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ABSTRACT 

In Papua New Guinea (PNG), malaria is endemic for Plasmodium falciparum, 

P. vivax, P. malariae and P. ovale infections. The predominant species are P. 

falciparum and P. vivax. Despite the declining incidence of P. falciparum globally, P. 

vivax remains a major obstacle to malaria control programs because of its complex life-

cycle and transmission biology. This was evident in a previously-published four-arm 

clinical trial in which artemether-lumefantrine (AL) was the most efficacious 

artemisinin-based combination therapy (ACT) in PNG children with falciparum malaria 

while dihydroarthemisinin-piperaquine (DP) was the most efficacious for vivax malaria. 

However, the impracticality of species-specific treatments in most malaria-endemic 

settings highlights the need for ACTs that are safe and efficacious against multiple 

Plasmodium species. Of few available alternatives, artemisinin-naphthoquine (ART-

NQ) is already widely available in many countries in Africa, Asia and Oceania as a 

single-dose therapy. However, ART-NQ has not met the World Health Organisation 

(WHO) pre-registration requirements and the manufacturer‟s single dose 

recommendation is not in line with WHO stipulations that all ACTs should be given for 

not less than 3 days.  

The efficacy, tolerability, safety and post-treatment prophylactic effectiveness of 

AL, recommended first-line treatment in PNG, was compared to three daily doses of 

ART-NQ in an open-label, randomised, parallel-group trial. Patients were followed up 

on Days 1, 2, 3, 7, 14, 28 and 42. Primary endpoints were the Day 42 P. falciparum 

polymerase chain reaction (PCR)-corrected adequate clinical and parasitological 

response (ACPR) and the P. vivax PCR-uncorrected Day 42 ACPR. For falciparum 

malaria, a 5% non-inferiority design was used, while a superiority design was used for 

vivax malaria. Because the present study is the first to employ ART-NQ as a three-dose 

regimen in young children rather than the single dose specified by the manufacturer, 
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detailed safety monitoring was performed. The safety phase comprised of serial 

haematological and hepatorenal monitoring as well as electrocardiographic QTc interval 

assessments during the first week after treatment. The accuracy of the World Health 

Organization method of estimating malaria parasite density from thick blood smears by 

assuming a white blood cell count of 8,000/μL was also validated in the present study. 

At six months after initial treatment, documentation available for a subset of 

participants was assessed for episodes of clinical malaria. Children who participated in a 

study of post-treatment changes in splenic volume were assessed as part of follow-up in 

the main trial. 

Of 2542 febrile children screened for inclusion into the trial, 198 had falciparum 

malaria and 47 had vivax malaria. Fifteen children had both P. falciparum and P. vivax 

mixed infection and were included in both species groups for efficacy analysis. Both 

ACTs were safe and well tolerated. The P. falciparum Day 42 PCR-corrected ACPRs 

were 97.8% and 100% in AL and ART-NQ-treated patients, respectively (difference 

[95% confidence interval] 2.2 [-3.0 to 8.4] % vs non-inferiority margin of -5.0%, 

P=0.24). The P. vivax Day 42 PCR-uncorrected ACPRs were 30.0% and 100.0%, 

respectively (70.0 [40.9-87.2] %, P<0.001). Haemoglobin concentrations were higher at 

Day 42 in the ART-NQ group (P<0.001). Artemisinin-naphthoquine-treated patients 

were more likely to have gametocytaemia between Days 3 and 14. The odds ratio [95% 

CI] for carriage in the ART-NQ group was 3.2 [1.5-6.8] that of children in the AL group 

on Day 7 and 15.1 [1.9-118.1] on Day 14. By microscopy, 40% of children with vivax 

malaria in the AL group had become gametocytaemic by Day 42 while none of the 

ART-NQ group became gametocyte positive during this time. Magnetic fractionation 

confirmed the initially higher P. falciparum gametocyte density in the ART-NQ group. 

However, the magnetic fractionation method also detected 3% of ART-NQ-treated 

children in both the falciparum and vivax species groups to be gametocytaemic by Day 
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42, compared to 10% and 40% in the AL group, respectively. There was a significant 

difference with fewer episodes of clinical malaria requiring treatment in the ART-NQ 

sub-group than in the AL sub-group during the six months post-treatment (11.2% vs 

23%, respectively; P=0.046). 

The efficacy, tolerability and safety of three-dose ART-NQ showed that this 

regimen should be considered together with other currently available ACTs for the 

treatment of uncomplicated malaria in settings where transmission of multiple 

Plasmodium species co-exist. Although cost effective analyses were beyond the scope 

of the present study, it is likely that the additional cost of three doses compared to the 

single dose currently recommended by the manufacturer will be counterbalanced by 

reductions in post-treatment vivax malaria. In addition, and despite greater initial 

persistence of P. falciparum gametocytes, ART-NQ prevented post-treatment anaemia 

and reappearance of P. vivax gametocytes. A further advantage is that ART-NQ can be 

administered daily without the need for fat co-administration as recommended to 

improve AL bioavailability, and this is likely to improve adherence to treatment. 

In view of the role of the spleen in removing parasitised and non-parasitised red 

blood cells after treatment, splenic volume changes were assessed in a subset of 

children. Splenic volume was assessed using ultrasonography in children with moderate 

or severe malarial anaemia with the aim of determining the effects of malaria and 

treatment over 42 days. Serial splenic volume and haemoglobin measurements suggest 

that the spleen can act as a reservoir for erythrocytes, especially after transfusion in 

anaemic patients, and that release of stored erythrocytes can contribute to improvements 

in haemoglobin concentrations after antimalarial therapy in children with falciparum 

malaria.  

The present studies confirm the feasibility and potential translational value of 

clinical trials and ancillary studies in tropical countries such as PNG. 
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1. GENERAL INTRODUCTION 

1.1 GLOBAL SITUATION OF MALARIA  
 

The malaria parasite is an apicomplexan protozoan parasite of the genus 

Plasmodium with many different species known to infect mammals, rodents, birds and 

reptiles.1 The five Plasmodium species known to cause human malaria are P. 

falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. While P. knowlesi can be 

transmitted between both humans and the long-tailed Macaques, the other species that 

infect humans display a high degree of specificity, suggesting coevolution with humans 

over time.2 Worldwide, P. falciparum and P. vivax are the most widely distributed 

species, and the majority of malaria-related deaths are caused by P. falciparum, 

particularly in young children and pregnant women in sub-Saharan Africa.3  

Between 1980 and early 2000, the global mortality rate due to malaria was 

estimated to have increased from 995, 000 to  a peak of 1.8 million deaths.3 However, in 

recent years, significant progress has been made in reducing the global burden of 

malaria as a result of substantial funding from the global community and the political 

commitment by governments of malaria-endemic countries. In recent years, funding to 

combat malaria has increased from under $100 million in 2003 to more than $2 billion 

in 2011, enabling global distribution of interventions such as long-lasting insecticidal 

nets (LLINs), indoor residual spraying, rapid malaria diagnostic tests, and the 

development and distribution of highly effective artemisinin-based combination 

therapies (ACTs).4 Concurrent with the increase in malaria control programs, many 

malaria-endemic countries have reported a significant decline in the incidence of 

malaria, with the World Health Organisation (WHO) reporting a massive 50% decline 

in 43 endemic countries as well as a 25% decline in 8 additional countries over the last 

10 years.4 During this same period, malaria mortality declined by an estimated 32% 

globally.3  
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Detailed analysis of the global history of malaria resurgences over the past 80 

years pinpoints weaknesses in malaria control programs and lack of financial support 

necessary to sustain malaria control programs in endemic countries as the major cause 

of the increased mortality and morbidity.5 With increased funding and political support, 

the development and worldwide deployment of highly potent ACTs have played an 

important role in reducing malaria morbidity and mortality, renewing interest in the 

possibility of malaria eradication.6   

However, in settings outside of Africa where multiple plasmodium species 

coexist, P. vivax remains a major problem due to its complex life-cycle and 

transmission biology involving liver-stage hypnozoites that make this parasite resilient.7 

In tropical and sub-tropical regions of Asia, Oceania and South America, P. vivax is the 

most frequent and widely distributed species.8 Even though it was previously regarded 

as benign, there is increasing evidence of P. vivax being an important contributor to 

morbidity and mortality, with over 2.5 billion people worldwide at risk of vivax 

malaria.9-12 The stable incidence of vivax malaria despite improved malaria control 

measures is best explained by the transmission biology of P. vivax in which dormant 

liver stage hypnozoites enable this species to thrive. This contrast with P. falciparum 

which is vulnerable to malaria control programs.7  
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1.2 PATHOGENESIS OF MALARIA 

1.2.1 Development of the parasite in the mosquito 
 

The pathogenesis of human malaria is complex because it involves three 

organisms; the parasite, humans and mosquito vectors. Human malaria is transmitted by 

the female Anopheles (An.) mosquitoes. In Africa, An. gambiae, An. arabiensis and An. 

funestus are the predominant malaria vectors across much of the continent.13 In South 

America, An. darlingi appears to be the main vector species, while in the Asian-Pacific 

region there is a complex situation with multiple mosquito species coexisting with 

variable dominance.13  

When an Anopheline mosquito bites an infected host, both the sexual and 

asexual stages of malaria parasites can be ingested through the blood meal (Figure 1(8)). 

