6.5 and 6.6 illustrate the individual

concentration-time profiles for the 134 children included in the PYM PKanalysis

and the distribution of the concentration data points.

 

 

 

 

 

 

 

      

PYM Mean Range Median IQR

n= 134 (SD)
Age 26.1 12.1 - 59.5 22.2 17.0 — 32.9

(months) (12.3)

Weight 10.8 6.9 - 16.9 10.6 9.2 — 12.0

(kg) (2.2)
Dose 16.7 12.5 - 25.0 18.7 12.5 — 18.7

(mg) (4.0)
Dose / weight 1.54 1.25 - 1.86 1.56 1.40 — 1.67

(mg/kg) (0.16)
Day 0 HB 9.1 5.7 - 13.6 9.1 8.0 — 10.1

(g/dl) (1.6)
Day 0 Temperature 38.9 37.5 - 40.9 38.7 38.0 — 39.7

CC) (0.9)
Day 0 Parasitaemia 100530 973 - 276758 105270 26728 - 156476

(/uL) (72977)  
 

Table 6.3. Baseline characteristics of the 134 children included in the PYM PK

analysis.
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Figure 6.5 Concentration-time profiles for the 134 children included in the PYM PK

analysis
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Figure 6.6 Distribution of the concentration-time data points from the 134 children

included in the PYM PKanalysis
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6.3.3.2. PYM Non-Compartmental Analysis

Table 6.4 showsthe results of the NCA of the PYM sparse PK data. For each of the

PK parameters listed, the numberof children with data is shown.

 

 

 

 

 

 

 

 

 

 

 

      

PYM Observed Mean Range Median IQR

PK Data (SD)

Cmax(ng/ml) 352.1 138.6 - 613.7 347.5 263.0 — 423.6

N = 134 (120.2)

Tmax(hr) 19.8 0.3 - 91.7 3.4 1.9-45.4

N = 134 (23.1)

T % Elimination (hr) 175.2 53.6 - 812.6 148.3 112.4 — 207.4

N=105 (103.2)

R’ Elimination curve 0.95 0.5 — 1.0 0.99 0.94 — 1.0

N= 105 (0.08)

AUC... (ng/ml/hr) 83405 22104 — 223692 80960 61679 — 105721

N = 105 (31080)

%AUC Extrapolated 26.5 3.8 - 77.0 22.9 14.2 — 37.0

N = 105 (16.2)

Day 3 Conc.(ng/ml) 235.6 99.9 - 433.9 231.1 182.1 — 265.6

N=74 (74.0)

Day7 Conc. (ng/ml) 147.6 67.4 - 257.7 145.7 112.6 — 177.7

N = 39 (44.7)

Day 14 Conc. (ng/ml) 78.6 25.0 — 178.0 76.1 55.5 — 105.3

N = 97 (37.5)

CL / weight (L/hr/kg) 0.022 0.008 — 0.081 0.019 0.015 — 0.026

N=105 (0.010)

Vz/ weight (L/Kg) 4.71 2.02 — 10.83 4.13 3.51 -—5.71

N=105 (1.74)  
 

Table 6.4 PK parameters derived by non-compartmental analysis of the PYM sparse

PKdata.

6.3.4. Chloroquine

6.3.4.1. CQ PK data

Blood samples from 102 children were analysed for CQ using HPLC overthe course

of 10 runs over a 2 year period and no runs wererejected due to failed QC samples.

No children had CQ detectable in their pre-treatment blood sample collected on day

0. CQ concentrations were below the LLOQ in samples from 27 children during the

elimination phase and these samples were changed to 5Ong/ml (LLOQ*0.5). Data

from 6 children was not included as they received an incorrect dosing regime; 5

received less than 3 doses and | child had the third dose delayed by 24 hours. A

further 4 children were excluded from the PK analysis as their concentration-time
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profiles were deemed implausible when comparedto thosein the literature and other

children in the study.

In total, samples from 90 children were included in the CQ PKanalysis, 9 from the

“rich PK” study and 81 from the main study providing 471 concentration-time data

points. The median (mean) numberof data points per child was 5 (5.2) and ranged

from 3 to 10. The latest concentration-time sample above the LLOQ wascollected

358 hours (14.9 days) after treatment. The baseline characteristics of these children

are shownin table 6.5. 43 (47.8%) of the children were male. CQ dosing was based

upon the weight of the child and age and weight were correlated, R’ = 0.58, p <

0.0001. The day 28 ACPR rate was 60/81 (74.1%) by ITT analysis and 60/79

(75.9%) using a PP analysis (efficacy data on day 28 wasonly available from the

children in the main study). Figures 6.7 and 6.8 illustrate the individual

concentration-time profiles for the 90 children included in the CQ PK analysis and

the distribution of the concentration points.

 

 

 

 

 

 

 

      

CQ Mean Range Median IQR

n= 90 (SD)

Age 26.9 12.1 — 70.8 22.6 17.2 — 33.9

(months) (12.9)

Weight 10.8 6.3 — 16.9 10.3 9..1-12.0

(kg) (2.35)
Total Dose 295.8 225.0 -— 450.0 225.0 225.0 — 375.0

(mg) (85.9)
Dose/ weight 27.3 20.6 — 35.7 Zid 23.4-31.1

(mg/kg) (4.1)
Day 0 HB 8.96 5.8 — 12.5 8.9 7.9-10.1

(g/dl) (1.54)

Day 0 Temperature 38.7 37 — 41.0 38.6 37.9 — 39.4

(°C) (0.94)

Day 0 Parasitaemia 109226 199 - 280720 115166 49689 - 165568

(/uL) (74927)  
 

Table 6.5. Baseline characteristics of the 90 children included in the CQ PKanalysis.
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Figure 6.7 Concentration-time profiles for the 90 children included in the CQ PK

analysis
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Figure 6.8 Distribution of the concentration-time data points from the 90 children

included in the CQ PKanalysis
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6.3.4.2. CQ Non-Compartmental Analysis

Table 6.6 showsthe results of the non-compartmental PK analysis of the CQ sparse

data. For each of PK parameters listed, the number of children with data is shown.

 

 

 

 

 

 

 

 

 

 

 

      

CQ Observed Mean Range Median IQR

PK Data (n=90) (SD)

Cmax(ng/ml) 815.4 203.8 — 1753.8 739.7 490.1 — 1134.1

N= 90 (394.3)

Tmax (hrs) 39.4 0.7 - 166.9 45.4 3.9 — 48.3

N= 90 (27.4)

T Y% Elimination(hrs) 109.4 56.4 - 253.4 95.8 74.3 — 135.6

N= 67 (44.9)

R’ Elimination curve 0.96 0.74 — 1.0 0.98 0.95 — 1.0

N= 67 (0.05)

AUC... (ng/ml/hr) 143606 54073 - 291466 140722 99771 — 181648

N= 67 (58527)

% AUC Extrapolated 8.7 2.1 - 36.0 6.7 4.0— 11.7

N= 67 (6.4)

Day 3 Conc.(ng/ml) 677.0 257.8 — 1328.7 638.7 407.2 — 902.1
N=40 (299.5)

Day 7 Conc. (ng/ml) 265.6 92.9 - 556.5 266.9 146.7 — 362.4
N=48 (125.7)
Day 14 Conc. (ng/ml) 89.7 0 - 301.0 50.0 50.0 — 142.1

N = 82 (60.1)

CL weight (L/hr/kg) 0.221 0.077 — 0.537 0.209 0.151 — 0.262

N=67 (0.092)

Vz/ weight(L/kg) 33.9 11.8-89.1 27.9 20.8 — 40.5

N=67 (18.0)
 

Table 6.6 PK parameters derived by non-compartmental analysis of the CQ sparse

PK data

6.3.5. Amodiaquine pharmacokinetic data

AQ has a very short elimination half-life of around 5 hours [46], and could not be

detected in any blood samples collected after day 2 in the study. Asa result, it has

not been possible to perform any PK analyses for AQ due to the very limited data

available.
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6.3.6. Desethyl-amodiaquine (AQm)

6.3.6.1. AQm PK data

AQ behaves as a pro-drug after oral administration and is almost completely

metabolised to AQm [145]. For the non-compartmental analysis described below and

for the population PK analysis, the AQm data has been modelled as if it were the

drug being administered. The assumption being made is that AQ is rapidly and

entirely converted to AQm asit passes through theliver after ingestion.

Samples from 82 children were analysed using HPLC for AQm overthe course of 17

runs over a 2 year period. Four runs were rejected due to failed QC samples. No

children had AQm detectable in their pre-treatment blood sample collected on day 0.

AQm concentrations were below the LLOQ in samples from 27 children during the

elimination phase and these samples were changed to 50 ng/ml (LLOQ*0.5). 7

children were excluded as they did not complete the standard 3 course of AQ

treatment and a further 3 children were excluded from the PK analysis as their

concentration-time profiles were deemed implausible when compared to thosein the

literature and other children in the study.

In total, 62 children were included in the AQm PKanalysis, 6 from the “rich PK”

study and 56 from the mainstudy. A total of 276 concentration-time data points were

available. The median (mean) numberofdata points per child was4 (4.4) and ranged

from 2 to 9. The latest concentration-time point 2 LLOQ wascollected 359 hours (15

days) after treatment. The baseline characteristics of these 62 children are shown in

table 6.7. 30 (48.4%) were male. AQ dosing was based upon the weight of the child

and age and weight werecorrelated, R’ = 0.62, p<0.0001. The day 28 ACPRrate was

54/56 (96.4%) by ITT analysis and 54/54 (100%) by PP analysis. The day 42 ACPR

rate was 43/56 (76.8%) by ITT analysis and 43/51 (84.3%) using a PP analysis.

Efficacy data on days 28 and 42 wasonly available from the 56 children in the main

study. Figures 6.9 and 6.10 illustrates the individual concentration-time profiles for

the 62 children included in the AQm PKanalysis and the distribution of the

concentration data points.
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AQm Mean Range Median IQR

N = 62 (SD)

Age 27.3 12.1 — 116.2 22.5 17.2 —31.7

(months) (17.3)

Weight 11.4 7.1 —- 18.7 10.7 9.4 — 13.0

(kg) (2.7)
Total Dose 368.7 300.0 — 600.0 300.0 300.0 — 400.0

(mg) (90.1)
Dose / weight 32.3 26.8 — 42.3 52.0 29.7 — 35.1

(mg/kg) (3.4)
Day 0 HB 9.4 6.3 — 13.4 9.6 8.1 — 10.6

(g/dl) (1.7)

Day 0 Temperature 38.6 37.0 — 40.9 38.1 37.9 — 39.5

(°C) (1.0)

Day0 Parasitaemia 86888 183 — 288353 72093 4044 - 153726

(/uL) (79135)  
 

Table 6.7. Baseline characteristics of the 62 children included in the AQm PK

analysis.
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Figure 6.9 Concentration-time profiles for the 62 children included in the AQm PK

analysis
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included in the AQm PKanalysis

6.3.6.2. AQm Non-Compartmental Analysis

Table 6.8 shows the results of the non-compartmental PK analysis of the AQm

sparse data. For each of the PK parameterslisted, the number of children with data is

shown.
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AQm Observed Mean Range Median IQR

PK Data (n=62) (SD)
 

 

 

 

 

 

Cmax(ng/ml) 494.2 147.1 — 854.7 495.5 343.2 — 626.7

N= 62 (176.7)

Tmax(hr) 47.0 1.5 — 166.3 46.9 44.5 — 67.8

N= 62 (27.0)

T Y% Elimination (hr) 145.7 77.8 — 712.5 110.5 99.8 — 148.8

N= 27 (121.5)

R’ Elimination curve 0.95 0.36 — 1.0 0.99 0.95 — 1.0

N= 27 (0.12)

AUC... (ng/ml/hr) 120308 49663 — 100873 80811 —- 134497

N= 27 (74583) 437152

% AUC Extrapolated 18.8 5.3 — 85.4 12.9 8.1 — 26.2

N= 27 (16.5)
 

Day 3 Conc.(ng/ml) 451.8 147.1 — 854.7 428.5 293.3 — 615.2

N =27 (185.4)
 

Day7 Conc. (ng/ml) 229.9 62.6—498.0 2213 147.0 — 270.3
N = 26 (107.8)
 

Day 14 Conc. (ng/ml) 99.6 50.0 — 273.6 73.5 50.0 — 135.1

N = 38 (61.8)
 

CL weight (L/hr/kg) 0.334 0.073—0.597 0.323 0.268 — 0.408
N=27 (0.121)
 

Vz/ weight(L/kg) 61.2 30.0 — 123.5 51.6 41.7 — 76.6

N=27 (27.2)       
 

Table 6.8 PK parameters derived by non-compartmental analysis of the AQm sparse

PK data

6.4. Discussion

PK studies of antimalarial drugs are important to ensure that the drug doses

administered result in adequate drug exposure for the affected individual. We know

that the disposition of some drugs is altered in acute malaria compared to healthy

volunteers [46], and there have been reports to suggest that there is under dosing in

some age groups [122]. Owing to the practical difficulties of performing PK studies

in the field with children unwell with malaria, there is a paucity of PK data forthis

age group. Howeverit is this age group, children less than 5 years that bear the brunt

of the mortality and morbidity from malaria.

The HPLCassays used to measure the drug levels are described in chapter 3. All the

assays were performed in Malawi, and the drugs were measured from small volumes

(50-200u1) of whole blood rather than plasma. Because of this, these assays are
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suitable for future field studies in developing world settings to study the disposition

of these drugs. The assay validation and acceptance criteria were based upon

international accepted standards and nopatient data was included in the PK analyses

if the HPLC run from which the data were generated, did not meet these standards.

The LLOQ for each of the drugs were not as low as have been reported in other

centres. This is important as the lower the LLOQ of the assay, the more accurately

the elimination phase can be characterised; typically the more sensitive the assay, the

longer estimate of the elimination T 2. For example, estimates of the terminal

elimination T % of CQ range from a few days to more than | month, with the longer

estimates reported when increasingly sensitive assays are used [53]. However, the

relevance of these very low druglevelsto clinical efficacy and selection of resistance

is questionable, and the increased difficulties and costs associated with developing

very highly sensitive assays may render the assay unsuitable for use in developed

world setting where they are most needed.

In this chapter, some of the largest data sets of antimalarial PK data from young

children are reported. The median age of the children was 22 months and the day 0

HB and parasite counts were 9.0 and 102,000 / wl blood respectively, typical for

children with malaria presenting to any health care centre in sub Saharan Africa. We

found evidence of high levels of background SP usage in this community. Children

were supposed to be excluded form the study if there was a history of SP use in the

previous week. Of the children included in the PK study, 59/212 (27.8%) had SDX

and 71/177 (40.1%) had PYM detectable in their pre-treatment blood samples. The

concentrations ranged from < LLOQ to 82.5 ug/ml for SDX and < LLOQ to 360

ng/ml for PYM. Given the elimination kinetics described of these drugs, this would

suggest that in some cases, SP was taken just days prior to recruitment.

None of the children had evidence of prior treatment with CQ or AQ andthis is

consistent with the fact that neither drug was available routinely in Malawi at the

time of the study. AQ wasnot on the national formulary and CQ, unlike SP, was

obtainable only on prescription and not available for purchase from local vendors.

These differences in the background/ informal usage of SP compared to CQ and AQ

may go some way to explain the differences in the prevalence’s of resistance

mutations in the pre-treatment parasites reported in chapter 5 of this thesis. The
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“quintuple” mutant genotype, associated with SP failure, was present in 91.6% of

pre-treatment parasites, while the mutation pfcrt K76T mutation, associated with CQ

resistance, could not be detected.

In this chapter PK parameters are derived using non-compartmental analysis (NCA)

from the sparse PK datasets. The median (range) number of samples available from

the children was 5 (2 -7) for SDX, 5 (2 - 6) for PYM, 5 (2 - 10) for CQ and 4 (2 - 9)

for AQm. In NCA, the blood sampling schedule used is critical; the number of |

samples taken and the timings of the samples will determine whether the PK

parameters can be predicted with any accuracy. For example, Cmax and Tmax values

are dependenton the timing of the sampling after the drug is taken, if you sample at

4 hours then you may miss the Cmax at 5 hours. In a multiple dose regime,this is

even more complicated. In NCA,estimation of the elimination phase parameters, T

Y, CL and Vz, is dependent on the estimated total drug exposure or AUC.Clearly

inaccuracies in the estimation of AUC will lead to inaccuracies in these parameters.

Using NCA, T %, AUC, Vz or CL could be calculated for 114/156 of the children

with SDX PK data, 105/134 of the PYM datasets, 67/90 of the CQ datasets and only

27/62 of the AQm datasets. Failure to calculate these parameters occurred when there

were insufficient data points to plot a best-fit line. The accuracy of the PK parameter

estimates also depends on how well the line fits the data, or the R° value. Kinetica™

calculated the R* value for each dataset where the elimination phase curve has been

plotted and these range widely from 0.46 — 1.0 for SDX, 0.5 — 1.0 for PYM, 0.74 —

1.0 for CQ and 0.36 — 1.0 for AQm.

In Kinetica™, AUC is most commonly estimated using the trapezoidal rule, where

the total AUC is divided up into smaller trapezoids then summated. The more

concentration-time points that are available to fit the curve, i.e. more frequent blood

sampling, the closer the individual trapezoids will be to the actual shape of the

concentration time curve and the more accurate the estimate will be. In addition, the

AUCafter the last concentration-time point, the extrapolated AUC,is expressed as a

percentage of the total AUC. The larger the value of the % extrapolated AUC,the

greater the uncertainty that exists in the estimate of the AUC. In practice, %AUC

extrapolated values > 15% will considerably increase the potential error in your
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estimate of AUC. The % extrapolated AUC values reported here are 20.5% for SDX,

26.5% for PYM,8.7% for CQ and 18.8% for AQm.

Using NCA with the PK data in this chapter has generated wide ranges of values for

the PK parameters calculated, and in manycases, no estimation has been possible.

Reported elimination T 2s range from 64.6 - 753.2 hours for SDX, 53.6 - 812.6

hours for PYM, 56.4 - 253.4 hours for CQ and 77.8 — 712.5 hours for AQm.

Similarly wide ranges of estimates are seen for CL / weight, Vz / weight and AUC.