In the mosquito gut, the infected Red Blood Cell (RBC) burst, releasing gametocytes. 

However, in order for the growth and development of gamete (mature sex cells) to 

occur, a decrease in blood meal temperature to 5% below that of the host and rise in pH 

are necessary.14,15 These requirements are fulfilled in the mosquito vector because of the 

presence of xanthurenic acid and lower temperatures in the mosquito gut, triggering 

sexual development of the parasite. Microgametocytes (male) and macrogametocytes 

(female) fuse to form diploid zygotes, which develop into actively moving ookinetes 

that burrow into the mosquito midgut wall and form oocysts.16 Growth and division of 

each oocyst produces thousands of sporozoites. After 8-15 days, depending on 

Plasmodium species, the oocyst bursts, releasing sporozoites into the body cavity of the 

mosquito. The sporozoites invade the mosquito salivary glands and subsequently 

recommence the asexual cycle in humans when the mosquito takes a blood meal.17 
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Figure 1: Plasmodium life cycle (CDC 2002).18 

 

1.2.2 Development of the parasite in the human host  
 

During the blood meal, the Anopheles mosquito injects sporozoites into the 

human host which can reach the liver within minutes.19 In the hepatocytes, asexual 

reproduction and multiplication occurs, followed by the rupture of hepatic schizonts and 

the release of thousands of merozoites into the peripheral circulation (Figure 1). 

Because merozoites are equipped with proteins specific for adherence such as the 

erythrocyte binding antigen 175 and merozoite surface proteins, they can rapidly invade 

erythrocytes by adhering to the RBC membrane.20,21   
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After invasion, the intracellular multiplication of the parasite results in the 

development of early trophozoites in the first 12 hours, appearing as small ring forms on 

microscopy, followed by maturation of trophozoites within 24 hours which appear as 

large ring forms that may display the malaria pigment, haemozoin.17  The schizogony 

stage begins with parasitic nuclear division, leading to the segmented appearance of 

schizonts after 36 hours, and ends with the rupture of the erythrocyte and the release of 

16-32 new merozoites within 48 hours.1  The newly released merozoites subsequently 

invade other erythrocytes to sustain the intra-erythrocytic cycle. 

In contrast to P. falciparum, P. vivax has a more complicated life cycle because 

of the liver stage hypnozoites that can remain dormant in the parenchymal cells of the 

host liver for a period of days to years, depending on multiple factors including climate 

and geographical area.9 Secondly, unlike P. falciparum, P. vivax has a preference for 

reticulocytes as its host cell during the blood stage asexual cycle. Although this was first 

recognised nearly 80 years ago,22 the biological basis for this preference remains 

unknown. It has been postulated that this may be a vivax-specific adaptive strategy 

employed to limit hyper-parasitaemia and associated virulence, or that the reticulocyte 

simply provides a preferred environment that supports the growth of this species.9 

Another trait that differentiates P. vivax from P. falciparum is the early appearance of P. 

vivax gametocytes in the peripheral circulation, usually before or at the beginning of 

clinical symptoms.7,9 Although this has been thought to be partly responsible for the 

delayed development of resistance in P. vivax compared to P. falciparum, further 

studies are need to confirm this observation. 
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1.3 CLINICAL FEATURES OF MALARIA 

1.3.1 Uncomplicated malaria 
 

The term uncomplicated malaria refers to symptomatic malaria that is non-

severe and characterised mainly by non-specific clinical features requiring 

parasitological confirmation. Fever or a history of acute fever is usually the main feature 

of uncomplicated malaria. However, no clinical feature alone or in combination is 

sufficiently sensitive or specific to confirm or exclude malaria.23 According to WHO 

guidelines,24 patients with uncomplicated malaria are those without: i) impaired 

consciousness (Blantyre Coma Score (BCS) ≤4, or coma (BCS ≤2), ii) ≥2 seizures, iii) 

prostration (inability to sit/stand unaided). iv) jaundice, v) respiratory distress, v) 

persistent vomiting, vi) abnormal bleeding, vii) dark urine and/or viii) clinical signs of 

shock. Patients with parasitologically confirmed malaria and laboratory evidence of 

severe anaemia (haemoglobin <50 g/L), metabolic acidosis or hyperlactataemia (blood 

lactate >5∙0 mmol/L) and/or hypoglycaemia (blood glucose ≤2.2 mmol/L) are 

considered to have severe malaria.    

 

1.3.2 Severe malaria 
 

Severe malaria  is defined by the presence of the adverse clinical signs and 

laboratory features that are not present in uncomplicated malaria. Severe clinical 

phenotypes of severe malaria include: impaired consciousness, coma, multiple seizures, 

prostration, hyperlactataemia, severe anaemia, hypoglycaemia, jaundice, respiratory 

distress, persistent vomiting, dark urine, abnormal bleeding, and/or signs of shock.24 

Although some definitions of a number of features have been changed, for instance, the 

definition of coma (BCS ≤3 in the 1990 WHO guideline 25 has been changed to BCS ≤2 

in the 2000 guideline 24) and severe anaemia (haemoglobin <50g/L in the 2000 WHO 

guideline 24 has been changed to haemoglobin < 70g/L in the 2011 WHO guideline 26), 
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most studies of uncomplicated and severe malaria have been based on the older WHO 

definitions.24,25,27 

Cerebral malaria is a form of severe malaria that often affects young children, 

mainly in sub-Saharan Africa.28 The case fatality rate for paediatric cerebral malaria 

varies by geographical region but has remained at approximately 20%, while a further 

5-10% of children survive with neurological sequelae that range from mild and transient 

abnormalities to profound and permanent disability.29,30 Sequestration of cytoadherent 

erythrocytes containing mature forms of P. falciparum in the cerebral microvasculature 

is thought to be the primary pathophysiological cause of cerebral malaria (see Figure 

2).24,31 

 

 

 

Figure 2: Brain smear showing ruptured P. falciparum schizonts within a capillary.32 
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1.4 HISTORY OF ANTIMALARIAL THERAPY 
 

Since the time of Hippocrates, fevers were treated with a variety of remedies 

such as blood-letting and herbs. For thousands of years, fever as a result of malaria was 

considered the disease and not a result of a disease until the discovery of the malaria 

parasite by French scientist Alphonse Lavern in the 1890s.33 Because the disease was 

thought to be associated with swamps, the word malaria originated from the Italian 

words “mal aria” meaning “bad air.”  

History shows that advances in global malaria control programs have been 

driven by the needs of the military and colonial powers. It was during wars that modern 

antimalarial pharmacology prospered. Malaria played an important role in the major 

wars of the 19th and 20th Centuries and was considered a significant obstacle to the 

expansion of the European nations into the tropical world.33 For instance, West Africa 

was called “The White Man‟s Grave” where nearly half of the British soldiers stationed 

there between 1817 and 1836 died, mostly of malaria.34  

Origins of modern antimalarial pharmacology can be traced to the use of 

Cinchona bark amongst native populations of South America where the bark was used 

as a treatment to stop shivering.33 In the early 17th Century, Jesuit priests returning from 

Peru introduced the Cinchona bark into Europe. By the 18th Century, the Cinchona bark 

became a widely accepted treatment for intermittent fevers.35,36 In 1820, French 

scientists Perre Pelletier and Joseph Caventou isolated quinine and cinchonine from 

Cinchona bark and within a year, a number of French physicians had successfully 

treated intermittent fever patients with pure quinine.33 In 1865, a businessman by the 

name of Charles Ledger and his Bolivian servant found a species of the Cinchona tree 

with high quinine content and named it Cinchona ledgeriana.33 They sold some seeds of 

this species cheaply to the Dutch government after the British rejected Ledger‟s price. 

Within a short time, the Dutch plantations of Java (now Indonesia) were producing 95% 
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of the world‟s supply of quinine, and remained as a monopoly supplier of quinine from 

the mid-19th Century to the 1940s.37  

During World War II the world supply of quinine was cut as the Japanese took 

over Java, causing Allied forces to depend heavily on mepacrine (also called atabrine). 

To prevent the high number of deaths due to malaria, the Allied military forces used 

atabrine as antimalarial prophylaxis. The military‟s enforcement of the use of atabrine 

during World War II is graphically captured in Figure 3.38 

 

 

Figure 3: This sign was posted at the 363rd Station Hospital during the Second World 
War in the Territory of Papua (now Milne Bay province of Papua New Guinea).38 

 

In the 19th and 20th Centuries, the field of organic chemistry flourished, partly 

because of the need for new antimalarial drugs. In 1891, Paul Ehrlich, often referred to 

as the father of chemotherapy, noted the affinity of methylene blue dye for structural 

components of the malaria parasite and attempted using it in patients with malaria 

infection.39 Although this compound did not undergo further development as an 
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antimalarial because of its weak anti-parasitic activity, it sparked the development of 

synthetic compounds and promoted advancement in the development of antimalarial 

drugs.37  

Soon various synthetic quinolones were designed based on the quinine 

prototype.40 Although many of these drugs were abandoned early due to their toxicity 

profiles, drugs such as mepacrine and sontoquine were widely used during the Second 

World War. By 1946, US clinical trials showed that resochin, which was later renamed 

chloroquine (CQ), to be superior to mepacrine.37,41 During the post-war period, CQ 

became the most widely used antimalarial drug because of its high efficacy and 

relatively safe toxicity profile.  However, its prolonged use as monotherapy for over 80 

years led to the development of CQ resistant malaria parasites. 

 

1.5 ANTIMALARIAL DRUG RESISTANCE 

1.5.1 Global malaria eradication program 
 

The most significant event leading up to the development of antimalarial drug 

resistance was the Global Malaria Eradication Program led by the WHO between the 

1950s and 1970s.33 The campaign began in 1955 with indoor insecticide spraying using 

dichloro-diphenyl-trichloroethane (DDT) with the aim of interrupting malaria 

transmission by decreasing the survival of infected mosquitoes.42 However, the 

discovery of insecticide resistance to dieldrin in An. gambiae vectors in Nigeria 

prompted the recommendation that schizonticidal antimalarial drugs should be included 

in the eradication efforts in order to completely interrupt transmission and eliminate 

parasite reservoirs.43 This led to the extensive use of CQ monotherapy, the only cheap 

and high effective antimalarial drug available at the time.  

Because the potential of CQ as a malaria elimination tool was primarily 

dependent on the constant maintenance of the drug in the blood of every individual in 
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malaria-endemic communities, many difficulties were encountered.44  The logistic 

challenges as well as the inability of the campaign to convince the mostly asymptomatic 

population to comply with the aims of the eradication program led the WHO to seek an 

alternative eradication method. This led to the formulation of antimalarial medicated 

cooking salts.44 Although the medicated salt intervention had a particular disadvantage 

of not covering infants and young children who suffer most from the brunt of malaria, 

this intervention method was considered to have greater feasibility than CQ mass drug 

administration in view of the success of iodinated salt that resulted in a global decline in 

goitre.45  

By the 1960s, pyrimethamine medicated salt was introduced in The Netherlands, 

New Guinea, Brazil and Cambodia,46 while the use of CQ medicated salt was used in 

parts of South America47 and Africa.48 However, the global distribution of medicated 

salts resulted in a wide variation in drug concentrations, which were mostly sub-

therapeutic, compounded by variations in salt intake.42 The high prevalence of sub-

therapeutic dosage of antimalarial drugs in populations living in malaria-endemic areas 

rapidly led to the selection of resistant parasites and widespread development of 

resistance to both pyrimethamine and CQ.42  

In subsequent years, the malaria-endemic world experienced a losing battle 

against the malaria parasite as it developed resistance to most available antimalarial 

drugs. The development of resistance to the commonly used antimalarial drugs is 

discussed briefly below. 

 

1.5.2 Chloroquine resistance 
 
 Chloroquine (also known as resochin) is a 4-aminioquinoline drug first 

discovered by the German scientist Hans Andersag in 1934.33 It is available as 7-chloro-

4-(4‟-diethylamino-1‟-methylbutylamino).44 Chloroquine exhibits its schizonticidal 
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activity against asexual erythrocytic parasites by inhibiting biocrystallisation of haem 

into haemozoin, resulting in the toxic accumulation of heme that subsequently kills the 

parasite.49  Because CQ is cheap, widely available and has been highly effective against 

all forms of human malaria for the past 80 years, its prolonged use as monotherapy as 

well as in medicated salt preparations during the 1950s and 1960s led to the 

development of widespread CQ resistance.42  Indeed, the first cases of CQ resistant 

falciparum malaria were reported from or near areas where CQ medicated salt had been 

used, raising the hypothesis that sub-therapeutic concentrations in CQ medicated salts 

may have accelerated the development of parasite resistance.45   

Although the global spread of CQ resistance was rapid in the case of falciparum 

malaria, CQ remained the treatment of choice in vivax malaria until 30 years after the 

first case of CQ-resistant vivax malaria was first reported in PNG.50 The delay in the 

development of CQ-resistant vivax malaria may be partly explained by the early 

appearance of P. vivax gametocytes compared to the late appearance of P. falciparum 

gametocytes. This consequently resulted in less drug pressure on the vivax species, 

reducing the chance of transmitting mutated drug-resistant parasites.9 Of the 153 studies 

of CQ efficacy that have been conducted globally over the past decade, P. falciparum 

CQ resistance rates are heterogeneous, depending on malaria endemicity and the history 

of CQ use in each region, with a median treatment failure rate of 19.8%  to 100%.51 

 

1.5.3 Amodiaquine resistance 
 

Amodiaquine (AQ) is another 4-aminoquinoline drug that has been widely used 

throughout the world and which is thought to have a similar mechanism of action to 

CQ.52 However, despite the presence of cross-resistance between AQ and CQ, AQ 

appears more effective in areas where CQ resistance is prevalent.53 As reported by the 

WHO,51 of the 59 studies of AQ efficacy conducted in 23 countries between 2000 and 
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2007, the median treatment failure rates were heterogeneous in Africa but remained 

below 25% across the continent, except in the African island country of Madagascar 

where AQ remains highly efficacious with an efficacy rate of above 95%.54 However, in 

South America and the Middle East, the median failure rates are very high, ranging 

from 28.8% to 53.1%.51 Similarly, in the Asia-Pacific region, AQ has been in use since 

the late 1940s and therefore high failure rates have been described in India, Thailand, 

Philippines and PNG.55-58 

  

1.5.4 Sulfadoxine-pyrimethamine resistance  
 

Sulfadoxine-pyrimethamine (SP) is a combination of two dihydrofolate 

reductase inhibitors. However, despite being a coformulation of two different drugs, SP 

is often considered as a monotherapy since the two drugs act on the same biosynthetic 

pathway of the parasite. Like most commonly used antimalarial drugs, the efficacy of 

SP based on 162 studies in 45 countries between 2000 and 2007 has been shown to be 

heterogeneous depending on region and the history of SP use in each region.51 In some 

countries in South America, the Middle East and Central Asia, SP remains effective 

with median failure rates of between 4.7% and 5%. However, in parts of Africa where 

SP has been used as first-line treatment following the development of CQ resistance, 

resistance rates are very high.40,59 In Eastern Africa, the median failure rate is estimated 

to be 52.8% compared to 18.7% in West Africa and 23% in Central Africa. In the Asia-

Pacific region, rates of treatment failure remain heterogeneous even within the same 

country and range widely between 5% and 62%.51 

 

1.5.5 Mefloquine resistance 
 

Mefloquine is an analogue of quinine that was first developed by the Walter 

Reed Army Institute of Research in the United States (US). This drug has a long 
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elimination half-life (t1/2) of about 2-3 weeks.60 Mefloquine resistance at the Cambodia-