This wide variability reflects the fact that NCA methodsare unsuitable for the types

of sparse datasets collected for this study. As a result comparisons with PK data from

other studies have not been madein this chapter and no attempt has been made to

investigate variables influencing drug disposition. In chapter 7, PopPK methods,

better suited to the analysis of sparse concentration-time data sets, are described and

in chapter 8 these are used to investigate variables influencing the disposition of

these drugs and to look for PK parameters predictive of treatment outcome.
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CHAPTER 7 DEVELOPMENT OF POPULATION PHARMACOKINETIC

MODELS

7.1. Introduction

Pharmacokinetic (PK) studies of antimalarials are recognised as crucial for the future

development of antimalarial drug policies and dosing regimes [88]. Traditional PK

modelling requires multiple samples to be collected from subjects (often healthy

volunteers) in order to determine individual PK parameters and such an approachis

not practical in sick young children. Population pharmacokinetics (PopPK) is the

study of the sources and correlates of variability in drug disposition between patients

receiving treatmentfor their condition [146].

PopPK uses data analysis methods to estimate both individual and population

pharmacokinetic parameters from groups of patient and attempts to identify

covariates, e.g. age, responsible for variability in PK parameters. These covariates

can be incorporated into the PopPK modelto try to improve the parameter estimates.

Because the PopPK approach allows the analysis of relatively sparse data sets

containing one or more data points from each individual, it is ideally suited to the

study of the disposition of drugs in groups of patients not traditionally studied, for

example, antimalarial drugs in young children.

In this chapter, PopPK models have been developed to describe the disposition of

SDX, PYM, CQ and AQmin young children treated for malaria in the clinical trials

described in chapter 4. The individual concentration time profiles from which these

models are derived are described in chapter 6. PK parameters, including Cmax,

Tmax, AUC, Vz, CL and T %, are derived from these PopPK models. For multi-

compartment models, initial and terminal elimination phase T '%2 values are

presented. The possible influence of covariates on the final choice of model is

investigated to see if these have any influence of the drug disposition. For the AQm,

the model wasalso used to determine Cmax and AUCp.. values after a single dose of

amodiaquine (at 10 mg/kg). This was done so that comparisons could be made with

published Cmax and AUC... data from single dose studies.
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Recent publications have suggested that the current dose recommendation for SP

results in young children being under dosed compared to adults and that using an

age-based CQ dosing regime, children < 24 months are being under dosed compared

to children aged 24 — 60 months [122,147]. To address this, PK parameters derived

from the PopPK models, are compared to data from other published PK studies

involving adults and children. In chapter 8, the PopPK models are used to try to

identify variables affecting the disposition of the drugs andto identify patient and PK

variables associated with treatment outcome.

7.2. Methods

7.2.1. Study population

The children taking part in this study are described in chapter 4 of this thesis,

including inclusion and exclusion criteria, dosing regimes, efficacy outcomes and

blood sampling schedules. Chapter 3 describes the assays used to quantify SDX,

PYM, CQ and AQm from whole blood samples collected from these children and

chapter 6 describes the results of these assays.

7.2.2. PopPK methodology

PopPK modelling of the data was performed using the software package Kinetica

(version 4.1, Thermo Fisher Scientific Inc, Waltham, MA, USA). This computes the

mean population PK parameter values and their variance from concentration-time

points obtained from a population of individuals. Kinetica’’ applies the two-step EM

algorithm to conduct nonlinear mixed-effect model analysis to determine maximum

likelihood estimates for incomplete data [148]. In Step E (Expectation), individual

PK parameters in the model are estimated from a prior knowledge or estimation of

their distribution (mean + variance). In Step M (Likelihood Maximization), the

maximum likelihood population mean and variance are computed given the estimates

of individual parameters computed in Step E, together with the residual error

variance.

In Kinetica’, different population models can be compared in order to obtain the

best fit from the sparse data sets. These differences may include, changes to the

number of compartments, whetheror not absorption lag time is incorporated, using a

normaldistribution of the parameter estimates or lognormal,and using different error
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variance models and weighting schemes. The residual error is the difference

between the observed drug concentration (Yobs) and the modeled or calculated drug

concentration (Ycalc) as computed by Kinetica’and is the unexplained modelerror.

Residuals are used to assess the model selection and goodnessoffit. If the population

model chosenis a goodfit, this residual error should be randomly distributed around

the Ycalc. In Kinetica’, two error variance models are available to try to even out

and minimize the distribution of the residual errors around the Ycalc.

1. Homoscedastic - Kineticaassumesthat the error variance (Sigma1) is the same

for all the measurements.

2. Heteroscedastic - The error variance is not the same for all measurements andis

proportional to the observed or calculated drug concentration depending upon which

error weighting schemeis selected. Theseare:

1. Yobs - the error variance is proportional to Yobs

2. Ycalc - the error variance is proportional to Ycalc

3. Yobs?- the error variance is proportional to Yobs’

4. Ycalc? - the error varianceis proportional to Yealc*

The final choice of model is guided by comparisonof:

1. Goodnessoffit criterion. These are generated by Kinetica’” after the creation of

each model. The lowest value of each indicates a betterfit:

- Objective Function (OF) — a reduction in the OF bya valuegreater than 10.8

was considered a significant improvement in the model (p <0.01 using the

chi-2 distribution with 1 degree of freedom).

- The Coefficient of Variation (%CV) for the derived PK parameters. The

%CVis calculated as: %CV = Standard Deviation (SD) / mean x 100

2. Visual inspection of the distribution of the error residuals about Ycalc.

3. Observation of Population mean and 95% Confidence Interval (CI) curves to see

how well they incorporate the observed concentration-time points.
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4. Comparison of modelled PK criteria with existing PK data reported in other

studies.

In Kinetica™, one compartment models are parameterized in terms of the absorption

rate constant (Ka), the volume of the central compartment (Volume), the elimination

rate constant (Kel) and, if used in the model, the lag time. For 2 compartment

models, the transfer rate constants, K12 and K21, are also used. Using these

parameters, Kinetica’’ computes the individual and population estimates of clearance

(CL/F), apparent volume of distribution (Vz/F), Cmax, Tmax, AUC,elimination

half-life (T %) and initial T %(s) for multi-compartment models. Because no data

were available from intravenous comparator group, bioavailability (F) was assumed

to be equalto 1.

Using this model selection process, initial covariate-free PopPK models were

selected to analyse the SDX, PYM, CQ or AQm concentration-time data from the

children in the study and then the possible effects of covariates were evaluated. For

the PopPK analysis, the AQm data has been modelled as if it were the drug being

administered. The assumptions that are being made are that AQ is rapidly and

entirely converted to AQm after ingestion. The following covariates were evaluated

as possible determinants of drug disposition: age, weight, day 0 haemoglobin (HB)

and day 0 parasitaemia. In Kinetica’, covariates are tested using forward stepwise

regression analysis for possible correlations with Volume, Ka, Kel, and if used, K12,

K21 and lag time. Covariates showing a correlation with a PK parameter at p<0.05,

were incorporated into the PopPK model. The population parameters and the

goodness of fit (OF and %CV) were then re-evaluated taking into account the

relationship between the individual parameter and the covariates. An individual

covariate was considered to significantly improve the model if its inclusion resulted

in a reduction in the OF by a value greater than 10.8. Finally, once all the covariates

were incorporated into the model, the goodness of fit was re-evaluated after each

covariate was removed ona stepwise basis. Only those covariates continuing to show

an improved model wereretained.
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7.3. Results

Baseline characteristics of the children whose concentration-time data were used in

the PK studies are given in chapter 6 as well as estimated PK variables following

non-compartmental analysis of the observed data. Results of the PopPK analyses for

SDX, PYM, CQ and AQmaredescribe below.

7.3.1. SULFADOXINE

Concentration-time points (n=695) from 156 children from the efficacy study were

used to develop the SDX PopPK model. The data was analysed with 1 or 2

compartments, with or without lag and with different error models and weightings.

7.3.1.1. Selected covariate-free PopPK model for SDX

For the disposition of SDX, a 1 compartmental model, with no lag time and normal

parameter distribution provided the best fit for the data. Both homoscedastic and

heterscedastic error models were compared and a heterscedastic model using

weighting of 1/Ycalc waschosen.

7.3.1.2. Incorporation of Covariates

Age, weight, day 0 Hb and day 0 parasitaemia were screened for possible correlation

with the Ka, Volume and Kel with p<0.05 taken to indicate significant association.

No correlations were found with Ka with any of the covariates. For Volume, there

was an association with age and weight, and for Kel, there was an association with

age and day 0 HB.Incorporation of these covariates into the PopPK modelresulted

in an improved fitting, with a significant fall in the Objective Function and a

reduction in the %CV for Volume from 24% to 16%, from 23% to 19% for Kel and

an increase from 60% to 61% for Ka.

7.3.1.3. Final SDX PopPK model

A 1 compartmental model, with no lag time, normal parameter distribution and with

a heteroscedastic (1/Ycalc) error model provided the best fit for the SDX

concentration-time data from the 156 children in the study, table 7.1. The covariates

age and weight were included in the model for the parameter Volume and age and

day 0 HB for Kel using the following equations:
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Volume = 0.588563 + Age (months) * 0.00202931 + Weight (kg) * 0.219765

Kel = 0.00192142 + Age (months) * 2.64847e-005 + HB * 0.000250015

 

 

 

 

SDX PopPK Mean Range Median IQR %CV

Model (SD)

Ka (/hr) 0.63 0.068 — 1.64 0.62 0.38 — 0.82 61.1

(0.32)

Volume (L) 3.09 1.66 — 4.99 3.05 2.62 — 3.59 16.2

in Central (0.69)

compartment

Kel (/hr) 0.0049 0.0025 — 0.0049 0.0043- 19.0

(0.0009) 0.0072 0.0056         
Table 7.1 PK parameters used for the SDX PopPK model.

There was strong correlation between the calculated SDX concentrations predicted

by the PopPK model and the observed SDX concentrations, (R° = 0.98, p=<0.0001),

figure 7.1. The line of unity, representing a perfect model with all the calculated

SDX values equal to the observed SDX values, is shown. Figure 7.2 shows the

distribution of the weighted error residuals around the calculated SDX

concentrations. The mean concentration-time profile, with 95% confidence intervals

(95% CI), for all the children included in the model with the individual data-pointsis

shownin figure 7.3.
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Figure 7.1 Calculated SDX concentrations vs. the observed SDX concentrations with

the line of unity.
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Figure 7.2 Distribution of the weighted error residuals around the calculated SDX

concentrations.
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Figure 7.3 The SDX mean concentration-time profile with 95% confidence intervals

together with the individual data-points.
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Individual PK parameters (Ka, Kel and Volume) were generated for each of the 156

children in the SDX PopPK model treated with a single dose of SP. Using these

parameters and knowledge of the dose taken, simulated SDX concentration-time

profiles were created for each child, figures 7.4 (conc. vs. time) and 7.5 (log conc.vs.

time). The mean SDX concentration-time profile with standard deviationerrorbarsis

shownin figure 7.6. PK parameters derived from the 156 children in the SDX PopPK

model are shownintable 7.2.
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Figure 7.4 Simulated concentration-time profiles for the 156 children in the SDX

PopPK model

12



1000

  

  

a

=
3
oO y

5
oO io4
ODO ——

oO a
3 4

2. 4 i
© _ —*
Oo 5
x q
Q “+

wn 4

015

0.01 T | T T | T T | I | T T | T T T

0 100 200 300 400 500 600 700

Tirme (hours)

Figure 7.5 Simulated log concentration-time profiles for the 156 children in the SDX

PopPK model
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Figure 7.6 Mean PopPK SDX concentration-time profile with error bars
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SDX PopPK Mean Range Median IQR

Data (SD)

N=156

Age 27.4 12.1-58.4 23.2 18.1 — 35.0

(months) (12.0)

Weight 11.1 7.1-17.9 11.0 9.4- 12.5

(kg) (2.2)
Dose 342.9 250-500 375.0 250.0 — 375.0

(mg) (80.2)
Dose/ weight 30.8 25.0-47.6 30.8 28.2 — 33.4

(mg/kg) (3.5)
Cmax 106.7 64.8 — 149.5 105.8 94.5 — 121.3

(ug/ml) (17.9)
Tmax 10.3 3.5 -41.0 7.9 6.3 — 11.3

(hr) (6.8)

AUC... 23630 11839 — 43802 23111 18693 — 27130

(ug/ml/hr) (5984)

Elimination 146.3 96.5 —277.3 142.2 123.9 — 161.9

T % (hr) (30.3)

Clearance 0.0154 0.006 — 0.031 0.0146 0.012 — 0.020

(L/hr) (0.005)

CL / weight 0.0014 0.0006 — 0.0023 0.0013 0.0011 — 0.0016

(L/hr/kg) (0.0003)

Vz 3.09 1.66 — 5.0 3.05 2.62 — 3.60

(L) (0.67)

Vz/ weight 0.28 0.181 — 0.384 O27 0.25 — 0.30

(L/kg) (0.04)

Day 3 Conc. 79.8 49.2 — 115.9 79.0 69.2 — 90.2

(ug/ml) (13.8)
Day 7 Conc. 50.2 25.9-81.1 50.2 41.6 -58.1

(ug/ml) (11.0)
Day 14 Conc. 22.7 8.3 — 48.1 21.5 16.0 — 27.3

(ug/ml) (7.7)
 

Table 7.2 PK parameters derived for the 156 children in the SDX PopPK model.
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7.3.2. PYRIMETHAMINE

Concentration-time points (n = 606) from 134 children from the efficacy study were

used to develop the PYM PopPK model. The data was analysed with 1 or 2

compartments, with or without lag and with different error models and weightings.

7.3.2.1. Selected covariate-free PopPK model for PYM

For the disposition of PYM, a 1 compartmental model PopPK model, with no lag

time and normal parameter distribution provided the best fit for the data. Both

homoscedastic and heterscedastic error models were compared and a heterscedastic

model using weighting of 1/Yobs was chosen.

7.3.2.2. Incorporation of Covariates

Age, weight, day 0 HB and day0 parasitaemia were screened for possible correlation

with the Ka, VolumeandKel. No correlations were found with Ka or Kel with any

of the covariates. For Volume, there was an association with age and weight and

incorporation of these covariates into the PopPK model resulted in an improved

model, with a fall in the Objective function > 10.8 and a reduction in the CV% for

Volume from 27% to 24% and for Kel from 34% to 33%. The %CV for Ka was

unchangedat 91%.

7.3.2.3. Final PYM PopPK model

A 1 compartmental model, with no lag time, normal parameter distribution and with

a heteroscedastic (1/Yobs) error model provided the best fit for the PYM

concentration-time data from the 134 children in the study, table 7.3. The covariates

age and weight were included in the model for the parameter Volume using the

following equation:

Volume=11.9005 + Age (months) * -0.132539 + Weight * 3.46612
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PYM PopPK Mean Range Median IQR %CV

Model (SD)

Ka (/hr) 1.48 0.14 — 3.70 1.54 0.86 — 1.81 91.4

(0.76)

Volume (L) 46.0 22.4 — 75.4 45.3 37.9 — 53.1 23.4

in central (11.0)

compartment

Kel (/hr) 0.0056 0.0029 — 0.0055 0.0047 — 0.0065 32.8

(0.001) 0.0097

 

Table 7.3 PK parameters used for the PYM PopPK model.

There was strong correlation between the modelled PYM concentrations and

observed concentrations, (R’ = 0.94, p< 0.0001). Figure 7.7 shows a plot of the

calculated PYM concentration vs. the observed PYM concentration together with the

line of unity (PYM Calc = PYM Obs). Figure 7.8 showsthe distribution of the

weighted error residuals around the calculated PYM concentrations. The mean

PopPK derived PYM concentration-time profile with 95% confidence intervals

together with the individual data-points is shownin figure 7.9.
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Figure 7.7 Calculated PYM concentration vs. the observed PYM concentration with

the line of unity.
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Figure 7.8 Distribution of the weighted error residuals around the calculated PYM

concentrations.
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together with the individual data-points.
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Using the individual PK parameters (Ka, Kel and Volume) generated by the

population model, simulated PYM concentration-time profiles were created for each

child, figures 7.10 (conc. vs. time) and 7.11 (log conc. vs. time). The mean PYM

concentration-time profile with standard deviation error bars is shownin figure 7.12.

PK parameters derived for the 134 children in the PYM PopPK model are shownin

table 7.4.
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Figure 7.10 Simulated concentration-time profiles for the 134 children in the PYM

PopPK model
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Figure 7.11 Simulated log concentration-time profiles for the 134 children in the

PYM PopPK model
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Figure 7.12 Mean PYM concentration-time profile with error bars
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PYM PopPK Mean Range Median IQR

Data (SD)

N=134

Age 26.1 12.1 - 59.5 22.2 17.0 — 32.9

(months) (12.3)

Weight 10.8 6.9 - 16.9 10.7 9.2 — 12.0

(kg) (2.2)
Dose 16.7 12.5 - 25.0 18.7 12.5 — 18.7

(mg) (4.0)
Dose / weight 1.54 1.25 - 1.86 1.56 14.0 — 16.7

(mg/kg) (0.16)
Cmax 362.9 209.3 — 568.0 354.1 299.2 — 420.4

(ng/ml) (79.0)

Tmax 5.2 1.7- 23.1 3.7 3.1-5.9

(hr) (3.9)

AUC... 69855 27201 — 128506 66346 53968 — 83286

(ng/ml/hr) (21994)

Elimination 131.1 71.5 — 242.3 126.0 106.8 - 148.0

T % (hr) (32.3)

Clearance 0.262 0.106 - 0.689 0.238 0.189 - 0.313

(L/hr) (0.104)

CL weight 0.024 0.011 - 0.066 0.023 0.018 - 0.029

(L/hr//kg) (0.0084)

Vz 45.9 22.4 — 75.4 45.3 37.9 - 53.1

(L) (11.0)

Vz /weight 4.3 2.49 — 7.15 4.34 3.60 — 4.88

(L/kg) (0.92)
Day 3 Conc. 251.1 132.3 — 400.2 246.5 207.5 — 286.6

(ng/ml) (57.9)

Day 7 Conc. 148.8 52.2 — 260.6 143.1 117.6 — 175.5

(ng/ml) (44.3)

Day 14 Conc. 61.7 10.2 — 139.2 58.4 39.2 — 77.2

(ng/ml) (28.3)
 

Table 7.4 PK parameters derived for the 134 children in the PYM PopPK model.

7.3.3. Relationship between SDX and PYM PopPKdata

SP dosing for the children in the study was based upon the weightof the child. SP

was administered asa fixed ratio tablet with 500mg SDX and 25mg PYMpertablet.

97 children had PopPK data available for both SDX and PYM.There was close

correlation between the calculated SDX and PYM concentrations on days 3, 7 and 14

predicted by the PopPK models, R?=0.7 12, p <0.0001, figure 7.13. The correlation

between the SDX and PYM AUCswasalso significant, R’ = 0.52, p=0.025.
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Figure 7.13 Calculated SDX concentration vs. calculated PYM concentration on days

3, 7 and 14 predicted by the PopPK models for the 97 children with both SDX and

PYMdata.

7.3.4. CHLOROQUINE

Concentration-time points (n = 471) from 90 children from the efficacy study were

used to develop the CQ PopPK model. The data was analysed with 1 or 2 or 3

compartments, with or without lag and with different error models and weightings.

7.3.4.1 Selected covariate-free PopPK model for CQ

For the disposition of CQ, a 2 compartmental model PopPK model, with no lag time

and normal parameter distribution provided the best fit for the data. Both

homoscedastic and heterscedastic error models were compared and a heterscedastic

model using weighting of 1/Yobs” waschosen.
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7.3.4.2. Incorporation of Covariates

Age, weight, day 0 HB and day0 parasitaemia were screened for possible correlation

with the Ka, Volume, Kel, K12 and K21. No correlations were found with Ka, Kel,

K12 or K21 with any of the covariates. For Volume, there was an association with

age and day 0 parasitaemia. Incorporation of these covariates into the PopPK model

resulted in a fall in the Objective function from of < 10 and with a reduction in the

CV% for Volume from 34% to 31% but no change for the other parameters. This

change in OF was notsignificant so the final PopPK model for CQ did not

incorporate any covariates.

7.3.4.3. Final CQ PopPK model

A 2 compartmental covariate-free model, with no lag time, normal parameter

distribution and with a heteroscedastic (1/Yobs2) error model provided the best fit

for the CQ concentration-time data from the 90 children in the study, table 7.5.

 

 

 

 

 

 

CQ PopPK Mean Range Median IQR %CV

Model (SD)

Volume(L) 30.48 12.5 — 49.5 29.69 24.89 — 36.03 33.7

in central (8.24)

compartment

Ka (/hr) 0.099 0.015 — 0.167 0.104 0.076 —0.122 46.0

(0.034)

Kel (/hr) 0.083 0.058 — 0.106 0.083 0.076 — 0.088 23.0

(0.010)

K12 (/hr) 0.167 0.035 — 0.265 0.167 0.132 —0.198 46.9

(0.0446)

K21 (/hr) 0.0183 0.0072 — 0.029 0.018 0.016—0.021 46.7

(0.0049)        
 

Table 7.5 PK parameters used for the CQ PopPK model.

There was strong correlation between the modelled CQ concentrations and observed

concentrations, (R? = 0.93, p < 0.0001). Figure 7.14 showsa plot of the calculated

CQ concentration vs. the observed CQ concentration together with the line of unity

(CQ Calc = CQ Obs). Figure 7.15 shows the distribution of the weighted error

residuals around the calculated CQ concentrations.
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line of unity.
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Using the individual pharmacokinetic parameters (Ka, Kel, Volume, K12 and K21)

generated by the population model, simulated CQ concentration-time profiles were

generated for each of the 90 children treated with CQ, once daily for 3 days. These

are shownin figures 7.16 and 7.17 as standard and log plots respectively. The mean

CQ concentration-time profile with standard deviation error bars is shown in figure

7.18. PK parameters derived for the 90 children in the CQ PopPK model are shown

in table 7.6. The AUC 9.336, from time 0 to 336 hours, has been calculated to allow

comparison with published data.
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Figure 7.16 Simulated concentration-time profiles for the 90 children in the CQ

PopPK model
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Figure 7.17 Simulated log concentration-time profiles for the 90 children in the CQ

PopPK model
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Figure 7.18 Mean CQ concentration-time profile with error bars

135



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

CQ PopPK Mean Range Median IQR

Data (SD)

n=90

Age 26.9 12.1 — 70.8 22.6 17.2 — 33.9

(months) (12.9)

Weight 10.8 6.3 — 16.9 10.3 9..1-12.0

(kg) (2.35)
Dose 295.8 225.0 — 450.0 225.0 225.0 — 375.0

(mg) (85.9)
Dose/ weight 27.3 20.6 — 35.7 27.1 23.4-31.1

(mg/kg) (4.1)
Cmax 1209.2 384.7 — 2558.4 1115.4 732.2 — 1675.1

(ng/ml) (555.8)

Tmax 44.0 22.0 - 60.0 50.0 28.0 — 52.0

(hr) (11.2)

AUC. 127813 58031 - 271842 116139 85341 - 159172

(ng/ml/hr) (49947)

AUC 0.336 109612 44355 - 218605 104609 73422 - 137998

(ng/ml/hr) (42757)

Initial T '% 2.8 1.9-5.9 2.6 2.4 -—3.0

(hr) (0.65)

Elimination 131.8 64.4 — 273.7 117.1 95.3 — 159.4

T % (hr) (49.6)

Clearance 2.57 0.83 — 5.18 2.45 1.92 — 3.09

(L/hr) (0.94)

CL / weight 0.24 0.08 — 0.48 0.23 0.18 — 0.30

(L/hr/kg) (0.09)

Vz 479.0 103.2 — 1124.8 435.2 310.7 — 649.8

(L) (222.4)

Vz /weight 45.9 14.5 - 108.3 41.8 29.0 - 55.8

(L/ kg) (23.3)

Day 3 Conc. 536.1 196.4 - 1093.8 500.6 370.0 - 670.6

(ng/ml) (221.1)
Day7 Conc. 2222 104.6 - 474.9 199.2 155.9 - 277.2

(ng/ml) (87.8)
Day 14 Conc. 85.8 43.6 - 249.0 54.4 51.7 — 123.0

(ng/ml) (46.8)  
 

Table 7.6 PK parameters derived for the 90 children in the CQ PopPK model.
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7.3.5. AMODIAQUINE

Concentration-time points (n = 276) were used from 62 children from the efficacy

study to develop the AQm PopPK model. The data was analysed with | or 2 or 3

compartments, with or without lag and with different error models and weightings.

7.3.5.1. Selected covariate-free PopPK model for AQm

For the disposition of AQm, a 2 compartmental model PopPK model, including lag

time and normal parameter distribution provided the best fit for the data. Both

homoscedastic and heterscedastic error models were compared and a heterscedastic

model using weighting of 1/Yobs” was chosen.

7.3.5.2. Incorporation of Covariates

Age, weight, day 0 HB and day 0 parasitaemia were screenedfor possible correlation

with the Ka, Volume, Kel, K12 and K21. No correlations were found with lag, Kel,

K12 or K21 with any of the covariates. For Volume, there was an association with

age, parasitaemia and weight and for Ka, there was a correlation with age.

Incorporation of these covariates into the PopPK modelresulted in a significantfall

in the Objective function and with a reduction in the CV% from 27.0% to 19.9% for

Volume, from 43.1% to 39.1% for Ka, from 43.0% to 37.5% for lag, from 34.0% to

28.0% for Kel, from 35.0% to 29.1% for K12 and 37.6% to 34.6% for K12.

7.3.5.3. Final AQm PopPK model

A 2 compartmental model, with lag time, normal parameter distribution and with a

heteroscedastic ( 1/Yobs’) error model provide the best fit for the AQm

concentration-time data from the 62 children in the study, table 7.7. The covariates

age, parasitaemia and weight were included in the model as covariates for the

parameter Volume, and age was included for the parameter Ka according to the

following equations:

Volume=-1.50573 + Age (months) * 0.0473282 + Parasites * -5.98125e-006 +

Weight (kg) * 0.907893

Ka=0.03331 + Age (months) * 0.000866546
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AQm PopPK Mean Range Median IQR %CV

Model (SD)

N=62

Volume(L) in 9.65 4.2 — 20.9 9.22 7.03 — 11.95 19.9

central (3.41)

compartment

Lag 0.85 0.49 — 1.09 0.85 0.83 - 0.87 37.5

(hr) (0.10)

Ka 0.057 0.013—0.146 0.055 0.046 - 0.066 39.1

(/hr) (0.021)

Kel 0.41 0.18 - .055 0.42 0.38 - 0.46 28.0

(/hr) (0.076)

K12 2.11 1.41 — 2.83 2.09 1.90 - 2.27 29.1

(/hr) (0.29)

K21 0.035 0.018 - 0.050 0.036 0.031 - 0.040 34.6

(/hr) (0.007)
 

Table 7.7 PK parameters used for the AQm PopPK model.

There was strong correlation between the modelled AQm concentrations and

observed concentrations, (R? = 0.94, p< 0.0001). Figure 7.19 shows a plot of

calculated AQm concentration vs. the observed AQm concentration together with the

line of unity (AQm Calc = AQm Obs). Figure 7.20 shows the distribution of the

weighted error residuals around the calculated AQm concentrations.
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Figure 7.19 Calculated AQm concentration vs. the observed AQm concentration with

the line of unity.
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Figure 7.20 Distribution of the weighted error residuals around the calculated AQm

concentrations.

Using the individual pharmacokinetic parameters (Ka, Kel, volume, lag, K12 and

K21) generated by the population model, simulated AQm concentration-time profiles

were generated for each of the 62 children treated with AQ, once daily for 3 days.

These are shownin figures 7.21 and 7.22 as standard and log plots respectively. The

mean AQm concentration-time profile with standard deviation error bars is shown in

figure 7.23. PK parameters derived for the 62 children in the AQm PopPK modelare

shown in table 7.8. To allow comparisons with other published studies, PK

parameters were derived after a single dose of AQ at 10 mg/kg. The mean (range)

Cmax and AUC»... were 343.7 ng/ml (59.5 — 618.6) and 40521.8 ng/ml/hr (17255.8 —

114899) respectively.
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Figure 7.21 Simulated concentration-time profiles for the 62 children in the AQm

PopPK model
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Figure 7.22 Simulated log concentration-time profiles for the 62 children in the AQm

PopPK model
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Figure 7.23 Mean AQm concentration-time profile with error bars

7.4. DISCUSSION

This chapter describes the establishment of PopPK models for four of the most

commonly used antimalarial drugs. These are some of the largest PK data sets from

young children with acute malaria to be reported, and owing to the necessity for a

non-intensive sampling regimein this patient group, a population approach has been

taken to the analysis of the data. The final PopPK models all show good correlation

between the observed drug concentrations and the modelled concentrations, R?

values were 0.98, 0.94, 0.93 and 0.94 for SDX, PYM, CQ and AQmrespectively,

p<0.0001 for all. The plots of the weighted residual errors vs. calculated drug

concentrations demonstrate an approximately even distribution of error about the

zero error line for all four drugs, suggesting that the chosen models were appropriate

for the data. For each drug, the PK parameters reported are compared below with

data from the published literature to look for evidence of possible under dosing in

children comparedto adults.
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AQm PopPK Mean Range Median IQR

Data (SD)

n=62

Age 27.3 12.1 -— 116.2 22:5 17.2 — 31.7

(months) (17.3)

Weight 11.4 7.1 — 18.7 10.7 9.4 —- 13.0

(kg) (2.7)
Dose 368.7 300.0 — 600.0 300.0 300.0 — 400.0

(mg) (90.1)

Dose / weight 32.3 26.8 — 42.3 32.0 29.7 — 35.1

(mg/kg) (3.4)
Cmax 593.2 176.7 — 1175.8 570.7 431.9 —- 766.1

(ng/ml) (203.1)

Tmax 49.3 2.5 — 104.0 48.0 47.0 - 49.0

(hr) (10.6)

Lag time 0.85 0.49 — 1.09 0.85 0.83 - 0.87

(hr) (0.097)

AUC.« 103848 50779 — 229800 95270 74242 — 122456

(ng/ml/hr) (39988)

Initial T % 0.28 0.20 - 0.36 0.27 0.25 - 0.30

(hr) (0.032)

Elimination T 2 132.3 69.0 — 283.4 120.6 99.1 — 158.2

(hr) (48.1)

Clearance 4.04 1.43 - 8.82 3.75 2.72 — 5.36

(L/hr) (1.69)

CL / weight 0.35 0.15 - 0.58 0.33 0.27 - 0.42

(L/hr//kg) (0.15)

Vz 734.0 252.5 — 1789.3 647.1 432.8 — 1000.4

(L) (332.1)

Vz/ weight 64.2 29.7 — 163.8 61.6 46.0 — 73.1

(L/kg) (27.8)
Day 3 Conc. 427.1 176.6 — 840.4 431.3 301.4 — 539.4

(ng/ml) (145.3)

Day7 Conc. Dads! 107.0 — 519.2 212.9 163.3 — 273.8

(ng/ml) (93.1)

Day 14 Conc. 94.5 25.3 — 260.0 81.3 51.0 — 125.6

(ng/ml) (52.0)
 

Table 7.8 PK parameters derived for the 62 children in the AQm PopPK model.

7.4.1. SDX and PYM

One compartmental PopPK models were usedto fit both the SDX and PYM PKdata.

SDX and PYMdisposition have both been described in the literature using 1 and 2

compartmental models and by both population and non-population PK methods

[122,147]. Table 7.9 shows a summary of SDX and PYM PKdata from some of
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these studies. For many of these parameters, there is a high degree of variability in

the results reported. This may reflect differences in analysis methods, assay

sensitivity, sampling intensity, the use of plasma vs. whole blood and different

participants - adults vs. children and volunteersvs. patients.

 

 

 

 

 

 

 

 

 

      
 

 

 

 

       

Barnes K, Winstanley Minzi O, Obua C, Dzinjalamalg

2006 P, 1992 2007 2008 F, 2005

[122] [116] [149] [147] [150]

Median Mean Mean Mean Mean

(IQR) (95% CI) (range)

Patient Adults and Children Adults Children Children | —

Group children 1-5 yrs volunteers 2-5 yrs 12 yrs with
with malaria with malaria with malaria malaria

Number 307 8 16 55 115

Sample Capillary Plasma on Capillary Capillary Capillary

Type blood on filter paper blood on blood on blood onfilter
filter paper filter paper filter paper paper

ee SDX DATA — To

Cmax 63.9 2 92.9 171 79 (ACPR)

ug/ml (48.5 — (61-97) (85-249) 69 (LTF)

90.8)

Tmax 24 13.5 10.0 7.0

hours (4.8-8.0)

AUC 17976 20016 15,840 16900 22368
ug/ml/hr (10944 - (9792 — (2840- (ACPR)

25128) 30264) 27500) 21312 (LIF)

Elimination 160.8 115.2 165.1 98 hr 171.6 (ACPR)

T Y(hrs) (105.6 — (60 — 170.4) 18-177 153.8 (LTF)

218.4)

PYM DATA —

Cmax 280.8 533 860
ng/ml (192.4 - (351-735)

397.8)

Tmax 93 12 4.0

hours

AUC 37968 62568 124600

ng/ml/hr (25752 — (30096 -
52368) 95064)

Elimination 75.8 81.6 158.1

T Y(hrs) (50.2 — (55.2 — 108)

104.2)  
 

Table 7.9 Summary of SDX and PYM PKdata from other published studies
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Tmax estimates for SDX range from 7 and 24 hours and from 4 to 12 hours for

PYM,table 7.9. In this thesis, the SDX and PYM Tmaxestimates were 7.9 and 3.7

hours respectively. The mean elimination T 2 for the children studied in this thesis

were 146.3 hours for SDX and 131.1 for PYM. These lie within the range of T 2s

reported in the other studies shown, table 7.9. SDX-PYM has been shownin vivo to

select for resistance mutations in both dhfr and dhps up to 55 days after the drugis

taken [52], an observation which is consistent with long elimination T Ys reported

here.

For SDX the median Cmax and AUCo.» were 105.8 ug/ml and 23111 ug/ml/hr

respectively. After adjustment for body weight, the SDX clearance rate was 0.0013

L/hr/kg and Vz was 0.27 L/kg. Reported whole blood Cmax’s for SDX range from

63.9 to 171 ug/ml, table 7.9. For PYM, the median Cmax, Tmax, AUC... and

elimination t % were 354.1 ng/ml, 3.7 hours, 66346 ng/ml/hr and 126.0 hours

respectively. The adjusted PYM clearance rate was 0.023 L/kg/hr and Vz was 4.34

L/kg. These derived PK parameters from the PopPK models developedin this thesis

are all in keeping with those from the other studies shown,table 7.9.

A large study by Barnes et al compared PK data in adults and children of different

ages with acute malaria treated with SP [122]. This was an intensive sampling study

using non-population PK analysis methods. The principal conclusion from the study

by Barnes wasthat the dose of SP used for young children was inadequate. This was

based on the observation that the children aged 24-60 months had median AUCsfor

SDX and PYM which were 44% and 34% respectively lower than those seen in

adults (defined as > 144 months in that study). After dose adjustment so that each

age group received exactly the recommended SDX dose of 25 mg/kg and PYM dose

of 1.25 mg/kg, children aged 24-60 months had median AUCs for SDX and PYM

which were 50 and 59% respectively lower than those in adults.

There is no evidence from the AUC data from the children studied in this thesis to

support this view that young children are being under dosed comparedto adults. PK

parameters from the Barnes study, from adults and children combined, are shown in

table 7.9. Data from participants > 144 months old were also reported separately in

that study. The median AUCp.« values for SDX and PYM were 19584 wg/ml/hr and
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38448 ng/ml/hr respectively, see chapter 8 tables 8.12 and 8.13. These figures are

similar to or lower than the median SDX and PYM AUCo... values reported for the

children in this thesis, 23111 ug/ml/hr and 66346 ng/ml/hr respectively. These AUC

data do not support the Barnes study conclusion that children are being under dosed

or that a dose adjustmentis required.