Thailand boarder developed only a few years after its introduction in that region in 

1984.61,62 The appearance of mefloquine resistance has been attributed to:  i) pre-

existing strains in the region with marked reduced sensitivity to quinine, ii) the long t1/2 

of mefloquine allowing exposure to sub-therapeutic levels, and iii) the prolonged use of 

low doses of mefloquine in a single-dose regimen (15mg/kg) in this region.51 The use of 

the recommended dose of 25 mg/kg has been associated with adverse effects such as 

vomiting, nausea, dizziness, dysphoria and, rarely, self-limiting psychosis or 

convulsions.60 In particular, early vomiting may lead to poor absorption, resulting in 

lower blood concentrations of mefloquine that subsequently lead to a poor therapeutic 

response.63 However, because mefloquine is relatively expensive compared to other 

antimalarial drugs, it is not widely used in most malaria endemic settings. In countries 

where mefloquine has been used such as in Benin, Brazil, Nigeria and Suriname, the use 

of a total dose of 25mg/kg showed low failure rates of between 2.4% and 8.8%.51  

Due to the high burden of malaria during pregnancy and the failing efficacy of 

SP as an intermittent preventative treatment for pregnant mothers, recent studies have 

been conducted to assess the safety and efficacy of mefloquine in Africa women. 

However, these studies suggest mefloquine cannot be recommended as an alternative 

drug for malaria prevention in both HIV positive and HIV negative mothers because it 

was poorly tolerated with high rates of adverse effects and non-inferior efficacy 

compared to SP.64,65 

 

1.5.6 Quinine resistance 
 

Quinine has remained an efficacious antimalarial drug for more than 360 years. 

During the CQ resistant era, quinine became extremely valuable particularly in the 

treatment of severe malaria,60 although serious adverse effects such as 
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hyperinsulinaemic hypoglycaemia have always been a concern.66 However, with the 

current use of well tolerated ACTs as first-line treatment for malaria as well as the 

administration of artesunate or artemether for the treatment of severe malaria, quinine 

use has declined markedly. Although failure rates of ≥ 20% have been reported in 

Venezuela, the data were not polymerase chain reaction (PCR)-corrected, making it 

difficult to estimate an accurate failure rate of quinine in that setting.51 Furthermore, the 

limited number of studies that have investigated the efficacy of quinine have had 

variable study methodologies. The heterogenicity in  measured variables includes 

treatment duration (3- 7 days), dosing regimens (15- 25mg/kg), study designs of 

monotherapy versus combination with antibiotics or SP, and patient categories such as 

pregnant women or those with severe malaria.51 Therefore, it is difficult to estimate 

accurate rates of quinine efficacy regionally as well as worldwide. 

 

1.5.7 Artemisinin resistance 
 

Despite significant progress in reducing global malaria mortality,3 antimalarial 

drug resistance remains a major obstacle to control programs worldwide.51  The 

successive introduction of CQ, SP and mefloquine as monotherapy for uncomplicated 

malaria over the past 80 years was followed by the development of resistance in areas 

where these drugs were widely used.51 Rising rates of CQ resistance in the last 30 years 

were linked to increased childhood mortality in African children, highlighting the 

serious consequences of antimalarial drug resistance.67 

Concerns regarding decreased susceptibility to artemisinin compounds began at 

the Cambodia-Thailand border in 2006. However, artemisinin resistance was not 

confirmed until in 2009 in the greater Mekong delta region.68,69    This area has 

traditionally been the focal point for the emergence of drug resistance in P. falciparum 

parasites. Chloroquine, SP and mefloquine resistance are thought to have spread from 
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this region.70-72   With a multidisciplinary approach, health authorities led by the WHO 

have been attempting to stop the spread of resistant parasites with increased monitoring 

and surveillance, improved access to malaria diagnostics, rational treatment with ACTs, 

and increased investment in artemisinin-related research.4,51 These efforts led to a recent 

significant breakthrough when a molecular marker of artemisinin resistance was 

identified in the propeller region of P. falciparum kelch protein gene on chromosome 13 

(kelch13).73 However, a recent study suggests artemisinin resistance has not been 

contained and is likely to spread to other regions, posing serious threats that may 

reverse the substantial recent success in malaria control.74 

 

1.6 ARTEMISININ 
 

Globally, the semi-synthetic derivatives of artemisinin and ACTs remain the 

most efficacy antimalarial drugs despite the recent development of artemisinin 

resistance. In recent years, the use of ACTs has been an important tool in the control of 

malaria and in the decline of malaria-related morbidity and mortality. 

  Artemisinin is a sesquiterpene lactone containing an unusual peroxide bridge 

that is believed to be responsible for the drug's mechanism of action. Artemisinin 

(Figure 4) is the principal antimalarial compound that was first isolated from the 

Chinese wormwood medicinal herb Artemisia annua.75 Artemisinin derivatives are fast 

acting, highly potent and effective against all species of malaria.76-79 However, because 

of their short t1/2, recurrence is common and therefore short courses and their use as 

monotherapy are not recommended. Studies in China and Vietnam using artesunate 

monotherapy have shown that a median treatment failure rate of a 5-day treatment 

course was 15%, whereas the failure rate after 7-day treatment was 3%.80  
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Figure 4: Chemical structure of artemisinin 

 

 

In order to delay the selection of drug resistance parasites, ACTs were 

developed. Currently, the only ACTs to have met WHO pre-registration requirements 

are AL, artesunate-amodiaquine, artesunate-mefloquine, artesunate-sulfadoxine-

pyrimethamine, and dihydroartemisinin-piperaquine (DP).80 

 

1.6.1 Artemisinin-based combination therapies  
 

Most currently available antimalarial drugs can be classified into seven classes: 

i) 4-aminoquinolones, ii) 8-aminoquinolones, iii) artemisinin derivatives, iv) aryl 

amino-alcohols, v) anti-folates, vi) respiratory chain inhibitor, and vii) antibiotics.59 Of 

these, the artemisinin derivatives are currently the most widely used, particularly in the 

form of fixed-dose ACTs.81 The three main ACTs are AL (Coartem®, from Novartis), 

artesunate-amodiaquine (CoarsucamTM and artesunate Amodiaquine WinthropR, from 

Sanofi) and DP (Eurartesim® from Sigma-Tau; Artekin from Holleykin 

Pharmaceuticals). Other available ACTs that have met WHO pre-registration 

requirements but are currently at different stages of registration and approval include 
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artesunate-mefloquine (from Cephalon/Mepha) and artesunate-pyronaridine (Pyramax® 

from Shin Poong Pharmaceuticals).80 Artemisinin-naphthoquine (ART-NQ; ARCOR, 

Kunming Pharmaceuticals, China), which is the focus of this thesis, is a drug 

combination that has not yet meet WHO pre-registration requirement mainly because of 

the manufacturer‟s recommendation that the drug should be administered as a single-

dose therapy.    

 

1.7 ARTEMISININ-NAPHTHOQUINE  

1.7.1 Development of artemisinin-naphthoquine 
 

Artemisinin-naphthoquine is a fixed-dose tablet co-formulation that is 

manufactured by Kunming Pharmaceuticals (Yunnan, China) and marketed 

commercially in many malaria-endemic countries as a single-dose therapy. Following 

the widespread development of antimalarial drug resistance and recommendations 

against the use of antimalarials as monotherapies, the Chinese Academy of Military 

Medical Sciences initially developed ART-NQ (Arco®) as a co-formulated ACT.82 

Early animal studies showed that the combination of artemisinin and NQ was safe, with 

a wide therapeutic index.83 After its approval in China, large scale production of ART-

NQ by Kunming Pharmaceuticals resulted in the global distribution of the drug as 

single-dose therapy. However, the manufacturer‟s single-dose recommendation 

appeared to be mainly a marketing strategy that was developed in an attempt to improve 

treatment compliance, but it does not comply with WHO‟s stipulation that ACTs should  

not be administered for less than three days to improve cure rates and avoid the 

development of drug resistance.80 

Following the apparent refusal by Kunming Pharmaceuticals to comply with 

WHO recommendations that ACTs should not be marketed as a single-dose therapy, 

WHO confronted the drug developer and requested it cease production of ART-NQ in 
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2007.84  Despite this, ART-NQ single-dose therapy continues to be promoted and used 

in a variety of malaria-endemic countries.85-87  

Since all safety and efficacy studies of ART-NQ single-dose therapy were 

conducted mostly in adults82,85,87-91 and did not include young children in malaria-

endemic countries who suffer most from malaria, preliminary safety and efficacy 

studies were carried out in PNG children in a setting where multiple Plasmodium 

species co-exist.92,93 These studies showed delayed parasite clearance and low efficacy, 

particularly in the single-dose group,93 supporting concerns raised by WHO84 and 

highlighting the need for a trial of three daily doses.  