7.4.2. Chloroquine

The CQ concentration-time data from children in this thesis were fitted to a 2

compartmental PopPK model with no lag time. Other studies have described the

disposition of CQ using both 2 and 3 compartmental models. Reported terminal

elimination T Ys for CQ are variable and depend on the sensitivity of the assay

methods used and the number of compartments included in the model. Adjepon-

Yamoah reported a whole blood mean terminal elimination T ¥2 of 307 hours in a 3

compartmental model while Oboa reported a half life of 108 hours in a 2

compartmental PopPK model [147,151]. The elimination T ¥2 reported in this thesis

is 117.1 hours also using a 2 compartmental PopPK model.

Cmax’s ranging from 819 to 1430 ng/ml have been reported in children and as a

result of extensive tissue binding, the apparent volume of distribution for CQ is

enormous [147,152]. Adjepon-Yamoah reported a mean Vz / weight of 59 L/kg in

adult volunteers, while Kurunajeewa reported a Vz of 154 L/kg in children with

malaria [151,153]. For the children reported here, the mean Cmax was 1209.2 ng/ml

and Vz / weight was 45.9 L/kg.

The AUCresults from the children in this thesis are similar to those reported in other

studies. Obua reported a mean whole blood AUCo.335 of 140000 ng/ml/h from

children with malaria age 24 — 60 months [147]. This compares to an AUC.336 of

109612 ng/ml/hr from the children (12 — 60 month) in this thesis (see chapter 8 for

further discussion of this paediatric data). There are few adult studies reporting

whole blood AUCvalues; most published studies report plasma values. Whole blood

CQ concentrations are many times higher than those measured in plasma, but the

ratio of whole blood to plasma concentration falls during a course of treatment in

patients with malaria [154]. This phenomenon is observed also with quinine and

AQm andit thought to be due in part to the fall in parasitaemia after treatment,
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viable malaria parasites accumulate quinoline antimalarials in parasitized

erythrocytes [155,156]. As a consequence, it is not possible to directly compare

plasma AUC... data with the whole blood data from this thesis.

From the limited adult whole blood PK data available, there is insufficient evidence

to conclude that children are being under dosed compared to adults. A PK study

involving healthy adult volunteers reported a mean whole blood AUC»... of 129675

ng/ml/hr after a treatment course of CQ [157], and another study by Na-Bangchang

reported a median AUCp.~ of 122000 ng/ml/hralso in healthy adult volunteers [158].

In this thesis, the mean AUCo... for the children (age 12-60 months) was 127813

ng/ml/hr. The data are conflicting on whether the disposition of CQ is different in

malaria and in health. In the study by Na-Bangchang, the AUCin patients with vivax

malaria was significantly higher than in the volunteers, while another study

comparing healthy and malaria infected adults noted only a higher Cmax in the

malaria patients but no other differences in PK parameters [159].

7.4.3. AQm

There are few published data on the disposition of AQm in whole blood from

children or adults. PK parameters from two studies in children with malaria are

shownin table 7.10 with results from this thesis. The most extensive dataset is from

a PopPK study involved 86 children in which the data was modelled to a 2

compartmental model and in the second study, a non-compartmental analysis of data

from 20 children was performed [160,161]. These studies reported that AQm is

extensively tissue bound with a huge Vz and is slowly eliminated with a terminal

elimination T % ranged from 118 to 242.4 hours (Hietala S 2007 and Hombhanje F

2004). The derived PK parameters from the AQm PopPK model developed in this

thesis were in keeping with these studies.
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AQm PKdata This Thesis Hombhanje F, Hietala, S

2004 [161] 2007 [160]

PK Analysis PopPK NCA PopPK

method

Number 62 20 86

Age 27.3 55.2 24

(months) (12.1 — 116.2) (13.2 — 97.3) (3.6 — 60)

Cmax 593.2 368.8 328.0

(ng/ml) (176.7 — 1175.8) (226.0 — 735.1) (230.6 — 442.0)

AUC 0.0 103848 108302 38438

(ng/ml/hr) (50779 - 229800) (34702 —251337.6) (21403 - 60715)

Elimination T 2 132.3 242.4 118

(hrs) (69.0 — 283.4) (81.6 — 732) (79-193)

CL / weight 0.35 0.67

(L/hr/kg) (0.15 — 0.58)

Vz/ weight 64.2 62.4

(L/kg) (29.7 — 163.8)
 

Data shown is mean and, where available, (range).

Table 7.10 AQm PK parameters from this thesis compared to other published data

 
Multi-dose whole blood AQm data from adult studies are also very limited. One

study in adult healthy volunteers (without malaria) reported a mean (range) day 3

whole blood AQm concentration of 169.6 (81 — 469) ng/ml after taking AQ+ART

once daily for 3 days [162]. The mean AQ dose taken per kg was 33 mg/kg. This

compares to the mean (range) day 3 AQm concentration reported here of 427.1

mg/kg (176.6 — 840.4) after a mean dose of 32.3 mg/kg. A single dose study in

healthy adult volunteers reported a mean whole blood AUCp.. of 20074 ng/ml/hr

with a Cmax of 561 ng/ml [45]. Using the PopPK model derived in this thesis, a

single dose of AQ at 10 mg/kg, resulted in a mean (range) AUCo.» of 40521.8

ng/ml/hr (17255.8 — 114899) and a Cmax of 343.7 ng/ml (59.5 — 618.6). Other

studies have reported single dose AQm PK parameters from plasma samples.

However, as observed with CQ, the ratio between whole blood and plasma drug

concentrations changes during the course of an infection, so direct comparisons

cannot be made [46]. Thereis therefore a paucity of AQm whole blood PK data with
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which to compare the results from this thesis. Though no firm conclusions can be

made, there does not appear to be any evidence of under dosing of AQ in children

comparedto adults using the recommended AQtreatment regime.

7.4.4. Post-treatment prophylaxis

Both CQ and AQm are extensively tissue bound and have long elimination T /s.

The estimated elimination T 2s for CQ and AQm reported in this thesis, 131.8 and

132.3 hours respectively, are within the ranges reported in other studies. Other

authors have suggested that the T 2s of these drugs are in fact of the order of months

rather than days and that these shorter estimates are due to lack of sensitivity in the

assays used [53]. All the drugs studied in this thesis have the prolonged elimination

phases, greater than 100 hours, and as a result, all will provide a period of post-

treatment prophylaxis after the drug has been taken. This means that, when a child

with acute malaria is given one of these drugs there will be a period of time after

treatment whenthe drug concentration in the blood is above the minimum inhibitory

concentration (MIC) required to kill parasites thus protecting the child from further

infections. The duration of this protection dependson the elimination kinetics of the

drug and the parasite MIC for that drug. We do not know what the in vivo MIC

values are for most antimalarial drugs, see chapter 8 for a detailed discussionofthis,

but they are likely to be well above the LLOQ of the assays describedin this thesis.

So, although more sensitive assays are available to quantify these drugs from

biological fluids, these very low drug concentrations are probably oflittle clinical

relevance.

This period of post-treatment prophylaxis is of considerable clinical importance for

children living in high malaria transmission areas. As discussed in chapter 1, drugs

which provide longer periods of protection are advantageousto the individualchild,

but at a cost of selecting resistant parasite strains. One observation from the main

clinical trial described in chapter 4 of this thesis, was that no reinfections were seen

in the SP+AQ treatment group until more than 28 days after treatment. The

reinfection rates in the other 3 treatment arms of the study appeared similar, figure

7.24 (same as figure 4.2). Artesunate is rapidly eliminated and would not provide

any period of prophylaxis, and there is a suggestion from this figure that AQ+SP

provided superior post treatment prophylaxis than SP+CQ.
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Figure 7.24 Numbers of recrudescent and new infections occurring in children from

the 4 treatment groupsafter treatment (sameas figure 4.2)

A closer look at the shape of the mean concentration-time profiles for CQ and AQm

(figures 7.18 and 7.23) generated by the PopPK models may provide someclue as to

whythis may have been the case. The concentration of CQ falls much more steeply

than AQm after the 3 dose has been taken, falling to 33.2% of the 3peak

maximum concentration by 100 hours. For AQmthis initial fall is less steep and by

100 hours the concentration is 61.2% of the concentration at the 3 peak. Whilst we

do not know the in vivo MICs for these drugs, one could hypothesis that this rapid

early fall in the CQ concentration, possibly to levels below the parasite MIC, may

result in a shorted period of post-treatment prophylaxis compared to AQm.
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CHAPTER8 USING THE POPULATION PHARMACOKINETIC MODELS

8.1. Introduction

In this chapter the population PK (PopPK) models developed in chapter 7 are used to

explore the effect of age on drug disposition in young children with acute malaria

and compared to data from other published series. In addition, the models have also

been used to try to identify patient and PK variables that are associated with

treatment outcome, whether successor treatmentfailure, and to try to identify day 7

or 14 drug concentrations cut-offs that are predictive of outcome. For the drugs

where threshold concentrations have been identified, possible changes to the dosing

schedule are discussed.

8.2. Methods

8.2.1. Study design andparticipants

The children described in this chapter were all recruited as part of the clinical trials

described in chapter 4. The development of the PopPK models is described in

chapter 7 and the individual concentration-time data, from which these models were

derived, is described in chapter6.

8.2.2. The influence of age on the drug disposition

The children were divided according to their age, those > 12 to <=24 months and

those > 24 months and baseline and PK characteristics were compared between the

groups. Baseline characteristics included age, weight, dose, dose per kg taken,initial

haemoglobin (HB), initial parasite count and temperature and PK characteristics

included Cmax, Tmax, elimination phase T %, AUCo.~, CL, Vz and the calculated

(modelled) drug concentrations on days 3, 7 and 14 were compared.

8.2.3. Determinants of treatment outcome

There were four treatment groupsin theclinical trial: SP+placebo, CQ+SP, ART+SP

and AQ+SP. Treatment with SP+Placebo was significantly less efficacious (lowest

ACPRrate) than the three combinations on days 28 and 42, p<0.0001. In attempting

to identify patient or PK factors predictive of treatment outcome, the influence of

treatment group had to be considered. For the SDX and PYM PopPK models, only

data from children in the SP+placebo treatment group were used when looking for
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variables predictive of treatment failure. For the CQ and AQm PopPK models,all the

children in these models received the same treatmentand so all were included in the

analyses. Children, whose treatment outcome was not known,i.e. withdrawals from

the study, were excluded.

8.2.4. Statistical methods

Most of the continuous data had skewed, non-normal distributions and were

therefore summarised using the median and inter-quartile range (IQR). Comparisons

of continuous data between groups were preformed using the two-sample Mann-

Whitneytest. For categorical data comparisons, the chi-square test was used. A two-

tailed level of significance of p <0.05 was consideredsignificantfor all comparisons.

Logistic regression was used to examine the influence of drug exposure and other

variables on treatment response (the ACPRrate). For SDX, PYM and CQ the day 28

ACPRrate was used, while for AQm, day 42 outcome was used. There were no

treatment failures by day 28 in the SP+AQ treatment group. Univariate regression

analysis was initially performed to assess possible associations of the following

variables on outcome: age, sex, day 0 HB, day 0 parasite count, the dose of drug

taken (per kg body weight), AUC o., T 2, and drug concentration on days 7 and 14.

For the SDX and PYM analyses, the presence of the “quintuple” mutant genotype in

the initial infection, said to be predictive of SP treatmentfailure, was also included.

Multivariate logistic regression analysis was also performed to assess which

variables, if any, predicted treatment outcome after adjustment for potential

confounders. The PK variables - AUC o..., elimination T % and drug concentration on

days 7 and 14 — areall inter-related and are all measures of drug exposure. As a

result, in the multivariate analysis, they were each analysed separately for their

association with outcome after adjustment for age, sex, day 0 HB, day 0 parasite

count, dose per kg taken, and for SDX and PYM only,the presence of the quintuple

mutant genotype. Forward stepwise logistic regression procedure was used to adjust

for potential confounders and to identify the best model to explain the relationship

between the explanatory variables and treatment outcome. SPSS version 13.0 was

used forall analyses and a 5% level of significance wasusedto indicate significance.
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Where a possible association between drug concentration on day 7 or 14 with

treatment outcomewasidentified by the regression analysis, an attempt was made to

identify optimal drug levels on days 7 or 14 associated with successful treatment

response. Receiver operator curves (ROC) were created and the cut-off concentration

selected according to the maximal value for Youden’s index, equal to the sensitivity

plus the specificity minus 1. Once threshold concentrations were identified, these

were re-analysed using logistic regression to test the significance of their association

with treatment outcome.

8.3. Result

8.3.1. SULFADOXINE

8.3.1.1. Influence of age on SDX disposition

The 156 children were divided into 2 groups by age; 84 (53.8%) were aged from 12

to < 24 months and 72 (46.2%) were aged >24 to < 60 months. Baseline

characteristics and PK parameters for these 2 groups are comparedin table 8.1. Day

0 HB waslowerin the younger group, 8.5 g/dl vs. 9.8 g/dl (p<0.0001), but no other

differences were observed in terms of sex, initial temperature and day 0 parasite

counts. Comparing ACPRrates only for the children who received SP+Placebo,

there was no difference in day 28 treatment outcome between the two age groups,

p=0.407.

The dose of SDX per kg body weight was similar in the two groups and there were

no differences in the Cmax or Tmax betweenthe different age groups. The clearance

rates in the children 12 to < 24 months were lower (even when corrected for weight),

and as a result, elimination T % was longer, AUCo.. was a higher and there were

higher SDX concentrations on day 7 and 14 in the younger age group. There was no

difference in the Vz between the groups after correction for body weight. Mean SDX

concentration-time profiles for children from these two age groups are shown in

figures 8.1 (standard plot) and 8.2 (log plot).
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SDX PopPK Age 12-24 months Age >24-60 month P-value

Data N = 84 (53.8%) N =72 (46.2%)

Median IQR Median IQR

Age 18.9 14.6 -21.4 35.6 30.3 — 44.2 < 0.0001

(months)

Weight 9.8 8.7 — 11.0 12.4 11.1-13.9 < 0.0001

(kg)
SDX Dose 250.0 250.0 — 375.0 375.0 375.0 — 375.0 <0.0001

(mg)
SDX Dose / 30.74 27.8 — 34.0 SLs) 28.8 — 33.1 0.777

weight (mg/kg)

AUC. 25030 20389-30097 20756 17491 — 24800 <0.0001

(ug/ml/hr) :
Tmax 8.6 6.5—11.8 7.6 6.1 — 11.0 0.212

(hr)
Cmax 107.6 93.1 — 122.0 105.3 95.6 — 119.6 0.879

(ug/ml)
Elimination 152.6 137.9 — 177.4 129.4 116.0- 144.3 <0.0001

T % (hr)

Clearance 0.012 0.010 — 0.015 0.018 0.015 —0.022 <0.0001

(L/hr)
CL / weight 0.0012 0.0010—0.0015 0.0015 0.0012 —0.0017 <0.0001

(L/kg/hr)
Vz 2.76 2.41 — 3.16 3.48 3.07 — 3.84 < 0.0001

(L)
Vz/ weight 0.275 0.253 — 0.306 0.274 0.251 — 0.302 0.792

(L/kg)
Day 3 Conc. 82.1 70.8 — 93.3 76.6 67.4 — 88.8 0.083

(ug/ml)
Day 7 Conc. Sad 43.9-61.5 45.2 38.9 — 54.2 < 0.0001

(ug/ml)
Day 14 Conc. 25.3 19.7 — 30.7 18.7 14.3 — 23.6 < 0.0001

(ug/ml)
 

Table 8.1 Comparison of baseline characteristics and SDX PopPK parameters

between children aged 12 to $ 24 months and those >24 to < 60 months.
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8.3.1.2. Relationship between SDX disposition and clinical outcome

Baseline and PK parameters were compared using univariate regression analysis

between children in the SP+Placebo treatment group who achieved ACPR on day 28

with those with treatment failure (ETF, LCF or LPF), table 8.2. Data was not

included from children in the other treatment arms owing to the influence of the

partner drugs (CQ, ART and AQ). Data wasavailable from 40 children, 7 with an

ACPR outcome and 33 with treatment failure. Mean SDX concentration-time

profiles for the children with ACPR and treatment failure are shown in figures 8.3

(standard plot) and 8.4 (log plot).

 

 

 

 

 

 

 

 

 

 

 

       

SDX PopPK ACPR Treatment Failure P-value for

Data N=7 N = 33 Univariate
Regression

analysis

Median IQR Median IQR

Age 20.6 15.1 — 33.3 28.2 20.7 — 37.2 0.186

(months)

Male Sex 3 N/A 16 N/A 0.787

No. (%) (42.9%) (48.5%)

Parasite 143862 68706 - 191667 102475 7568 - 152240 0.217

count (/ul)
HB 9.1 7.7-11.0 9.3 8.2 — 10.4 0.967

(g/dL)
Quintuple 5 N/A 31 N/A 0.10

genotype (71.4%) (93.9%)

No. (%)

SDX Dose / 30.2 29.1 — 37.1 31.0 27.9 — 33.5 0.622

weight

(mg/kg)
AUC... 26515 18225 — 31579 21718 18954 — 25649 0.081

(ug/ml/hr)

Elimination 147.1 140.4 — 228.9 132.0 119.9 — 152.6 0.043

T % (hr)

Day 7 Conc. 56.8 40.4 — 68.0 46.2 41.8 - 55.0 0.161

(ug/ml)
Day 14 Conc. 26.7 16.1 — 30.4 20.8 15.2 — 24.6 0.061

(ug/ml)
 

N/A — not applicable

Table 8.2 Comparison of baseline characteristics and SDX PopPK parameters

between children with ACPRandtreatmentfailure after treatment with SP.
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Figure 8.3 SDX mean concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP.
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Figure 8.4 SDX mean log concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP.
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Elimination T 2 was associated with the day 28 outcome (p=0.043); children who

eliminated SDX more rapidly were more likely to have a day 28 treatmentfailure.

There were also trends towards lower day 14 SDX concentration (p=0.061), smaller

AUCo.» (p=0.081) and to have “quintuple” mutant parasites in the initial infection

(p=0.10) in those with day 28 treatment failure. None of the other variables listed in

the table were foundto havea significant influence on outcome.

Multivariate logistic regression analysis demonstrated that elimination T ¥% and the

presence of “quintuple” mutants in the initial infection were both independently

associated with day 28 outcome even after adjustment for potential confounders. The

estimated odds ratios and the associated p-values are shown in table 8.3. These

results suggest that the chances of attaining ACPR by day 28 increases in individuals

with delayed SDX elimination (higher T ¥) and in those individuals who did not

have “quintuple” mutant parasitesin the initial infection. None of the other variables

tested in the multivariate analysis were significant, though there remained a trend

towards higher day 14 SDX concentrations (p=0.061), and higher AUC... (p=0.064)

in those with ACPR outcomes.