 

1.7.2 Pharmacokinetics of naphthoquine 
 

Naphthoquine phosphate is available as 4-(7-chloro-4-aminoquinoline)-2-tert-

butylaminomethyl-5,6,7,8-4hydro-1-naphthol diphosphate, which has a molecular 

weight of 641.98 (Figure 5).83 No details of the chemical synthesis methodology of NQ 

are available and the drug is not registered in any Western Pharmacopoeia. Furthermore, 

there is limited and inconsistent data on the pharmacokinetics of NQ.  

An early study reported a NQ elimination t1/2 of 41 to 57 hours.83 In another 

study of health Chinese male volunteers between 20 and 40 years old receiving NQ 

alone or NQ coformulated with artemisinin, the elimination t1/2 of NQ was reported to 

be approximately 255 hours.94 However, this latter study included a controversial 

finding regarding the effect of fat on NQ absorption. The highest mean plasma 

concentrations of NQ were in the fasted group who received fixed combination 

compared to both the fed group receiving fixed combination and the fasted group 

receiving NQ monotherapy. This is in contrast to the effect of fat on NQ in PNG 

children,92 and on related drugs such as piperaquine and lumefantrine.95-97  
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A recent study in PNG children aged 5 to 12 years old showed that NQ had an 

elimination t1/2 of 22 to 25 days92 compared to previous reports of a shorter NQ 

elimination t1/2.
83,94 This finding means that NQ has the longest elimination t1/2 of 

available ACT partner drugs such as piperaquine which has been shown to have an 

elimination t1/2 of 14 to 21 days.98-100 Although previous studies using non-

compartmental methods have estimated NQ to reach peak plasma concentration within 

2 to 4 hours,86 the PNG study (which involved a three-compartment model) showed that 

NQ was promptly absorbed, with a mean absorption t1/2 of 1 hour.92 

 

 

Figure 5: Chemical structure of naphthoquine phosphate. 

 

 

1.7.3 Safety and efficacy of artemisinin-naphthoquine  
 

Although there is a wealth of safety and efficacy data available for 

artemisinin,101-105 there is limited equivalent data for NQ. Naphthoquine was initially 

shown in in vitro studies, animal studies and clinical trials in China to be safe and 

efficacious when given as single and two-dose monotherapy. 83 It has also been trialled 
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in combination with dihydroartemisinin (DHA) and trimethoprim as a two-dose 

regimen compared to standard six divided doses of AL and found to be safe, well 

tolerated and efficacious over 28 days of follow-up.106   

Most of the safety and efficacy data available for ART-NQ have been obtained 

from single dose studies.82,85,87,91 However, in the PNG paediatric study which 

compared: (i) a single-dose group receiving ART-NQ with water, to (ii) a single-dose 

group receiving ART-NQ with milk, and (iii) a double-dose group who received ART-

NQ with water, high rates of reinfection and gametocyte carriage were observed in the 

single-dose-with-water group. 93 Apart from the PNG study, only two other studies, 

from Ivory Coast and Nigeria, have assessed the safety and efficacy of double-dose 

ART-NQ, showing no significant concerns.89,90 To date, only one adult study in patients 

with vivax malaria has examined the use of ART-NQ as a three-dose regimen, showing 

a PCR-uncorrected Day 42 ACPR of 98.4% in the ART-NQ group compared to 96.1% 

in patients treated with chloroquine-primaquine.88 

 

1.8 ARTEMETHER-LUMEFANTRINE 

1.8.1 Pharmacokinetics of artemether-lumefantrine 

Artemether is a semi-synthetic artemisinin derivative that is available as 

monotherapy but its usual use is as a short acting partner drug in AL. When orally 

administrated, artemether is rapidly absorbed, reaching a maximum plasma 

concentration (Cmax) within 2 hours.107 It is then rapidly and extensively demethylated 

to DHA, which is the pharmacologically active metabolite of the semi-synthetic 

artemisinin derivatives. Both artemether and DHA exhibit short elimination t1/2 of less 

than 3 hours.108,109  

Lumefantrine (2-dibutylamino-1-[2,7-dichloro-9-(4-chlorobenzylidene0-9H-

fluoren-4-y1]-ethanol) is an aryl amino-alcohol, originally discovered in China and 
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developed by the Chinese Academy of Military Medical Sciences.110 Because it is 

highly lipophilic, it is poorly absorbed if not administered with dietary fat.95 

Lumefantrine has an elimination t1/2 of 60 hours.110,111 This short t1/2 compared to other 

longer acting partner drugs in ACTs such as piperaquine, NQ and pyronaridine is the 

factor responsible for high reinfection rates particularly in areas of intense transmission 

and settings where vivax malaria is endemic.112,113 Furthermore, the pharmacokinetic 

properties of lumefantrine are thought to be altered during pregnancy, resulting in 

reduced bioavailability of lumefantrine and consequently high rates of reinfection in this 

vulnerable patient group.114 

In settings where falciparum malaria predominates, the short t1/2 of lumefantrine 

might be considered as an advantage because it limits the time parasites are exposed to 

sub-therapeutic concentrations and thus reduces the risk of development of parasite 

resistance. In addition, the fact that lumefantrine has never been used as monotherapy 

means it is likely to remain efficacious for a relatively long time compared to other 

longer acting partner drugs currently used in ACTs.115  

 

1.8.2 Safety and efficacy of artemether-lumefantrine 
 

Artemether-lumefantrine was the first ACT to meet WHO pre-registration 

requirements.80 It is considered one of the safest and most efficacious ACTs, 

particularly for the treatment of falciparum malaria.112 Globally, AL is the most widely 

used ACT with over 400 million treatments already distributed.116,117 Although 

lumefantrine has a similar chemical structure to halofantrine, another aryl amino-

alcohol drug that has been withdrawn due to its cardiotoxic effects,118 

electrocardiographic (ECG) studies have shown no evidence of cardiotoxicity with the 

use of therapeutic doses of AL.119 A case report suggested lumefantrine may have 

caused Blackwater fever in an AL-treated child,120 although malaria itself is a major 
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cause of Blackwater fever, and other causes of haemoglobinuria were not exhaustively 

excluded. Animal studies have suggested that artemisinin derivatives such as artemether 

may cause neurotoxicity, but these findings have not been observed in human studies 

mainly because of the lower therapeutic doses used in humans compared to often 

extremely high doses used in animal studies.121 One study reported auditory loss in AL-

treated patients,122 although this finding has been debated.123,124  

Despite these limited adverse effect reports, multiple early as well as more 

recent studies of AL in children, adults and pregnant women have consistently shown 

AL to be safe, well tolerated and efficacious.125-129 Nevertheless, pharmacovigilance 

remains important particularly when intramuscular artemether is used in patients with 

evidence of a compromised blood brain barrier.130 Although AL is highly efficacious 

against P. falciparum and is currently the first-line treatment for malaria in many 

malaria-endemic countries, the relatively poor efficacy of AL in settings where P. vivax 

predominates is well known.112,113 This situation is a major reason why the present trial 

was conducted.  

 

1.9 MALARIA IN PAPUA NEW GUINEA 
 
  Papua New Guinea (PNG) is a tropical Melanesian country that occupies the 

eastern part of the island of New Guinea and shares borders with Australia to its south, 

Indonesia to its west and other Pacific island countries on its northern and eastern 

borders (Figure 6). The country has an estimated area of about 450 000 km2 with 

multiple atolls, coastal swamps, rainforest and high mountains.131 Because PNG is 

situated adjacent to the equator, the ambient temperature does not show much seasonal 

variation throughout the year and depends mainly on altitude.   