 

 

  

P-value for OddsRatio Odds Ratio

Multivariate 95% CI

Regression analysis

Quintuple genotype 0.037 0.73 0.006 — 0.850

Elimination T 2 0.021 1.036 1.005 — 1.067    
Table 8.3 Odds ratio and 95% CIfor the association between day 28 outcomeand the

elimination T ¥ and the presence of “quintuple” mutants in theinitial infection

8.3.1.3. Identification of a Day 14 SDX threshold concentration predictive of

treatment outcome

In the multivariate analysis, there was a trend for higher Day 14 SDX concentration

in those children with ACPR outcomes on day 28, p=0.061. Using the ROC analysis,

an optimal cut-off day 14 SDX concentration of 25.75 ug/ml wasidentified, figure

8.5 (AUCfor the test = 0.71). Concentrations below this threshold were observed
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78.8% (26/33) of the children with treatment failure compared with 28.6% (2/7) of

those with an ACPR outcome, p = 0.017 (relative risk = 1.6, 95% CI 1.0 — 2.6). This

day 14 SDX cut-off predicted a recrudescent parasitaemia by day 28 with 71.4%

sensitivity and 78.8% specificity. In the univariate and multivariate analyses, this

Day 14 SDX threshold concentration was predictive of day 28 outcome, p=0.018,

(OR = 9.3, 95% CI 1.5 — 58.5) for both.
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Figure 8.5 ROC curve showing Sensitivity and 1-Specificity for SDX day 14

concentrations for predicting an ACPR outcome on day 28
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8.3.1.4. Effect of SDX Dose on day 14 SDX concentration

The mean (range) SDX dose per kg administered to the 156 children included in the

SDX PopPK model was 30.8 mg/kg, (25.0 - 37.1). All the children received a dose

equal to or greater than the recommended SDX dose of 25 mg/kg. The modelled

mean (range) day 14 concentration for the 156 children in the study was 22.7 ug/ml

(8.3 — 48.1). Only 52/156 (33.3%) children achieved a day 14 SDX concentration

equalto or greater than the cut-off concentration of 25.7 ug/ml associated with a day

28 ACPRoutcome.If the recommended SDX dose of 25 mg/kg had been given, the

mean Day 14 SDX concentration would have been 17.3 ug/ml. A 50% increase on

the recommended SDX dose to 37.5 mg/kg (25 mg/kg + 50%), would result in a

mean day 14 concentration of 26.0 ug/ml, just above the cut-off concentration of

25.7 ug/ml. A 100% doseincrease to 50 mg/kg SDX, would result in a mean day 14

SDX concentration of 34.7 ug/ml, with 125/156 (80.1%) children having SDX

concentrations = 25.7 ug/ml, the Day 14 threshold.

Concentration-time profiles for these dose regimes and that of the study mean (SDX

dose 30.8 mg/kg) are shown in figure 8.6, calculated for a child of mean study

weight 11.1 kg.
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Figure 8.6 Modelled concentration-time profiles at different SDX doses
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8.3.2. PYRIMETHAMINE

8.3.2.1. Influence of age on PYM Disposition

The 134 children were divided into 2 groups by age. 80 (59.7%) were aged from 12

to < 24 months and 54 (40.3%) were aged >24 to < 60 months. The day 0 HB was

lower in the younger children, 8.6 g/dl vs. 9.7 g/dl (p<0.0001), but no other

differences in baseline characteristics including sex, baseline temperature and day 0

asexual parasitaemias were observed. No difference in the day 28 ACPR rate was

observed between children in the different age groups, p= 0.244. Derived baseline

and PK parameters for the 2 groups are comparedin table 8.4.

Cmax and the day 3 PYM werehigher in the older children, p=0.010 and 0.031

respectively. These differences mayreflect the smaller volumeof distribution (Vz) in

the older children (even after correcting for body mass) and that there wasa trend for

higher PYM dosesperkg in the older children, p=0.093. There were no differences

in the elimination T %, AUCo.. or clearance (after correction for body weight)

between the different age groups. Mean PYM concentrations-time profiles for the

two age groups are shownin figures 8.7 (standard plot) and 8.8 (log plot).
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Figure 8.7 PYM mean concentration-time profile according to age, 12 to S$ 24

months compared to >24 to < 60 months.
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PYM PopPK Age 12-24 months Age >24-60 month P-value

Data N=80 (59.7%) N=54 (40.3%)

Median IQR Median IQR

Age 18.0 14.6 —21.2 35.2 29.9 — 45.2 < 0.0001

(months)
Weight 9.5 8.5 — 10.6 12.2 11.2 - 13.9 < 0.0001

(kg)
PYM Dose 123 12.5 — 18.75 18.75 18.75 — 20.3 < 0.0001

(mg)
PYM Dose/ Lol 1.36 — 1.67 1.59 1.47 — 1.67 0.093

weight

(mg/kg)
AUC. 64617 53494 - 82071 72254 57330-84202 0.158

(ng/ml/hr)

Tmax 3.7 3.0-6.1 3.6 3.1-5.9 0.939

(hr)
Cmax 342.4 296.5 — 388.4 389.4 323.5 — 432.5 0.010

(ng/ml)
Elimination 126.0 111.1 - 148.6 126.6 101.2 — 146.1 0.737

T % (hr)

Clearance 0.21 0.18 — 0.28 0.28 0.22 — 0.34 < 0.0001

(L/hr)
CL / weight 0.023 0.018 — 0.030 0.022 0.017 — 0.029 0.485

(L/hr/kg)
Vz 41.8 34.6 — 50.4 49.6 43.3 — 58.9 < 0.0001

(L)
Vz/ weight 4.46 3.73 — 5.07 3.89 3.51 — 4.74 0.049

(L/kg)
Day 3 Conc. 232.1 207.3 — 281.6 263.7 207.7 — 303.6 0.031

(ng/ml)
Day 7 Conc. 135.7 114.6 - 171.9 157.1 123.3 — 184.5 0.134

(ng/ml)
Day 14 Conc. 57.8 39.2 — 76.4 60.8 41.4-81.2 0.406

(ng/ml)
 

Table 8.4 Comparison of baseline characteristics and PYM PopPK parameters

between children aged 12 to $ 24 months and those >24 to < 60 months.
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Figure 8.8 PYM mean log concentration-time profile according to age, 12 to $ 24

months compared to >24 to < 60 months.

8.3.2.2. Relationship between PYM exposureandclinical outcome

Baseline and PK parameters were compared using univariate regression analysis

between children in the SP+Placebo treatment group who achieved ACPR on day 28

with those with treatment failure (ETF, LCF or LPF), table 8.5. Day 28 outcomedata

was available from 34 children in the SP + Placebo treatment group, 6 with a day 28

ACPR outcomeand 28 had treatmentfailure. Mean PYM concentration-timeprofiles

from the children with ACPR and treatment failure are shown in figures 8.9

(standard plot) and 8.10 (log plot).
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PYM PopPK ACPR Treatment Failures P-value for

Data N=6 N = 28 Univariate
Regression

analysis

Median IQR Median IQR

Age 19.3 15.1 — 27.7 26.7 21.2 - 36.1 0.156

(months)

Male Sex 3 N/A 13 N/A 0.874

No. (%) (50%) (46.4%)

Parasite 166500 73644 - 195866 119666 18353 — 156045 0.233

count(/ul)

HB 8.5 7.7-10.1 a0 8.3 — 10.8 0.333

(g/dL)
Quintuple 6 N/A 26 N/A 0.999

genotype (100%) (92.9%)

No. (%)
PYM Dose/ 1.55 1.41 — 1.86 1.54 1.40 — 1.67 0.486

weight

(mg/kg)
AUC. 85586 76916-—101491 66152 48408-77699 0.054

(ng/ml.hr)
TY 173.9 132.0 — 218.9 131.7 103.0 — 151.4 0.022

(hr)
Day 7 Conc. 167.9 151.8 — 208.2 136.8 105.9 — 168.1 0.099

(ng/ml)
Day 14 Conc. 93.9 69.5 — 105.9 60.5 35.4 — 75.6 0.036

(ng/ml)
 

N/A — not applicable

Table 8.5 Comparison of baseline characteristics and PYM PopPK parameters

between children with ACPR and treatmentfailure after treatment with SP.
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Figure 8.9 PYM mean concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP.
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Figure 8.10 PYM meanlog concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP.

Both the day 14 PYM concentration and the elimination T 12 were significantly

associated with the day 28 outcome, p = 0.036 and 0.022 respectively, suggesting

that both are predictive of day 28 outcome. There were no significant associations
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between any of the other variables listed in the table and day 28 outcome, though

there was a trend towards lower Day 7 PYM concentrations in the treatmentfailures,

p=0.099.

Multivariate logistic regression analysis demonstrated that AUCp.., elimination T 2,

PYM dose per kg taken and day 14 PYM concentrations were all independently

associated with the day 28 outcome. The estimated oddsratios and the associated p-

values are shownin table 8.6. These results indicate that the chances of an ACPR

outcome on day 28 are greater with an increase in any of these factors. None of the

other variables tested in the multivariate analysis were significant, though there

remaineda trend for lower Day 7 concentrations in the treatment failures, p=0.083.

 

 

 

 

 

P-value for OddsRatio OR 95% CI

Multivariate Logistic

Regression analysis

AUCpo. 0.025 1.0002 1.00003 — 1.0003

Elimination T 2 0.027 1.079 1.009 — 1.154

PYM dose / weight 0.045 1.012 1.000 — 1.025

Day 14 PYM Conc. 0.024 1.069 1.009 — 1.133     
 

Table 8.6 Oddsratio and 95% CIfor the association between day 28 outcomeandthe

AUCo.«, elimination T %, PYM doseper kg taken and day 14 PYM concentration

8.3.2.3. Identification of a 14 PYM threshold concentrations predictive of

treatment outcome

In the multivariate analysis, the day 14 PYM concentration was found to be

predictive of outcome, p=0.036; higher concentrations were independently associated

with ACPR outcomes on day 28. Using the ROC analysis, an optimal day 14 cut-off

concentration of 72.72 ng/ml wasidentified, figure 8.11 (AUC for the test = 0.81).

Concentrations below this threshold were observed in 75% (21/28) (95% CI, %) of

the treatment failures compared with 16.7% (1/6) (95% CI, %) of those with an

ACPR outcome, (p=0.014, RR = 1.6, 95% CI 1.01 — 2.66). This day 14 cut-off

predicted recrudescent parasitaemia by day 28 with 83.3% sensitivity and 75%

specificity. In the multivariate analysis, this Day 14 PYM threshold concentration

was significantin predicting outcome, (p=0.009, OR = 61.7, 95% CI 2.7 — 1385.3)
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Figure 8.11 ROC curve showing Sensitivity and 1-Specificity for PYM day 14

concentrations for predicting an ACPR outcomeon day 28

8.3.2.4. Effect of PYM Dose on day 14 PYM concentration

The dosing regime usedin the clinical trial was based upon the weightof the child,

see chapter 4. Using this regime, the mean PYM dose per kg achieved was 1.54

mg/kg, ranging from 1.25 — 1.86. The recommended PYMtreatment dose for malaria

(when used in combination with SDX) is 1.25 mg/kg andall the children received a

dose equal to or greater than this. The calculated Day 14 mean (range) concentration

for the children in the study was 61.7 ng/ml (10.2 — 139.2). Only 42/134 (31.3%) of

the children in the study had a day 14 PYM concentration above the cut-off

concentration of 72.7 ng/ml associated with an ACPR outcomeon day 28.

Using, the recommended PYM doseof 1.25 mg/kg, the mean modelled day 14 PYM

concentration would be 44.3 ng/ml for the 134 children in the PYM PPK model, well

below the day 14 cut-off of 72.7 ng/ml. After a 50% PYM dose increase to 1.875

mg/kg (1.25 mg/kg + 50%), the mean day 14 concentration rises to 66.4 ng/ml,still

below the cut-off concentration of 72.7 ng/ml demonstrated to be predictive of a day

28 ACPR outcome. After a 100% PYM doseincrease to 2.5 mg/kg, the mean day 14

PYM concentration would be 88.5 ng/ml. Using this dose, 91/134 (67.9%) of the
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children in the study would have a predicted day 14 PYM concentration 2 72.7

ng/ml, the threshold concentration associated with a day 28 ACPR outcome.

Concentration-time profiles of these dose regimes andthat of the study mean (PYM

dose 1.54 mg/kg) are shownin figure 8.12, calculated for a child with a mean weight

of 10.8 kg.
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Figure 8.12 Modelled concentration-time profiles at different PYM doses

8.3.3. CHLOROQUINE

8.3.3.1. Influence of age on CQ disposition

The 90 children were divided into 2 groups by age; 49 (54.4 %) were aged 12 to $ 24

months and 41 (45.6%) were aged >24 months. Ten children were included from the

“rich PK” study, so upper limit of age extended beyond 5 years. These 10 children

were followed up for only 14 days and so did not contribute to the treatment outcome

analyses. Baseline characteristics and PK parameters for these 2 groups are

compared in table 8.7. The AUC 0.336 has also been calculated using the model to

allow comparison with published data. The mean (SD) AUC 0.336 for children aged

12 to < 24 months and >24 to < 60 months were 102334 (43579) and 118310

(40575) ng/ml/hr respectively. The day 0 HB waslower in the younger age group,

8.6 g/dl vs. 9.4 g/dl (p=0.014), but no other differences were observed in terms of

sex, baseline temperature and day 0 parasitaemias. The day 28 PP ACPRrates were

31/42 (73.8%) in the younger group and 29/34 (85.3%) in the older children

(p=0.222).
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CQ PopPK Age 12 to S$ 24 months Age >24 months P-value

Data N = 49 (54.4 %) N = 41 (45.6%)

Median IQR Median IQR

Age 17.6 13.9 — 21.3 35.6 29.3 — 46.7 <0.0001

(months)

Weight 9.2 8.3 - 10.1 11.7 10.7 — 14.1 <0.0001

(kg)
CQ Dose 225.0 225.0 — 225.0 375.0 225.0 — 375.0 <0.0001

(mg)
CQ Dose / Zand 23.3 — 29.2 28.8 24.0 - 31.9 0.079

weight

(mg/kg)
AUC. 105223 78749 — 152682 138643 96531 — 169127 0.093

(ng/ml/hr)
Tmax 31:0 49.0 — 52.0 49.0 27.0 —51.0 0.016

(hr)
Cmax 947.5 656.8 — 1579.5 1287.5 936.2 — 1706.9 0.075

(ng/ml)
Initial T % 2.7 2.4 - 3.0 2.5 2.3-2.9 0.135

(hr)
Elimination 123.1 101.7 — 174.7 117.0 89.0 — 151.5 0.125

T % (hr)

Clearance 2nad 1.54 — 3.00 2.62 2.07 — 3.48 0.047

(L/hr)
CL / weight 0.25 0.18 — 0.30 0.22 0.18 — 0.29 0.317

(L/hr/kg)
Vz 432.1 312.5 — 653.7 447.7 301.5 — 639.9 0.624

(L)
Vz/ weight 44.1 34.4 — 66.5 34.1 27.0 — 49.7 0.036

(L/kg)
Day 3 Conc. 446.2 330.8 — 671.9 559.7 400.7 — 675.7 0.111

(ng/ml)
Day 7 Conc. 175.9 151.3 — 251.8 234.6 172.6 — 320.7 0.011

(ng/ml)
Day 14 Conc. 53.6 50.8 — 118.1 56.2 53.4 — 126.0 0.071

(ng/ml)
 

Table 8.7 Comparison ofbaseline characteristics and CQ PopPK parameters between

children aged 12 to $ 24 months and those >24 to < 60 months.

The Day 7 CQ concentration was higher in the older children, p=0.011, and there

were trends towards higher Cmax, AUCp.. and day 14 CQ concentration in the older

children, p-values 0.075, 0.093 and 0.071 respectively. This may have been a

reflection on the fact that there was also a trend for the older children to receive a
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higher dose of CQ per kg, p=0.079, and that the Vz (per kg body weight) was

reduced in the older children compared to those < 24 months, p=0.036. Clearance

was higherin the older children, but not when calculated on a per kg basis. Although

the Tmax appears shorter in the older children, this difference may be explained by

the different dosing regimes used rather than any differences in drug absorption and

disposition. Children < 11kg received CQ 75mg daily for 3 days while children 2

15kg received 150mg daily for 3 days. The mean Tmax for both these groups of

children was 50.9 hours. Children in the middle weight range, 11 to < 15kg received

150mgdaily for 2 days then 75mg onthe third day and the mean Tmaxfor this group

was 27.6 hours. There were more children who weighed 11 to < 15kg in the older

age group than the younger group. Mean CQ concentrations-time profiles for the two

age groups are shownin figures 8.13 (standard plot) and 8.14 (log plot).
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Figure 8.13 CQ meanconcentration-time profile according to age, 12 to $ 24 months

compared to >24 to < 60 months.
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Figure 8.14 CQ meanlog concentration-time profile according to age

8.3.3.2. Relationship between CQ exposure andclinical outcome

Baseline and PK parameters were compared using univariate regression analysis

between children in the SP+CQ treatment group who achieved ACPRon day 28 with

those with treatment failure (ETF, LCF or LPF), table 8.8. Data was available from

76 children, 60 (78.9%) had an ACPR outcome on day 28 and 16 (21.1%) had

treatment failure. Mean CQ concentration-time profiles for children with ACPR and

treatmentfailure are shownin figures 8.15 (standard plot) and 8.16 (log plot).
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Figure 8.15 CQ mean concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP+CQ.
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CQ PopPK ACPR TreatmentFailure P-value for

Data N = 60 (78.9%) N = 16 (21.1%) Univariate
Regression

analysis

Median IQR Median IQR

Age 23.6 17.1 - 38.2 21.7 16.3 - 24.8 0.081

(months)

Male Sex 28/60 N/A 9/16 N/A 0.497

No. (%) (46.7%) (56.3%)

Parasite 134713 66774 105387 54765 — 190823 0.822

count (/ul)

HB 9.0 8.2 — 10.6 8.1 7.3-9.1 0.024

(g/dL)
CQ Dose / 27.8 24.5 — 31.2 25.1 22.5 — 28.6 0.147

weight

(mg/kg)
AUC)... 115770 91689 - 157001 93851 72673 - 149814 0.143

(ng/ml/hr)
Elimination 119.6 96.5 - 158.5 119.5 101.7 - 177.2 0.333

T Y% (hr)

Day 7 Conc. 201.2 159.7 - 275.0 164.9 139.1 - 229.7 0.103

(ng/ml)
Day 14 Conc. 55.8 51.8 - 127.2 S38 50.4 - 107.8 0.308

(ng/ml)
 

N/A — not applicable

Table 8.8 Comparison of baseline characteristics and CQ PopPK parameters between

children with ACPR andtreatmentfailure after treatment with SP+CQ.
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Figure 8.16 CQ mean log concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP+CQ.
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The results of the univariate logistic regression analyses demonstrated that the day 0

HB wassignificantly associated with the day 28 outcome, p = 0.024, table 8.8.