 



25 
 

 

Figure 6: Location of PNG in the Melanesian sub-region of Oceania.132 

 

1.9.1 History of Malaria Research in PNG 
 

Malaria research in PNG has a long history, dating back more than 100 years to 

the time of Robert Koch, the father of modern microbiology. Koch led the first malaria 

expedition to Dutch East Indies (now Indonesia) and German New Guinea (now 

PNG).133 In PNG, much of Koch‟s research was conducted in now Madang province, on 

the northern coast of mainland PNG, in the early 1800s.134-136 Even today, despite the 

advent of molecular diagnostics, Koch‟s immunological studies on age and acquisition 

of immunity, species-specific immunity, cross-species immunity, protective immunity 

and antimalarial vaccine prospects remain important.133  

 Because of the environmental diversity ranging from lowland swamps and atoll 

islands to dense rainforest and high mountains, PNG provides a unique environment for 

malaria research. The north coast of PNG has been an important field site for intense 

malaria research, especially over the last 50 years. Numerous epidemiological, clinical 
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and scientific studies, including the present study, were conducted in Madang Province. 

For many years, malaria investigators, particularly working in collaboration with the 

Papua New Guinea Institute of Medical Research (PNGIMR), have been conducting 

malaria epidemiological studies, entomological studies, parasitological studies, malaria 

vaccine trials, antimalarial drug safety and efficacy trials, and clinical-pathological 

studies in the Madang and East Sepik Provinces. 

 

1.9.2 Epidemiology of malaria in PNG 
 

Of the five Plasmodium species that infect humans, four are found in PNG (P. 

falciparum, P. vivax, P. malariae and P. ovale), with P. falciparum and P. vivax being 

the predominant species. Although the prevalence of P. malariae is low, it has been 

reported to reach 13% in the Maprik area of East Sepik Province.131 Plasmodium ovale 

is found occasionally, but little is known about its exact prevalence.137 Because of the 

environmental diversity, even within the same province, the endemicity of malaria may 

vary from high transmission to low transmission depending on altitude, the presence of 

vectors, rainfall and host immunity.138,139   

The impact of malaria eradication attempts and control programs in PNG has 

heavily influenced the epidemiology of malaria species in PNG over the last 60 years.131 

Before vector control programs, P. vivax was the predominant species, followed by P. 

falciparum and P. malaria.140 In 1957, residual spraying with DDT and dieldrin as well 

as mass drug administration with CQ commenced in central Sepik, and extended to 

other malaria-endemic parts of the country. Coverage of 53% of the population was 

achieved in 1973 leading to near elimination in low transmission, high altitude settings, 

while coastal regions also experienced significant reductions.141,142 However, with the 

global collapse of the WHO-led malaria eradication programme, PNG eradication 
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efforts were also abandoned. This resulted in the resurgence of P. falciparum as the 

predominant species. 

In recent years, the decline in the incidence of malaria has been attributed to the 

revival of the malaria control program in PNG, primarily funded by Global Fund with 

the support of the PNG Government and non-governmental organisations such as 

Rotarians Against Malaria. This campaign has seen the distribution of 5.7 million 

bednets throughout PNG over the last 4 years (Rotarians Against Malaria, unpublished 

data). Coinciding with malaria control programs, the roll-out of AL as the first-line 

treatment for confirmed malaria and the widespread availability of artemether as the 

main treatment for severe malaria, has contributed to the significant decline of malaria 

and associated comorbidities and deaths in recent years.  

Although severe childhood malaria occurs regularly in PNG,12,143-145  mortality 

due to severe malaria is lower in Melanesian than African children.144,146  This 

phenomenon has been attributed to the low rates of hypoglycaemia and bacterial 

coinfection observed in PNG children with severe malaria compared to African 

children.12,30 

 

1.9.3 Coastal PNG 
 

On the south coast of PNG, particularly along the Port Moresby coast, 

transmission is less intense and often absent during the dry season.142 However, in other 

lowland settings, particularly on the north coast of the country which has been the site 

of multiple malarial studies, transmission remains moderate to high, often peaking at the 

end of the rainy season and at the start of the dry season between April and July.131 

Over the last 40 years, the prevalence of asymptomatic P. falciparum parasitaemia by 

microscopy in PNG has declined dramatically from 40 to 50% in the 1980s147 to 8.2% 

in recent years,148 while P. vivax prevalence has remained unaffected (13 to 18%) over 
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the last 4 decades.147,148 The current malaria entomological inoculation rate (EIR) in 

Madang Province has been estimated at 37 for P. falciparum and 24 for P. vivax.149 

 

1.9.4 Highlands PNG 
 

Malaria has always been considered rare in the highlands of PNG even though 

the parasite may have been present in the highland valleys. It has been postulated to be 

the most important cause of  population migration to the highlands.150 However, it was 

not until during the colonial period when roads were built, linking the highlands to 

endemic coastal regions, that malaria became a significant problem. In the late 1940s 

and early 1950s, the first reports of malaria outbreaks occurred in the newly established 

tea and coffee plantations in the Western Highlands Province.151,152 Recent studies 

across the entire PNG highlands region have found malaria to be seasonal in areas 

above 1500 meters but sometimes with significant morbidity and mortality during 

epidemics because of the non-immune population in this region.153-157  

 

1.9.5 Treatment of malaria in PNG 
 

Chloroquine resistant P. falciparum and P. vivax in PNG were first reported in 

1976 and 1989, respectively.50,158 However, CQ monotherapy in adults and AQ 

monotherapy in children remained first-line treatments for malaria in PNG until 2000 

when combination therapy with CQ or AQ with SP was introduced in an attempt to 

improve clinical effectiveness and delay antimalarial drug resistance. Despite this, this 

combination regimen did not last long, after an overall treatment failure rate of 12% in 

vivax malaria and up to 28% in falciparum malaria was reported only a few years 

later.159 This rate of parasitological failure was higher than the WHO recommended 

10% failure rate requiring a change in first-line therapy.80 At that time, there were no 



29 
 

available data to assist policy makers in deciding which drug should replace CQ or AQ 

with SP.  

Between 2005 and 2007, Karunajeewa and colleagues carried out a four arm 

open-label randomised controlled trial in children age 6 months to 5 years old, 

comparing conventional treatment CQ-SP against artesunate-SP, DP and AL.112 The 

study found AL to be the most efficacious treatment against P. falciparum with a Day 

42 PCR-corrected adequate clinical and parasitologic response (ACPR) of 95.5% while 

DP was the most efficacious in the treatment of vivax malaria with a Day 42 ACPR of 

69.4%. AL-treated children with P. vivax were found to have a very low ACPR of only 

33.3%. Despite this, in view of the impracticality of species-specific treatments and 

logistic challenges in PNG where there are limited diagnostic facilities, and since 

falciparum malaria more often progresses to complications and death, AL was chosen as 

first-line therapy under 2009 PNG national guidelines.160  

 

1.9.6 Scope of studies in this thesis 

The studies in this thesis arise largely from a clinical trial assessing the safety, 

tolerability and efficacy of three-dose ART-NQ compared to recommended first-line 

AL treatment. Chapter 2 outlines the general clinical and laboratory methods employed 

in the various studies, including a publication outlining the validation of the malaria 

microscopy method used in the trial (see Appendix A). Chapter 3 presents data 

specifically on the safety and tolerability of three-dose ART-NQ compared to AL. 

Chapter 4 details the efficacy of three-dose ART-NQ relative to AL. The majority of the 

work outlined in Chapters 3 and 4 have been published (see Appendix B). Chapter 5 

presents a comparison of the rates of gametocyte clearance, as assessed by light 

microscopy, after treatment with the two ACTs. Chapter 5 also contains data from a 

sub-study involving the use of Quantitative High Field Gradient Magnetic Fractionation 
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(QMF) for the detecting of gametocytes (see Appendix C). Chapter 6 is a sub-study in 

which children recruited to the trial were followed up for six months post-treatment to 

document the potential prophylactic effects of the two ACTs. In light of the literature 

review and because of the interesting relationship between malarial anaemia and the 

immunological function of the spleen in clearing asexual and sexual parasites following 

treatment, Chapter 7 outlines a sub-study in which changes in splenic volume were 

measured in patients with moderate malarial anaemia (MMA) who were screened for 

inclusion in the trial as well as a separate group of children with severe malarial 

anaemia. Chapter 8 summarizes the major findings of all the studies presented in this 

thesis. It highlights the limitations and strengths of the trial, the practical and logistic 

issues from a PNG perspective, and further research questions that have been generated 

from the studies.  
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2.  GENERAL METHODS 

2.1 STUDY SITE 

The present study was conducted in Madang Province on the north coast of 

mainland PNG. Madang is in the Momase region of PNG and shares borders with East 

Sepik, Enga, Western Highlands, Chimbu, Eastern Highlands and Morobe Provinces. 

Madang Province has a relatively large area (approximately 300 km long and 160 km 

wide) as well as 4 large volcanic islands and a number of smaller offshore islands. The 

Province has an estimated population of 450,000, most of whom are subsistence 

farmers. Madang Province is divided into 6 districts (Bogia, Raicoast, Madang, Sumkar, 

Ramu and Usino Bundi) and 16 local level government areas. The provincial capital of 

Madang Province is called Madang Town.  

 

2.1.1 Field sites 
 
 Patients enrolled into the present study were recruited at the Alexishafen and 

Mugil Health Centres on the north coast of mainland PNG (Figure 7). 

 

Figure 7: Map of PNG highlighting Madang Province and the study sites. 
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2.1.2 Alexishafen clinic 
 

Both the Alexishafen and Mugil Health Centres are managed by the PNG 

Catholic Health Services. Alexishafen is located approximately 15 km outside of the 

township of Madang and has been the primary site of antimalarial drug studies 

conducted by UWA group led by Prof Timothy Davis in collaboration with the 

PNGIMR. This site was established in 2003, and Dr Harin Karunajeewa led a team of 

dedicated staff who carried out the first four-arm clinical trial of AL, DP, CQ-SP and 

artesunate-SP in children with uncomplicated malaria.112 Over the years, subsequent 

antimalarial pharmacokinetic/pharmacodynamic (PK/PD) studies of CQ, SP, 

piperaquine, azithromycin, NQ and primaquine in children and/or pregnant women have 

been conducted at this site (Figure 8). 

 

 

Figure 8: Staff at Alexishafen clinic at work. 
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2.1.3 Mugil clinic 
 

Mugil Health Centre is located approximately 50 km outside of the township of 

Madang. This distance and the road conditions make access to the clinic challenging. In 

addition, its electricity supply is unreliable, particularly during the wet season (Figure 

9). There were no established research facilities at the Mugil site prior to the present 

trial. Therefore, a substantial amount of time and resources were spent in negotiations 

with the PNG Catholic Health Services as well as on establishment of infrastructure 

prior to commencement of the trial (Figure 10). This site operated as the second 

recruitment site for the current trial between April 2011 and July 2012. 

 

 

Figure 9: Flooding along the Madang north coast highway to Mugil. 
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Figure 10: (A) Prior to establishment of the Mugil drug study unit (B) After 
renovations and establishment of the unit. 

 

2.1.4 Field study personnel  
 

At the Mugil site, the study team comprised of a field microscopist, a health 

extension officer, 4 nursing officers, 2 drivers and myself as the team leader. Similarly, 

the Alexishafen team consisted of Dr John Benjamin and Dr Brioni Moore as team 

leaders, 3 nursing officers, a health extension officer, a microscopist and 2 drivers. Dr 

Brioni Moore was also in charge of the administrative aspects of the trial while I was 

responsible for the overall clinical supervision. The expert microscopists at PNGIMR 

were led by Dr Leanne Robinson, while the molecular parasitology team were led 

initially by Dr Anna Rosanas-Urgell and subsequently by Dr Johanna Kattenberg. Dr 

Stephan Karl led the set up and coordination of the magnetic fractionation (MF) 

gametocyte work. The data management team was led by Mr Thomas Adiguma. Dr 

Inoni Betuela and Prof Peter Siba provided logistics support through the PNGIMR. Prof 

Timothy Davis was the chief investigator of the trial, providing overall guidance. 
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2.2 STUDY DESIGN AND SAMPLES SIZE CALCULATION 

The studies described in this thesis were based on an open-label, parallel-group 

randomised control trial. A non-inferiority trial design was selected for falciparum 

malaria since AL has been shown to have >95% Day 42 ACPR in the PNG paediatric 

population.112 Based on the assumption that the P. falciparum Day 42 PCR-corrected 

ACPR for AL would be 95.2% as in the Karunajeewa et al study,112 a 5% non-

inferiority margin for ART-NQ (approximating the WHO recommended 10% failure 

rate for change in treatment policy80), an attrition rate of 25%, 5% type 1 error (one-

tailed) and 80% power, a sample size of 220 per falciparum malaria treatment arm was 

chosen.161 For vivax malaria, because DP was twice as efficacious when compared to 

AL in PNG children and given the relatively long t1/2 of NQ,92,112 a superiority study 

design was selected. Based on the assumption that the Day 42 uncorrected P. vivax 

ACPR for ART-NQ would at least be double the 30.3% ACPR for AL,112 with an 

attrition rate of 25%, 5% type 1 error (two-tailed) and 90% power, a samples size of 60 

per vivax malaria treatment arm was selected.161 

 

2.3 ENDPOINT DEFINITIONS 
 

Details of primary and secondary endpoints are outlined in the Methods section 

of Chapter 4. Efficacy assessments were based on the WHO definitions.162 

Recrudescence was defined as recurrence of asexual parasitaemia in falciparum malaria 

identified by molecular genotyping of parasite loci, after treatment of the original 

infection with the use of a study drug.163,164 Early treatment failure (ETF) was defined 

as the development of severity or an inadequate parasitological response by Day 3. Late 

parasitological failure (LPF) is defined as the development of parasitaemia between 

Days 4 and 42. Late clinical failure (LCF) is when a child is found to be febrile between 

Days 4 and 42.  
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2.4 PATIENTS AND PARTICIPANTS 

2.4.1 Screening 
 

Patients were screened at the Outpatient Department of Mugil and Alexishafen 

Health Centres prior to enrolment. Occasionally, patients came directly to the Research 

Units to seek participation in the trial. To be eligible for inclusion, children had to fulfil 

the study inclusion criteria (outlined below), which included a signed, witnessed 

informed consent by a parent or guardian prior to enrolment.  

 

2.4.2 Inclusion criteria for studies described in Chapter 3 and Chapter 4 
 

Children aged 6 months to 5 years attending the Outpatient Department at Mugil 

and Alexishafen Clinics were eligible for recruitment into the safety and efficacy 

components of the trial if they had i) an axillary temperature >37.5°C or fever during 

the previous 24 hours, ii) P. falciparum with a parasite threshold of >1000 asexual 

parasites/ µL of whole blood, and/ or P. vivax with a parasite threshold of >250/ µL on 

peripheral blood smear, iii) no use or history of use of study drugs (artemisinin, 

artemether, NQ, lumefantrine) in the past 28 days, iv) parents or guardians provided 

written informed consent, and v) there was no clinical or laboratory evidence of severe 

malaria or another infection.165  

Children who were malnourished (mid-upper arm circumference ≤ 12.5 cm), had 

impaired consciousness (BCS ≤ 4), prostration, inability to feed, continuous vomiting, 

signs of respiratory distress, ≥2 fits in the past 24 hours, clinical jaundice, haematuria, 

signs of circulatory collapse, signs of abnormal bleeding, severe anaemia (<50g/L) or 

hypoglycaemia (≤2.2mmol/L) at the time of enrolment were excluded. Following 

exclusion from the study, severely ill children were treated according to the PNG 

paediatric standard treatment guidelines,166 or referred to Modilon Hospital for further 

management. 
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2.4.3 Inclusion criteria for Chapter 5 
 

In the gametocytes sub-study, eligible participants were those who: i) fulfilled 

the safety and efficacy study inclusion criteria at enrolment, ii) successfully completed 

treatment, and iii) did not violate study protocols or withdraw from the trial. Blood 

slides where obtained on Days 0, 1, 2, 3, 7, 14, 28 and 42. In a sub-set of these children 

who also participated in the gametocyte magnetic fractionation (MF) sub-study where 

the sensitivity and specificity of MF were compared to standard light microscopy and 

reverse transcriptase PCR, signed witnessed informed consent was obtained as part of 

the main trial for an extra 500 µL of blood to be collected for reverse transcriptase PCR 

and MF assay. 

 

2.4.4 Inclusion criteria for Chapter 6 
 

At the end of the 42-day follow-up period, study participants were asked to 

return at six month after initial treatment to assess the post-treatment prophylactic 

effects of the longer acting partner drugs. Children who participated in the six-month 

follow-up study were those who: i) fulfilled the safety and efficacy study inclusion 

criteria at enrolment, ii) successfully completed treatment, iii) did not violate study 

protocols or withdraw during the in-trial 42-day period, and iv) returned for their six-

month follow-up visit.   