Children with higher day 0 HB levels were more likely to have an ACPR outcome on

day 28 outcome. There was also a trend towards higher day 7 CQ concentrations

(p=0.103) in those with an ACPR outcome. Noneof the other variableslisted in the

table were foundto havea significant influence on outcome.

Multivariate logistic regression analysis demonstrated that the day 0 HB remained

significantly associated with the day 28 outcome, p= 0.024 (OR = 1.628, 95% CI:

1.066 — 2.486). This indicated that having a higher HB on day 0 wasassociated with

a higher likelihood of an ACPR outcome on day 28 even after adjustment for

possible confounders. None of the other variables tested in the multivariate analysis

were significant, though there remained a trend towards higher day 7 CQ conc.

(p=0.080) in those with ACPR outcomes.

8.3.3.3. Identification of a Day 7 CQ threshold concentration predictive of

treatment outcome

In the multivariate analysis, there was a trend towards higher day 7 CQ

concentrations in the ACPRcases, p=0.080. Using the ROC analysis, an optimal cut-

off for the day 7 CQ concentration of 177.3 ng/ml wascalculated, figure 8.17 (AUC

for the test = 0.65). Concentrations below this threshold were observed in 62.5%

(10/16) of children with treatment failures compared with 35% (21/60) of those with

an ACPRoutcome, p=0.084 (RR = 2.4, 95% CI 1.0 — 6.0). The day 7 cut-off value of

177.3 ng/ml predicted a recrudescent parasitaemia by day 28 with 65% sensitivity

and 62.5% specificity. In the multivariate analysis, the only variable which was

significantly associated with outcome was the day 0 HB, p= 0.024 (OR 1.628, 95%

CI: 1.066 — 2.486). There was a trend towards children with Day 7 CQ concentration

< 177.3 ng/ml having treatment failure, (p=0.060).
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Figure 8.17 ROC curve showing Sensitivity and 1-Specificity for CQ day 7

concentrations for predicting an ACPR outcomeon day 28

8.3.3.4. Effect of CQ dose on the Day 7 CQ concentration

The recommended CQ treatment dose for malaria is 25 mg/kg. Using the weight

based dosing regimein the clinical trial, the mean CQ dose per kg achieved was 27.3

mg/kg, ranging from 20.6 — 35.7 mg/kg. The calculated Day 7 mean (range)

concentration for the 90 children in the CQ PopPK model was 222.2 ng/ml (104.6 -

474.9). 55/90 (61.1%) of the children had a day 7 CQ concentration 2177.3 ng/ml,

the cut-off concentration associated with an ACPR outcome on day 28. Using the

recommended CQ dose of 25 mg/kg, the modelled mean Day 7 CQ concentration

would be 201.9 ng/ml. After a 50% dose increase to 37.5 mg/kg (25 mg/kg + 50%),

the mean (range) day 7 concentration would be 310.4 ng/ml (139.1 — 791.5), with

80/90 (88.9%) of the children had day 7 CQ concentrations 2177.3 ng/ml.
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Concentration-time profiles of these dosing regimes andthat of the study mean (CQ

dose 27.3 mg/kg) are shown in figure 8.18, calculated for a child of mean weight

10.8 kg (as in the study), with the total dose divided evenly into 3 doses.
g
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Figure 8.18 Modelled concentration-time profiles at different CQ doses

The median (IQR) day 7 concentration for the 32 (35.6%) children who received <

25 mg/kg CQ base was 170.2 ng/ml (149.3 — 223.5), compared with 214.8 ng/ml

(163.2 — 304.5) for children who received a dose 2 25 mg/kg, p=0.010. 17/32

(53.1%) of the under dosed children had day 7 CQ concentrations less than the 177.3

ng/ml threshold compared to 18/58 (31%) of the children who received a dose 2 25

mg/kg. According to the WHO weight based dosing schedule for CQ, children

weighing < 10 kg should receive 75 mg CQ base daily for 3 days while those

weighing 15 — 18 kg received twice this dose, 150 mg daily 3 days. If this higher

dose were given to all the children in the study, irrespective of weight, the mean

(range) day 7 CQ concentration would have been 354.1 ng/ml (149.8 - 949.8) and

88/90 (97.8%) of the children would have day 7 CQ concentrations 2 177.3 ng/ml,

the cut-off concentration predictive of a treatment success.
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8.3.4. DESETHYL-AMODIAQUINE

8.3.4.1. Influence of age on AQm disposition

The 62 children were divided into 2 groups by age; 37 (59.7%) were aged 12 to S$ 24

months and 25 (40.3%) were aged >24 months. Six children were included from the

“rich PK” study, so upper limit of age extended beyond 5 years. The day 0 HB was

lower in the younger age group, 8.9 g/dl vs. 10.1 g/dl (p=0.037), but no other

differences were observed in terms of sex, baseline temperature and day 0

parasitaemias. The day 42 PP ACPRrates were 29/34 (85.3%) in the younger group

and 14/17 (82.4%) in the older children, p=0.785. Note, for the AQ efficacy analyses,

the day 42 outcomeis used, as there were no treatment failures by day 28. Baseline

characteristics and PK parameters for these 2 groups are comparedin table 8.9.

There were trends towards a higher days 3 and 7 AQm concentration in the younger

children, p-values 0.080 and 0.088 respectively, and the AUC... was significantly

higher in this group, p=0.041. Clearance rates were higher and Vz wasgreaterin the

older children, but these differences were not significant when calculated on a per kg

body weight basis. No other differences in PK parameters were seen between the

different age groups. Mean AQm concentration-time profiles for children from these

two age groupsare shownin figures 8.19 (standard plot) and 8.20 (logplot).
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Figure 8.19 AQm mean concentration-time profile according to age, 12 to $ 24

months compared to >24 to < 60 months.
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AQm PopPK Age 12-24 months Age >24 months P-value

Data N = 37 (59.7%) N = 25 (40.3%)

Median IQR Median IQR

Age 18.4 14.2 —- 21.0 34.6 28.7 — 45.3 < 0.0001

(months)
Weight 9.9 9.0-11.0 13.0 11.1 - 14.7 < 0.0001

(kg)
AQm Dose 300.0 300.0 — 400.0 400.0 400.0 — 400.0 < 0.0001

(mg)
AQmDose / 32.3 30.2 — 35.3 31.5 28.8 — 34.6 0.212

weight

(mg/kg)
AUC... 99400 81249- 130825 81717 66371 -— 109529 0.041

(ng/ml/hr)
Tmax 48.0 47.0 — 49.0 48.0 47.0 — 49.0 0.708

(hr)
Cmax 572.4 506.4 — 740.6 552.0 389.0 — 775.1 0.714

(ng/ml)
Initial T % 0.27 0.25 — 0.30 0.27 0.25 — 0.30 0.880

(hr)
Elimination T 2 122.7 95.9 — 174.4 117.4 101.4 — 133.6 0.443

(hr)
Clearance 3.23 2.39-4.11 5.47 3.53=6.15 < 0.0001

(L/hr)

CL weight 0.31 0.27 — 0.40 0.36 0.28 — 0.47 0.103

(L/hr/kg)

Vz 592.3 424.8 — 784.4 871.8 589.2 — 1013.3 0.009

(L)
Vz weight 53.2 44.7 — 73.4 62.5 47.2 —74.7 0.409

(L/kg)
Lag time 0.85 0.84 — 0.87 0.85 0.81 — 0.87 0.495

(hrs)

Day 3 Conc. 448.1 359.4 — 540.1 323.3 277.1 — 531.9 0.080

(ng/ml)
Day 7 Conc. 228.5 187.7 — 282.4 192.7 155.5 — 256.8 0.088

(ng/ml)
Day 14 Conc. 92.1 51.1 — 129.0 74.1 50.8 — 102.8 0.160

(ng/ml)
 

Table 8.9 Comparison of baseline characteristics and AQm PopPK parameters

between children aged 12 to $ 24 months and those >24 to < 60 months.
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Figure 8.20 AQm mean log concentration-time profile according to age, 12 to S$ 24

months compared to >24 to < 60 months.

8.3.4.2. Relationship between AQm exposureandclinical outcome

Baseline and PK parameters were compared using univariate regression analysis

between children in the SP+AQ treatment group who achieved ACPR on day 42 with

those with treatment failure (ETF, LCF or LPF), table 8.10. Data was available from

51 children (all from the main study), 43 (84.3%) with an ACPR outcome on day 42

and 8 (15.7%) with treatment failure. Mean AQm concentration-time profiles are

shownin figures 8.21 (standard plot) and 8.22 (logplot).

The results of the univariate logistic regression analyses are shownin table 8.10.

None of the variables listed were found to have a significant influence on day 42

outcome, though these was a trend towards longer elimination T 2 in children with

ACPRoutcomes, p=0.105. In the multivariate analysis, none of the variables tested

were found to be significantly associated with day 42 outcome, though there

remained a trend towards longer elimination T 2s in those with ACPR outcomes,

(p=0.090). No attempt has been made to identify a cut-off AQm concentration to

predict outcome due to the lack of association between drug concentration and

outcomein the regression analyses.
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AQm ACPR Treatment Failure P-value for

N=51 N = 43 (84.3%) N =8 (15.7%) Univariate
Regression

analysis

Median IQR Median IQR

Age 21.0 15.8 — 27.2 20.9 12.7 — 38.0 0.996

(months)

Male Sex 21/43 N/A 2/8 N/A 0.227

No. (%) (48.8%) (25%)

Parasite 75240 4095 - 166503 75826 17045 - 138160 0.653

count (/ul)

HB 9.6 8.0 — 10.6 8.7 7.5 — 10.8 0.747

(g/dL)
AQm Dose 32.3 30.6 — 35.5 31.5 28.9 — 34.5 0.310

/ weight

(mg/kg)
AUC... 96717 78790 — 121507 78990 61364 — 165187 0.998

(ng/ml/hr)

Elimination 121.2 101.0 — 163.2 93.2 83.9 — 132.8 0.105

T (hr)

Day 7 Conc 218.4 170.3 — 271.4 192.7 151.6 — 410.8 0.585

(ng/ml)
Day 14 83.4 51.6 — 124.9 50.9 50 — 170.4 0.787

Conc.

(ng/ml)
 

Table 8.10 Comparison of baseline characteristics and AQm PopPK parameters

between children with ACPR and treatmentfailure after treatment with AQ+SP.
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Figure 8.21 AQm mean concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP+AQ.
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Figure 8.22 AQm mean log concentration-time profile in children with ACPR and

treatmentfailure after treatment with SP+AQ.

8.3.4.3. AQ Dose and drug disposition

The recommended dose of AQ is 30 mg/kg in 3 divided doses over 3 days. In this

thesis, the mean (range) dose taken was 32.3 ng/ml (26.8 — 42.3). Sixteen (25.8%)

children received <30 mg/kg and 46 (74.2%) 2 30 mg/kg. Children who received the

higher AQ dose achieved significantly higher Cmax, days 3, 7 and 14 concentrations

and AUC»... values, table 8.11. Concentration-time profiles for the two dosing groups

are shownin figures 8.23 (standard plot) and 8.24 (log plot).

 

 

 

 

 

 

       

\Qm PopPK AQ < 30 mg/kg AQ 2 30 mg/kg P-value
N = 16 (25.8%) N = 46 (74.2%)

Median IQR Median IQR

AUC... 74032 64532-82549 106253 83000 — 133280} 0.001

(ng/ml/hr)
Cmax 428.1 377.1 — 542.7 612.4 526.8 — 784.0 0.003

(ng/ml)
Day 3 Conc. 311.0 264.0 — 460.2 441.2 345.6 — 541.9 0.022

(ng/ml)
Day 7 Conc. 164.6 129.7 — 212.2 230.0 190.9 — 285.8 0.002

(ng/ml)
Day 14 Conc. 55.0 50.3 — 81.4 96.4 52.9 — 129.3 0.008

(ng/ml)
 

Table 8.11 Comparison of AQm PK parameters in children given different AQ doses
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Figure 8.23 AQm mean concentration-time profile according to AQ dose taken, < 30

mg/kg compared to 2 30 mg/kg.
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8.4. Discussion

In this chapter, the PopPK models developed in chapter 7 have been used to compare

the disposition of SDX, PYM, CQ and AQmin children aged 12-24 months and

those > 24 months. In addition, the models were used to look for associations

between patient and PK variables and treatment outcomeandto try to identify cut-off

concentrations thresholds predictive of outcome.

For a malaria infection to be cured, the antimalarial drug must be present in blood at

a concentration above the minimum inhibitory concentration (MIC) until all the

parasites have been eradicated or the numbers have been reducedsufficiently such

that the host immune system can clear the remainder. Determining what the in vivo

MICrequired to kill the parasites for antimalarial drugs is beset with problems;it

requires multiple blood samples to be taken from patients and for parallel in vitro

sensitivity assays to be run using the patient isolates in standardised conditions. In

addition, patient variables like immunity, co-administered drugs and nutritional

status mayall influence the MIC sothat values obtained in one setting may not be

translatable to another.

In vitro, using parasites cultured from patients, many of these variables are removed

and there are no safety concerns regarding taking multiple samples from sick

patients. In vitro MIC values for most antimalarial drugs are published, however,

they are oflittle clinical relevance as they take no account ofpatient variableslike

adherence, nutritional and immunestatus and variability in drug adsorption and

elimination and variability in the in vitro assay conditions [163]. For these reasons, in

vitro derived MIC valuesare of no practical use for predicting treatment outcome in

vivo efficacy studies.

PK measures of drug exposure which can be derived from clinicaltrials would be of

greater operational use than a laboratory derived MIC to predict outcome. These

include AUC,and drug concentrations on day 3, 7 or 14. Patients with higher AUC

have been shownto clear parasites more quickly than those with lower AUCsafter

treatment with mefloquine [164]. However, calculating the AUC is complex and

requires multiple samples. A single concentration measurement on day 7 or day 14

drug concentration has been proposed as ideal PK parameter to predict treatment
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outcome and would have clear operational benefits for field studies as these days are

usually part of the standard follow-up schedule in antimalarial efficacy studies [165].

A study from Thailand using artemether-lumefantrine for uncomplicated malaria

demonstrated that patients with plasma lumefantrine levels below 175 ng/mL on day

7 were morelikely to experience recrudescence by day 42 [166]. Similarly, patients

from Papua New Guinea, treated with dihydroartemisinin-piperaquine were more

likely to have a recurrence of their infection with plasma piperaquine levels below 30

ng/ml on day 7 [167].

8.4.1. SDX and PYM

8.4.1.1. Drug disposition and age

The effect of age on the disposition of SDX and PYM wasstudied in 156 and 134

children respectively. For SDX, the results showed significantly differences in the

disposition of SDX between children age 12 to $24 months and those >24 — 60

months. Clearance rates in the younger age group were lower (even when corrected

for weight), T 2 was longer, there was a higher AUCp.. and higher modelled SDX

concentrations on day 7 and 14. For PYM,the Cmax and the day 3 PYM werehigher

in the children age >24-60 months, probably reflecting the smaller Vz (even after

correction for body weight) in this group and the trend for higher PYM doses per kg

to be given to the older children, p=0.093. There were no other significant

differences in AUCo..., CL, elimination T % or modelled drug concentrations on days

7 and 14. No difference in day 28 outcome was seen between the two age groupsin

both the SDX and PYM analyses.

A large study by Barnes et al compared PK data in adults and children of different

ages with acute malaria treated with SP [122]. This was an intensive sampling study

and using non-population PK analysis methods. Tables 8.12 and 8.13 compare SDX

and PYM PKdata from children in the Barnes study with those from this thesis, sub-

divided according to the age. In both studies, the dose of SDX-PYM administered

was based upon weight but in the Barnes study, tablets of SDX-PYM werenotsplit.

As a result, the youngest children in that study received a comparatively higher dose

of SDX and PYMthanthe children described in this thesis. The median doses of

SDX and PYM administered to the participants in both were above the recommended

25 mg/kg and 1.25 mg/kg respectively.
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In agreementwith the data presented in this thesis, Barnes also reported larger SDX

AUCsand slower drug elimination in children 12-24 months compared to >24-60

months. The SDX AUCpo.» reported in this thesis are higher than those reported by

Barnes for children of the same age but similar to the values for adults (> 144

months). The weight adjusted CL rates and Vz reported in adults in the Barnes study

are similar to those reported inthis thesis.

The PYM AUCsreported in this thesis are higher than those reported by Barnes for

all age groups. This difference may be dueto the higher clearance rates (adjusted for

weight) and shorter elimination T ¥2’s reported in the Barnes study. SDX and PYM

PK data from other studies are reviewed in chapter 7, table 7.9. PK parameters

reported in this thesis are in keeping with those other studies. In fact the AUC and

Cmax values reported by Barnes for both SDX and PYM are lower than those

previously reported, especially for children aged 24 to 60 months. Theparticipants in

the Barnes study were recruited from 3 study sites in South Africa and Mozambique,

but almostall the children in the 24 — 60 month age bracket were from singlesite in

Mozambique. Unexplained PK parameter differences were observed between the

sites in the study, even after correction for baseline characteristics, and it may bethat

there were unmeasuredfactors in the children recruited at that site contributing to the

lower drug levels. Further PK studies are required in young children from othersites

to investigate whether Barnes conclusion that young children are being under dosed

is correct. There is no evidence from the AUCdata from the children studied in this

thesis to support this conclusion.
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8.4.1.2. SDX-PYM PKPredictors of Treatment Outcome

For SDX, univariate logistic regression demonstrated that children who eliminated

SDX more slowly (longer T %) were more likely to have a successful treatment

outcome. In the multivariate analysis, a shorter elimination T 2 and the presence of

“quintuple” mutants in the initial infection were both independently associated with

day 28 treatment failure after adjustment for potential confounders, p-values were

0.021 and 0.037 respectively. The “quintuple” mutant genotype has been

demonstrated in previous studies in Africa to be predictive of SP treatment failure

[77]. There was a trend towards higher day 14 SDX concentrations (p=0.061), and

higher AUC... (p=0.064) in those with day 28 ACPR outcomes, suggesting that

greater drug exposure is associated with a successful treatment outcome. The fact

that these associations did not reach statistical significance may be due to the small

numbers of children included in the analyses (n=40). A day 14 SDX threshold

concentration = 25.75 ug/ml was identified as being predictive of a day 28 ACPR

outcome and this was significantly associated with outcome in the multivariate

regression analysis, p=0.018. This day 14 SDX cut-off predicted recrudescent

parasitaemia with 71.4% sensitivity and 78.8% specificity in the children in this

thesis.

For PYM, the day 14 PYM concentration and the elimination T % were both

significantly associated with the day 28 outcomein the univariate analysis. In the

multivariate analysis AUCo.«, elimination T ¥%, PYM dose per kg taken and day 14

PYM concentrations wereall independently associated with the day 28 outcome. The

chances of an ACPR outcome on day 28 were greater with an increase in any of

these factors. There wasalso a trend for lower Day 7 concentrations in the treatment

failures, p=0.083. Once again this may have been due to the small numbers of

children included in this analysis (n=34). An optimal day 14 PYM cut-off

concentration was 72.72 ng/ml wasidentified, concentrations below this threshold

were significantly associated with treatment failure in the multivariate regression

analysis, p=0.009. This cut-off concentration predicted recrudescent parasitaemia

with 83.3% sensitivity and 75% specificity in the children included in this thesis.

Another study from Malawi by Dzinjalamala et al has previously reported trends

towards lower PYM and SDX concentrations on day 3 in children who failed
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treatment with SP, p values were 0.083 and 0.061 respectively [150]. In that study,

the mean day 3 SDX whole blood concentration was 77.1 ug/ml in the ACPR group

compared to 61.3 ug/ml in those who failed treatment. Similarly for PYM the mean

day 3 whole blood concentration was 267 ng/ml in the ACPR group compared to 216

ng/ml in the treatmentfailures. In this thesis, the mean day 3 SDX concentration was

82.7 ug/ml in the ACPR group and 78.6 ug/ml in the treatment failures. For PYM,

the mean day 3 concentration was 269.8 ng/ml in the ACPR group and 242.0 ng/ml

in the treatment failures. None of these differences were statistically significant and

no association of day 3 SDX or PYM concentrations and outcome were seen on

regression analysis.

8.4.1.3. SDX-PYM Dose Adjustment

The identification of day 14 threshold concentrations for SDX and PYM that are

predictive of treatment outcome has provided some evidence that a SP dose

adjustment is required. Using the WHO recommended weight based SP dosing

regime, the children in this study received a median SDX dose of 30.8 mg/kg and

PYM doseof 1.54 mg/kg. Noneof the children received less than the recommended

25 mg/kg SDX and 1.25 mg/kg PYM.Despite this, only 52/156 (33.3%) children had

a day 14 SDX concentration 225.7 ug/ml, the cut-off concentration associated with

an ACPRoutcome on day 28. A 100% dose increase to 50 mg/kg SDX, would result

in 125/156 (80.1%) children having SDX concentrations 2 25.7 ug/ml, the day 14

threshold. For PYM, only 42/134 (31.3%) of the children had a day 14 PYM

concentration 272.7 ng/ml, the cut-off concentration associated with an ACPR

outcomeon day 28. After a 100% PYM doseincrease to 2.5 mg/kg, 91/134 (67.9%)

of the children would have a day 14 PYM concentration 2 72.7 ng/ml.

In conclusion, the SDX and PYM PKparameters reported here are mostly in keeping

with those reported in other series. The data do not support the conclusion that there

is under dosing of SP in young children compared to adults: the AUC values reported

are similar or greater than those seen in adults in other series. Day 14 SDX and PYM

threshold concentrations that are predictive of day 28 outcome have beenidentified

and it will be important to compare these in other settings to confirm their validity.

Using the current WHO recommended SP dosing regime, most of the children

studied in this thesis had day 14 SDX and PYM concentrations below the
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concentration cut-offs that are predictive of treatment success. This occurred even

thoughall the children received drug doses equal to or greater than the recommended

25 mg/kg for SDX and 1.25 mg/kg for PYM. These data suggest that in order to

achieve drug concentrations above these cut-offs, a SP dose increase of 100% is

required for children age 1 to 5 years. Side-effects with SP are mainly due to

unpredictable, idiopathic skin reactions and considerably higher doses of SP are

regularly used in Africa for the treatment of cerebral toxoplasmosis. Nevertheless,

careful monitoring for adverse effects would be required after any dose increase.

Ideally, SP should be taken in a combination therapy in the future with artesunate or

amodiaquine.

8.4.2. CHLOROQUINE

8.4.2.1. CQ disposition and age

The effect of age on CQ disposition was studied in 90 children. The older children,

>24 months, had higher day 7 CQ concentrations, p=0.011, and there were trends

towards higher Cmax, AUCo.. and day 14 CQ concentration in this group, p-values

0.075, 0.093 and 0.071 respectively. These observations may reflect the fact that

there was also a trend for the older children to receive a higher dose of CQ per kg,

p=0.079, and the fact that the Vz (per kg body weight) was smaller in the older age

group, p=0.036.

Obua published PK data from a PopPK study of the disposition of CQ in young

Ugandan children with acute malaria [147]. The study took place in 2004 and

involved 83 children less than 5 years and all were treated with CQ + SP. A two

compartmental model with no lag time was used to model the CQ PK data; the same

model type as usedin this thesis. The children in that study were dosed according to

age; all children 6 to < 24 months received 3 doses of 75mg of CQ over 3 days while

children 24 to < 60 months received 3 doses of 150mg. No data on dose per kg body

weightis available. The AUC wascalculated from 0 to 336 hours. PK data from that

study is described below and comparedto the results from this thesis, table 8.14.
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CQ PK This Thesis ObuaC,2008
[147]

Age (months) 12 to $24 24 to < 60 6 to $ 24 24 to < 60

Number 49 41 30 53

CQ dose 249.5 351.2 225 450

(mg) (56.0) (82.9)

Cmax 1127.9 1306.3 790 1430

(ng/ml) (567.2) (532.4) (123) (238)

AUC).336 102334 118310 77500 140000
(ng/ml/hr) (43579) (40575) (17500) (19100)

Elimination 140.4 121.6 115 108

T ¥%(hrs) (54.7) (41.0) (19.7) (10.4)

Vz/ weight 50.3 40.6 Not reported Not reported

(L/kg) (24.7) (20.5)

CL 2.57 2.84

(L/hr) (0.94)    
 

Data is presented as mean (SD) whereavailable

Table 8.14 CQ PopPK data from the Obua study comparedto the results from this

thesis, with children divided accordingto age.

Obua reported significantly lower AUCo.335 and Cmax values in the younger

children, 6 to < 24 months. The dosing regime used was based on age and all the

children in that group received a CQ dose 50% less than the older children. The

Obuastudy concludedthat using this regime, young children aged 6 to S$ 24 months,

were being under dosed compared children aged 24 to < 60 months. Obua concluded

that all children age 6 to $ 60 months should be given 150 mg once daily for 3 days

to treat malaria. There is broad agreementonall the PK parameters presented in the

table. In this thesis, the younger children also had lower AUC.336, p=0.044, but there

wasnosignificant difference comparing AUC...
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8.4.2.2. CQ PK Predictors of Treatment Outcome and Dose Adjustment

The results of the univariate logistic regression analyses demonstrated that the day 0

HB wassignificantly associated with the day 28 outcome, p = 0.024, and there was a

trend towards higher day 7 CQ concentrations (p=0.103) in those with an ACPR

outcome. In the multivariate analysis a higher day 0 HB wassignificantly associated

with a day 28 ACPR outcome,p= 0.024, and there wasa trend towards higher day 7

CQ conc. (p=0.080) even after adjustment for possible confounders. The reasons for

the association of day 0 HB and outcomearenotclear.

A threshold day 7 CQ concentration of 177.3 ng/ml was identified and in the

multivariate analysis there was a trend for children with a Day 7 CQ concentration

less than this having treatment failure, (p=0.060). This threshold concentration

predicted recrudescent parasitaemia by day 28 with 65% sensitivity and 62.5%

specificity. The mean (range) Day 7 CQ concentration for the 90 children in the CQ

PopPK model was 222.2 ng/ml (104.6 - 474.9). For 35/90 (38.9%) children, the day

7 CQ concentration fell below the cut-off concentration of 177.3 ng/ml. This

occurred more commonlyin the children who received a CQ dose < 25 mg/kg than

those receiving 2 25 mg/kg; 17/32 (53.1%) vs. 18/58 (31%) respectively, p=0.010.

All 32 of the under dosed children weighed between 9.1 — 10.9 kg andall received a

dose of 75 mg once daily for 3 days, based upon WHOguidelines [168], table 8.15.

 

 

 

 

 

Chloroquine Numberof Tablets

150 mgbasetablets

Weight kg Day1 Day2 Day3

7-10 Y% % Va

11-14 1 1 Vy

15-18 1 1 1      
 

Table 8.15 WHO recommendedweight based dosing schedule for CQ

These data suggest that a dosealteration for CQ may beindicated, especially for the

children in this lower weight group. This could take the form of a dose increase for

all children, or a dose increase targeted at the children in the lower weight brackets;
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the children most likely to have day 7 CQ concentrations below the 177.3 ng/ml

threshold. A 50% dose increase to 37.5 mg/kg (25 mg/kg + 50%) for all children

would result in a mean (range) day 7 concentration of 310.4 ng/ml (139.1 — 791.5),

and 80/90 (88.9%) of the children would have day 7 CQ concentrations 2177.3

ng/ml. If however, the dose increase wastargeted at the lower weight children so that

all children between 7 — 18 kg received 150 mg daily for 3 days, irrespective of

weight, the mean (range) day 7 CQ concentration would be 354.1 ng/ml (149.8 -

949.8) and 88/90 (97.8%) of the children would have day 7 CQ concentrations 2

177.3 ng/ml.

Obua reported statistically significant relationship between the AUCp.336 and

clinical outcome; children with higher AUCs were morelikely to achieve a cure by

day 14. An optimal CQ AUCo.336 cut-off value of 76,000 ng/ml/hr was identified

which predicted 88% of the treatment responders and 50% of the treatmentfailures.

Onthe basis of these findings, Obua recommendeda doubling of the CQ dosein the

children age < 24 monthsso thatall children under 5 years received 150 mg day for 3

days. In this thesis, there was only | treatmentfailure in the SP+CQ treatment group

by day 14 soit is not possible to test the usefulness of this cut-off on that day.

In conclusion, the data from the children in this thesis has identified a strong trend

towards lower day 7 CQ in children whofail treatment on day 28, p=0.060. A day 7

CQ threshold concentration of 177.3 was identified which predicted outcome with

65% sensitivity and 62.5% specificity. Compared to calculating AUC values, a day 7

concentration threshold would be considerably more practicable for future use in

field studies and this threshold must now bevalidated in other settings and in larger

patient groups. 35/90 children in the study had day 7 concentrations below this

threshold and this was significantly more common in lower weight children who

received a CQ dose of 75 mg daily for 3 days. The data from this thesis would

support the suggestion by Obua that a CQ dose increase is justified. The most

practical way of achieving this would be give all children < 5 years the same dose,

150 mg daily for 3 days, effectively a dose increase targeted at the children < 24

months. Higher doses of CQ have been shownto increase cure rates Africa. A 50

mg/kg dose resulted in a 92% day 28 PCR corrected ACPR rate compared to 80%

after 25 mg/kg in a study in Guinea-Bissau with no reports of excess adverse effects
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in the higher dose group [169]. CQ is a potentially lethal drug if taken in high enough

doses so pharmacovigilance would be required after any dose alterations.

8.4.3. Desethyl-amodiaquine

8.4.3.1. AQm disposition and age

In this thesis, the disposition of AQm in 37 children age 12-24 months is compared

with that in 25 children age > 24 months. Children in the younger age group had

higher AUCo.., p=0.041, and there were trends towards a higher days 3 and 7 AQm

concentration, p-values 0.080 and 0.088 respectively. These differences mayreflect

the higher clearance rates observed in the older children, though after correction for

body weight, the difference in clearance wasnotsignificant, p=0.103. There was no

difference in the dose per kg of AQm givento the children in the two groups. The

only two other published studies describing the disposition of AQm in whole blood

in children with malaria are discussed in chapter 7 and these studies do not compare

children of different ages.

8.4.3.2. AQm PKpredictors of outcome

None of the variables tested in the univariate or multivariate analyses were

significantly associated with outcome, though there was a trend towards longer

elimination T % in those with day 42 ACPR outcomes, (p=0.090). Because of the

lack of association between day 7 or 14 concentrations and outcome, no attempt has

been made to identify cut-off concentrations to predict outcome. One study from

Gabon did suggest a day 3 plasma concentrations > 135 ng/ml of AQm was

associated with treatment success [170]. Using a whole blood to plasmaratio of 3.1:1

[45], this plasma concentration would be roughly equivalent to a day 3 whole blood

AQm concentration of 418.5 ng/ml, which is close to the mean day 3 whole blood

AQm concentration reported here, 427.1 mg/ml. No association between the day 3

AQm concentration in whole blood and outcome was observed in this thesis. This

lack of association of the AQm levels and outcome mayhave been dueto the small

numberof children in the analyses; there were only 43 children with ACPR and 8

treatment failures. Another explanation may be dueto inter-individual variability in

the hepatic conversion rates of AQ into AQm. In study involving 40 adult

volunteers, no correlation was seen between day 3 AQm concentrations and the
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number of AQ doses (ranging from | to 3) taken during on days 0 to 2 [162]. The

authors attributed the high degree of inter-individual variability in AQm

concentrations to different rates of hepatic metabolism and conversion of AQ to

AQm.

8.4.3.3. AQ Dose Adjustment

Sixteen (25.8%) children received less than the WHO recommended dose of 30

mg/kg and these children had significantly lower Cmax, days 3, 7 and 14

concentrations and AUC... values, table 8.11. However, there was no evidence from

the logistic regression analyses that these differences in drug exposure had any

influence on outcome. This may reflect the small numbers of children in this

analysis, n=51. The weights of the 16 children who received < 30 mg/kg AQallfell

within two narrow ranges; 9 children weighed between 10.1 - 10.9 kg, and 7 children

weighed between 13.5 - 14.9 kg. The WHO weight based dosing regime usedin the

study is shown below,table 8.16. All the children who were under dosed were those

whose weight wasat the upper end of the weight range brackets.

 

 

 

 

 

Amodiaquine Numberof Tablets AQDose Total

200 mgbase tablets

Weight kg Day 1 Day 2 Day 3

7-10 Wp Y% % 300 mg

11-14 1 Y % 400 mg

15 - 20 1 1 1 600 mg       
 

Table 8.16 WHO recommendedweight based dosing schedule for AQ

The only AQ dosing regimealteration that can be recommendedfrom the datain this

thesis is that the weight brackets should be changed to: 7 — 10 kg, > 10 kg — 13.4 kg

and 13.5 — 20 kg. This would result in more children receiving the recommended

dose of = 30 mg/kg AQ base. However, in manyhealth care settings in Africa, there

is no equipment to measure a child’s weight with any accuracy andit is for this

reason that age-based dosing regimes are often followed. Further studies of the

disposition of AQ and AQminlarger patient groupsare required.
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CHAPTER 9 GENERAL DISCUSSION

9.1. Overview

For decades, malaria control strategies have relied on the prompt use of CQ andSP,

both cheap andrelatively safe drugs, to treat uncomplicated malaria and to prevent

the development of severe disease. However, resistance to these drugs has become

widespread andas result, there has beena rise in the incidence of treatmentfailure,

and withit, a rise in malaria attributable mortality and morbidity [61]. To reduce the

rate of developmentofresistance, the WHO now recommends combination therapies

to treat uncomplicated falciparum malaria, and especially regimens containing an

artemisinin drug [91]. Artemisinins (and insecticide treated bed nets) are central to

malaria control strategies throughout the world today. Artemisinins are relatively

expensive and, at the moment, supplies are limited. In most African countries,

antimalarials are obtained without prescription and often taken unnecessarily and

many countries are continuing to pursue policies of presumptive therapy to treat

malaria. In the era of ACTs, such unregulated use will be hard to sustain.

Drugs with long elimination phases are more likely to select for resistant parasites,

which are able to survive in the presence offalling drug concentrations [52]. All the

ACTscurrently in use have component drugs with mis-matched elimination phases.

Artemisinins have short T 2s and rapidly disappear from the circulation leaving the

partner drug unprotected as its concentration falls. Reinfections, occurring during

this “selective window”, and recrudescent parasites surviving the initial treatment,

will be preferentially selected if they carry resistance mutations [99]. We are now

seeing evidence using the ACTs AMLU and AQ+ARTin high transmission areas

that this can lead to the selection of resistance mutations to the partner drug [100-

103]. These studies seem to support the view that combination therapies with mis-

matched elimination kinetics may not be as robust as hoped in terms of preventing

the selection of resistance mutations and prolonging the therapeutic life-span of the

combination. If these mutations translate into phenotypic resistance to the partner

drugs, this may drive the selection of artemisinin resistance.

Worryingly, there are now reports of declining artemisinin efficacy, manifesting as

delayed parasite clearance, in parts of Cambodia, the probable origin of drug
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resistance to CQ and SP [78]. In addition, a decline in the efficacy of two ACTs,

AMLU and piperaquine-dihydroartemisinin, in parts of Cambodia has been

observed, which is thought to be due in part to decreasing artemisinin efficacy [79].

The establishment and spread of artemisinin resistance would be a public health

catastrophe given the huge reliance on these drugs for malaria control in almostall

countries where malaria transmission occurs.

Antimalarial treatment mayfail due to parasite resistance or because the parasites are

not exposed to adequate drug concentrations for long enough.In general, antimalarial

dosing regimensfor children are derived from studies in adults and there are few PK

datasets from children to confirm they are being adequately dosed. Recently, one of

the largest PK studies involving children has suggested that children are being under

dosed with SP compared to adults [122]. In this thesis, I have investigated the PK of

commonly used antimalarials in children with malaria to address the issues of

whether we are adequately dosing this vulnerable age group and to identify PK

predictors of treatment outcome.In addition, I have compared the selective pressure

for resistance mutations using different antimalarial combination therapies with

different elimination kinetics.

In order to address the questions set out in this thesis it was necessary to develop

appropriate analytical methodology. In chapter 2, I describe the PCR techniques

used to determine the prevalence of parasites resistance mutations and also the

genotyping method used to distinguish recrudescent parasites from reinfections. In

chapter 3, I describe the establishment and validation to international standards of

HPLC methods for the quantification of the antimalarials used in this thesis. These

assays were performed in Malawi and were used to address the question of whether

someof treatment failures are due to inadequate drug exposure. The assays used only

small volumes of blood and shared common reagents and hardware and would be

reproducible in other developing world countries.

Theclinical trial conducted to compare SP with CQ+SP, ART+SP and AQ+SP for

the treatment of uncomplicated malaria in children is described in chapter 4. More

than ten years after the introduction of SP asfirst line treatment for uncomplicated

malaria in Malawi, I have reported a day 28 per protocol PCR corrected ACPRrate
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of 26%. SP has failed in Malawiafter a decade of useful service, and its role in IPT

programmes should also now be re-evaluated. Since this study was concluded,

Malawi has begunthe process of implementing its new treatment policy of AMLUas

first line therapy. AMLU wasnotused in the trials described here, but has been

shownto be highly effective in studies in Africa.

Lower cost alternatives to AMLU might have been attractive to the Malawi

authorities and AQ+SP was one of the combinations considered by the Malawi

National Malaria Control Programme. I have demonstrated that AQ+SP washighly

efficacious, with a day 28 PCR corrected ACPRrate of 97%, despite the low efficacy

of SP. Treatment with AQ+SP also appears to result in a longer period of post-

treatment prophylaxis than the other treatments studied, figure 4.2. In a high

transmission setting like Malawi, this could be advantageousto children in reducing

the number of malaria episodes per year but at a cost in terms of resistance and this

may lead to a shortened therapeutic lifespan for AQ. In parts of West Africa where

SP and AQ both remainefficacious, the combination AQ+SP could be considered for

first line treatment for uncomplicated malaria. The combination may offer a cheaper

and readily available alternative to ACTs, with the benefit of longer post-treatment

prophylaxis. It will be interesting to see whether the combination AQ+ART,with its

mismatched kinetics, can prevent the development of AQ resistance. AQ+ART is

now being used in several African countries as first line therapy for uncomplicated

malaria.

AQ was withdrawnas a malaria prophylaxis because of severe adverse events, but as

a treatment it has generally been considered safe [44]. I have reported significantly

more children with neutropenia after AQ+SP than after taking SP, though the

numbersof children involved was small and the study was not poweredto detect rare

AEs. Another group in Ugandahas noted high rates of neutropenia in HIV+ children

taking AQ [129]. Given the track record of safety issues with AQ, these observations

require further scrutiny especially as AQ is increasingly being used in African

patients who have several episodes of malaria each year. Post marketing studies are

required in Africa involving large numbers of patients taking AQ+ART to monitor

for rare adverse events.
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A return of in vivo CQ sensitivity has been recently demonstrated in Malawi[82],

and in this thesis the day 28 PP ACPRrate of 86% after CQ+SP is consistent with

this. CQ could be considered as a possible replacement for SP for IPT. The potential

for CQ to be reintroduced in Malawi, alone, or as part of combination therapy should

be considered with caution. It is possible, and in fact probable, that CQ resistant

parasites are present in Malawi but at a low prevalence. In addition, CQ resistant

parasites are dominant in Zambia and Mozambique, countries which border with

Malawi. It is highly likely that these resistant parasites would be re-selected should

CQ use again become widespread in Malawi.

Theidea of recycling or rotating antimalarial drugs is worth considering. If CQ or SP

use could be banned throughout the continent, might there be opportunities to

reintroduce the drugs at a later date once the sensitive strains of the parasites are

dominant? The answerto this is almost certainly “no”. Fora start, it is unlikely that

one could ever prevent informal use of these drugs and so removethe selection

pressure for resistant strains and is it unlikely that a coordinated malaria treatment

policy across Africa could be implemented. In addition, we know there is cross-

resistance between drugs, so although you may remove SP from use, the continued

use of co-trimoxazole (sulphamethoxazole-trimethoprim), another antifolate

combination, would continue to exert selection pressure. Finally, there could be

spread of resistant parasites back into Africa from other continents.

In Chapter5, I comparedthe selective pressure of 3 SP based combination therapies

for known genetic mutations associated with resistance to test the hypothesis that

ART+SP,with its mismatched T % of its component drugs, exerted greater selection

pressure for resistance than CQ+SP or AQ+SPwith their more than matched T s.

Unfortunately, owing to the extremely high background prevalence rates of dhfr and

dhps mutations in this population, the study was underpowered to test this

hypothesis. Over 90% of pre-treatment parasites were “quintuple” mutants,

consistent with the high SP failure rates seen in this thesis. For this hypothesis to be

tested in the future, the study would need to be conducted somewhere with a lower

prevalence of these mutations. One of the drives to the developmentof the antifolate

combination chlorproguanil-dapsone (Lapdap™) was the knowledge that drugs with

shorter T 4s, like chlorproguanil-dapsone,exert less selective pressure for resistance.
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Lapdap™developmentas a fixed ratio combination therapy with artesunate has now

been stopped owing to safety concerns about dapsone [104]. It would have been

fascinating to have compared chlorproguanil-dapsone +ART with one of the other

ACTsin terms of selection of resistance and numbers of malaria episodes occurring

per year. Noneof the antimalarials in use now orat late stages of development have

short half-lives.

The mutation pfcrt K76T could not be detected before treatment, and CQ or AQ in

combination with SP did notselect for this mutation in treatmentfailures. The rapid

disappearance of this mutation with the withdrawal of CQ suggests that there must be

a fitness disadvantage to parasites which carry it [141]. I have presented evidence of

the selection of the mutation pfmdr/ 86Yafter treatment with AQ+SP. This mutation

is associated with in vivo AQ resistance and this has been observed in other studies

after treatment with AQ+ART or AQ+SP [103,142]. I was unable to detect dhfr

164L mutants using conventional PCR. Therarity of this allele in Africa despite over

a decade of use of SP as frontline antimalarial therapy remains unexplained butis

also likely to be related to a fitness disadvantage to parasites which carry this

mutation.

Chapter 6 describes the results of the HPLC analyses to determine drug

concentrations from the blood samples collected from the children in the clinical

trials. These are some of the largest PK datasets described from young children with

malaria, with 156 children providing SDX data, 134 for PYM, 90 for CQ and 62 for

AQm. The mean numberof concentration-time points per child was around four, and

the limitations of using non-compartmental analysis methods for such sparse datasets

is discussed

None of the children had CQ or AQmin their blood samples taken before treatment,

but 59/212 (27.8%) children had detectable SDX pre-treatment and 71/177 (40.1%)

children had detectable PYM, consistent with the extensive informal (unregulated)

use of SP in Malawi. We do not know how manytimesa year children in Malawiare

being dosed with antimalarials, but the rapid rise in dhfr and dhps resistance

mutations since SP was introduced is consistent with the finding that slowly
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eliminated drugs strongly select resistant parasites in a high malaria transmission

settings.

In chapter 7, population pharmacokinetic methods, better suited to the analysis of

sparse concentration-time data sets, are described and the PK parameters generated

by the models are compared to published literature. A better understanding of the

disposition of antimalarials in patients sick with malaria is recognised as crucial in

the future development of antimalarial drug policies and dosing regimes. Recent

publications have suggested that the current dose recommendation for SP results in

young children being under dosed compared to adults, and that using an age-based

CQ dosing regime, children < 24 months are being under dosed compared to children

aged 24 — 60 months [122,147]. If these claims are confirmed in other studies, it

raises the possibility that part of the reason for the rapid failure of SP (and CQ)is due

to under dosing of children and as result, the selection of resistant parasites.

However, there is no evidence from the PK data from the children studied in this

thesis to support the view that young children are being under dosed compared to

adults. The AUC results for SDX, PYM and CQ werein keeping with or greater than

those reported in the literature. For AQm, there were too few other published results

with which to compare my ownresults. There were in fact surprisingly few datasets

describing the PK of these drugs in whole blood samples in patients treated for

malaria. I chose to collect whole blood samples rather than plasma because it was

more practical when working with the small volumes of blood that were collected

from the children. Most of the published data is from healthy volunteers, or uses

plasma, making direct comparisons with my owndata impossible. To investigate the

question of under dosing in children further, trials involving adults and children from

the same site are required. It will also be important to conduct studies under both

study and “real” world conditions. In the studies conducted for this thesis dosing was

weight-based and all drug doses were observed. In the “real” world, we can expect

that doses will be missed or that the wrong dose will be administered. A population

PK approachis ideally suited to pragmatic studies in real world circumstances.

CQ and AQm were both modelled using 2 compartmental models, but inspection of

the mean concentration-time curves demonstrates that the elimination phase kinetics
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are different, (figures 7.18 and 7.23). After the 3" dose, the concentration of CQ fell

to around 30% of the Cmax by 100 hours, compared to a fall to around 60% of the

Cmax for AQm. For both drugs the terminal elimination T /2 were the same, around

132 hours.In the clinical trial, no reinfections were observed in the AQ+SPtreatment

group until after 28 days in the study, while in the CQ+SP group, the reinfection

rates by days 28 and 42 weresimilar to those seen after SP monotherapy,figure 7.24.

I have hypothesised that, as a result of this rapid deep fall in CQ concentrations, the

concentration falls below the parasite in vivo MIC earlier than after AQ treatment.

The consequences of this may be 2 fold; a shorter period of post-treatment

prophylaxis compared to that seen after AQ but also that the window period for

selection of resistance is shorter after CQ than after AQ. This is purely speculative,

and we do not know the in vivo MICsfor these drugs, but it would be interesting in

future studies to obtain blood samples from patients at different times after treatment

to see at what time (and drug concentration) the blood ceases to contain enough drug

to kill resistant and sensitive parasites strains.

Finally in chapter 8, the PopPK models were usedto investigate the effect of age on

drug disposition and to look for PK parameters predictive of treatment outcome.

SDX elimination was slowerin the children 12 to < 24 monthsthan in older children,

aged > 24 to < 60 months. For PYM,the Vz was smaller in the older children and

this combined with the trend for higher doses in the older children led to significantly

higher Cmax and day 3 concentrations in this group. For CQ, the Vz wasalso smaller

in the older children, but no other significant differences were seen. For AQm,the

AUCo.» was significantly higher in the younger children. The clinical importance of

these differences is not clear; in the multivariate analyses, age was not found to be

significantly associated with outcomefor any of the drugs.

The chances of having a treatment success by day 28 were higher in children with

delayed SDX elimination (longer T 2) and in the children who did not have

“quintuple” mutant parasites present in the initial infection. There was also a trend

towards higher day 14 SDX concentrations (p=0.061) in those with ACPR outcomes.

An optimal threshold day 14 SDX concentration of 25.75 ug/ml wasidentified and

concentrations below this threshold predicted treatmentfailure by day 28 with 71.4%

sensitivity and 78.8% specificity. In the multivariate analysis, this threshold
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concentration wassignificantly associated with day 28 outcome (p=0.018). Using the

recommended SDX dose of 25 mg/kg, only 33.3% of the children had a day 14 SDX

concentration equal to or greater than this threshold concentration. A doubling of the

SDX dose wouldresult in 80.1% of the children 2 this concentration.

For PYM, higher day 14 PYM concentrations were also found to be predictive of

ACPR outcomes on day 28. A day 14 threshold concentration of 72.72 ng/ml was

identified which predicted treatment failure by day 28 with 83.3% sensitivity and

75% specificity. In the multivariate analysis, this threshold concentration was

significantly associated with day 28 outcome (p=0.009). Using the recommended

PYM dose of 1.25 mg/kg, only 31.3% of the children had a day 14 PYM

concentration 2 this threshold concentration. A doubling of the PYM dose would

result in 67.9% of the children 2 this concentration.

Mostof the children studied in this thesis had day 14 SDX and PYM concentrations

below the concentration cut-offs that predicted treatment success even thoughall

them received drug doses equal to or greater than those recommendedby the WHO.I

have demonstrated that a 100% dose increase for SP for children age 1 to 5 years

would result in most of the children achieving drug concentrations above these cut-

offs. This conclusion needs to be tested in prospective clinical trials to measure

treatment outcome, day 14 drug levels and adverse events. SP is a well tolerated

drug, and is already used at higher doses for the treatment of cerebral toxoplasmosis.

If increased efficacy is seen at higher doses, then it is conceivable that SP, combined

with ART or AQ, could continue to have a place in malaria treatment programmes.

The dhfr 1164L mutation, which is associated with high level PYM resistance, was

not detected in parasites in this thesis. If, however, this mutation becameestablished,

then it is unlikely that the dose change outline here would still result in higher SP

efficacy rates.

For the children treated with CQ+SP, there was also a trend for higher day 7 CQ

concentrations in those with ACPR outcomes (p=0.080). A day 7 CQ concentration

below 177.3 ng/ml predicted treatment failure by day 28 with 65% sensitivity and

62.5% specificity. In the multivariate analysis, there was a trend for children with a

day 7 CQ concentration < 177.3 ng/ml to fail treatment (p=0.060). 38.9% of the
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children in the study had a day 7 CQ concentration < 177.3 ng/ml, but this was more

likely to occur if a CQ dose less than the WHO recommended 25 mg/kg dose was

given. Interestingly, all 32 of the children who received < 25 mg/kg, weighed

between 9.1 — 10.9 kg. If the CQ dosing scheme was changedsothat all children

between 7 — 18 kg received 150 mg daily for 3 days, 97.8% of the children would

have had a day 7 CQ concentrations 2 177.3 ng/ml. The most practical way of

achieving this would be to give all children < 5 years the same dose, 150 mg daily

for 3 days. Higher doses of CQ have been used before in Africa to increase cure rates

with no excess adverse effects [169], but CQ has a narrow therapeutic index

comparedto SP, so any dosealteration would need to be studied in suitably designed

trials.

For AQm, none of the PK variables examined were found to be associated with

treatment outcome. A quarter of the children received less that the WHO

recommendeddose of 30 mg/kg of AQ andall these children fell within two narrow

weight ranges, 10.1 - 10.9 kg, and 3.5 - 14.9 kg. The WHO weight-based dosing

schedule for AQ is shown in table 8.16. On the basis of the data presented in this

thesis, a simple modification to the weight range brackets has been proposed.

9.2. Summing up

In this thesis I have identified associations between PK variables and treatment

outcome for SDX, PYM and CQ supporting the hypothesis that some of the

treatment failures seen in the clinical trial did have a PK basis. These are important

observations not just for the drugs studied here, but for antimalarial therapy in

general and demonstrate the importance of taking PK into account when conducting

studies to measure responses to antimalarial drugs in appropriately aged patients.

When malaria treatment fails because of drug resistance, there is no therapeutic

option available except to changeto a different drug. If, as these data suggest, some

failures are due to inadequate drug exposure, then it may be possible to continue to

use the samedrug butat a higher dose or using a modified dosing schedule.

I have identified drug concentration thresholds for SDX, PYM and CQ which are

predictive (with variable sensitivity and specificity) of day 28 outcome. Tobe able to

predict outcomeon the basis of a single concentration-time point is of practical use
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in field studies and could be used to monitor the effect of changes to dosing regimes

of these drugs. These threshold concentrations and their predictive power need to be

validated in other countries, with different backgroundparasite resistance patterns.

I have suggested that the dose of SP for children age 12 - <60 months should be

doubled and that the dose of CQ for all children under Syears should be 150 mg daily

for 3 days. Simulation of these doses in the PopPK models suggests that they would

results in higher ACPRrates but this would haveto be tested in field studies. SP and

CQ are no longer recommended for the treatment of uncomplicated malaria in

Africa, so it is probably too late for these suggested doses increases to be taken up.

The drugsarestill usedin IPT programmesin Africa, but in Malawi, with SP failure

rates so high, this policy should now be revisited. CQ appears to be highly

efficacious in Malawi, andif its use were limited to IPT programmes,the likelihood

of rapidly reselecting resistance would probably be reduced. As discussed above,the

idea of recycling CQ and SP in Africa for uncomplicated malaria is unlikely to be

successful. If however, their efficacy were significantly increased using the higher

doses recommended here, then these drugs could be utilised again in malaria

treatment programmes in Africa, especially if combined with an effective partner

drug like an artemisinin. These regimes would needto be tested in further clinical

trials to assess tolerability and importantly, the safety of the higher doses, and to

study the PK.

At the present time, given the high efficacy rates of ACTs in Africa, there is unlikely

to be muchinterest from malaria policy makers in using SP or CQ at higher doses,

but this could be considered in the future if the efficacy rates of ACTs fell. There is

evidence that ACTs can select for resistance mutations in parasites appearing after

treatment, and in this thesis we have seen AQ+SP select for the pfmdrl N86Y

mutation. More worryingly there is now the suggestion of artemisinin tolerant

parasites emerging in Southeast Asia. These findings should be a spur to the

continued quest for new drugs to treat malaria and importantly, to better utilise the

existing drugs that we have. A better understanding of the PK of drugs in patients of

different ages is critical to ensure optimal dosing of both established antimalarials

and those in development. PK studies may also help in the design of future

combination therapies, with better matching of the elimination phases of the
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component drugs. The continued monitoring of known molecular markers of drug

resistance is also important to guide our choices of drugs to treat malaria in different

locations and to monitor for the development of resistance to the non-artemisinin

partner drug in ACTs.If artemisinin resistance does emerge, then the identification

of molecular markers for this will be critical so that the extent of its spread can be

monitored.
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