  

2.4.5 Inclusion criteria for Chapter 7 

Children with MMA were recruited at the Mugil Health Centre while those with 

severe malarial anaemia (SMA) were recruited at Modilon Hospital. The inclusion 

criteria for SMA were: i) age between 1 and 10 years, ii) P. falciparum and/ or P. vivax 
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on peripheral blood smear, iii) severe anaemia (haemoglobin ≤50 g/L), and iv) a signed 

informed consent by a parent or guardian.   

Inclusion criteria for those with MMA were: i) age between 1 and 10 years, ii) 

P. falciparum and/ or P. vivax on peripheral blood smear, iii) a haemoglobin level 

between 51-99g/L, iv) no clinical and/or laboratory evidence of severe malaria or 

another infection, and  v) a signed witnessed informed consent by a parent or guardian. 

 

2.5 DIAGNOSIS OF MALARIA 

2.5.1 Rapid diagnostic tests 
 

Malaria rapid diagnostic tests (RDTs) are now widely deployed at every level in 

the health care sector in malaria endemic countries.167 In PNG, the two main RDTs in 

use in most health facilities are the Malaria ICT (Combo, South Africa) and CareStart 

Malaria (HRP2/ PLDH Combo; AccessBio, Inc., USA).  In the present study, CareStart 

RDTs were used because of their superior sensitivity and specificity, particularly for the 

diagnosis of P. vivax.168 As part of the screening process, all children presenting with 

fever or signs and symptoms suggestive of malaria were initially screened by RDT. 

Patients with positive RDTs had blood slides examined to determine if they met the 

study inclusion criteria. 

 

2.5.2 Malaria microscopy  
 

Malaria microscopy preliminary reads were performed by qualified field 

microscopists who were part of the two field teams. Of the three blood slides prepared 

during blood collection, one was stained with 10% v/v Giemsa stain over 10 minutes 

and read onsite under x100 magnification to determine eligibility. The remaining slides 

were transported to a reference microscopy laboratory at the PNGIMR Vector Borne 



40 
 

Diseases Unit where they were stained with 4% Giemsa stain over 30 minutes and 

subsequently read independently by two skilled microscopists.  

Parasitaemia was quantified with densities counted against 200 WBC in high 

density smears or 500 WBC in low density smears. Negative slides were declared as „no 

parasites seen‟ after examination of 200 fields under x100 magnification. Slides with 

discrepancies of more than a factor of three regarding density, speciation and parasite 

positivity or negativity, were adjudicated by a senior microscopist.  

 

2.6 VALIDATION OF PARASITE DENSITY CALCULATION 
 

As part of the haematological safety  monitoring assessments, the accuracy of 

the WHO recommended method of estimating malaria parasite density from thick blood 

smears by assuming a white blood cell (WBC) count of 8000/µL,169 compared to 

measured leucocyte count was investigated as part of the present trial.170 This was 

particularly important as there is increasing evidence that differences in WBC counts 

depends on regional dissimilarities and the infecting Plasmodium species.171-175 In PNG, 

antimalarial efficacy trials, epidemiological trials as well as routine laboratory reporting 

have all relied on the WHO method of determining parasite density, but there has been 

no validation of this method.  

 

2.6.1 Assumed versus measured leucocyte count 
 

Of the 168 children who were followed up in the first one week as part of the 

safety monitoring phase in the trial, there were no overall differences in leucocyte 

counts between the falciparum and vivax malaria groups (Figure 11).170 Parasite 

densities derived using an assumed WBC of 8,000/µL in PNG children with both 

falciparum and vivax malaria appeared reliable when the parasite count is <10,000/µL 
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(Figure 12 and 13). However, differences in assumed and measured WBC densities can 

be large, particularly in falciparum malaria when parasite counts are >100,000/µL.170    

 

 

 

 

 

 

Figure 11: Box plot of median ([QR], minimum and maximum leucocyte count in 
children with falciparum monoinfection (grey boxes) versus vivax monoinfection (white 
boxes). 
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Figure 12: Bland Altman plot showing parasite densities estimated using measured 
WBC densities on a logarithmic scale for Plasmodium falciparum cases (abscissa) and 
the difference in parasite density from assumed and measured WBC densities (ordinate 
axis). The mean difference (solid line) and 95% limits of agreement (dashed lines) are 
also shown.170 

 

 

 

 

 

 

 

 

 

 
 



43 
 

 

 

Figure 13: Bland plot showing parasite densities estimated using measured WBC 
densities on a logarithmic scale for Plasmodium vivax cases (abscissa) and the 
difference in parasite density from assumed and measured WBC densities (ordinate 
axis). The mean difference (solid line) and 95% limits of agreement (dashed lines) are 
also shown.170 
 

 

2.6.2 Polymerase Chain Reaction (PCR) 
 
          An aliquot of venous blood was collected in EDTA coated tubes from each 

patient on Days 0, 28 and 42, and stored in a -80oC freezer at the PNGIMR Yagaum 

until PCR investigations were performed. Additional blood for PCR to differentiate 

reinfection from recrudescence was obtained if a child became sick within 42 days. 

Species differentiation was performed on Day 0 samples using a P. falciparum and P. 

vivax duplex real-time quantitative PCR (qPCR). Recrudescence typing was performed 

following DNA extraction from 200µL of whole blood using FavorPrepTM 96-well 

Genomic DNA Kit (Favorgen®, Taiwan) following manufacturer‟s recommendations. 
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More details of molecular investigations are provided in the Methods section of Chapter 

4. 

 

2.6.3 Antimalarial in vitro drug sensitivity and drug resistance investigations 

  A validated fluorescence-based assay was used to assess growth inhibition of 52 

P. falciparum isolates from children in the present trial. Responses to CQ, lumefantrine, 

piperaquine, NQ, pyronaridine, artesunate, dihydroartemisinin and artemether were 

assessed. Molecular resistance markers were detected using a multiplex PCR ligase 

detection reaction fluorescent microsphere assay. However, because this sub-study is 

beyond the scope of this thesis, it is not presented as a Chapter (see Appendix D).  

 

2.7 TREATMENT ALLOCATION 
 

Children were randomly assigned by use of a computer-generated random-

numbers in blocks of 24 by site to receive AL (1.7:10 mg/kg; Coartem, Novartis 

Pharmaceutical, Basel, Switzerland) twice-daily for three days or ART-NQ (20:8 

mg/kg; Arco, Kunming Pharmaceutical Corporation, Yunnan, China) once-daily for 

three days. The allocation was concealed from investigators by use of an opaque, sealed, 

and sequentially numbered envelope that was opened by the recruiting nurse or clinician 

only after the enrolment of a patient. Microscopists and laboratory staff were unaware 

of the participant‟s treatment allocation and response at all follow-up timepoints.  

 

2.7.1 Administration of artemisinin-naphthoquine 
 

Artemisinin-naphthoquine was administered once daily under supervision, with 

water. The decision to administer the drug with water was based on data obtained from 

ART-NQ pharmacokinetic studies in PNG children.92,93  
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2.7.2 Administration of artemether-lumefantrine  
 

Artemether-lumefantrine was administered with 250 mls of milk in accordance 

with the manufacturer‟s recommendations. Only the evening dose was unsupervised, 

being administered at home by a parent or guardian with a packet of 250 mL milk 

supplied by the study team.  In addition to the detailed case report forms completed by 

study staff on the morning of Days 1, 2 and 3 to establish compliance to the 

unsupervised evening dose, a detailed supplementary form was also completed further 

detailing an estimate of the amount of milk taken with the AL treatment.  

 

2.8 DRUG ASSAYS 

A Day 7 aliquot of plasma samples for each patient was shipped from Madang 

to Curtin University in Perth to determine lumefantrine and NQ concentrations. Day 7 

plasma NQ concentrations were determined using a validated ultra-high-performance 

liquid chromatography-tandem mass spectrometry assay as previously described.92 The 

intra-day and inter-day accuracy ranges were 92% and 106% and 91 to 98%, 

respectively. Day 7 plasma lumefantrine concentrations were also determined by using a 

validated ultra-high-performance liquid chromatography assay as previously 

described,176,177 with an inter-day and intra-day variability of ≤11.2% and ≤9.6%, 

respectively. 

 

2.9 DATA MANAGEMENT 
 
 All case report forms were checked for consistency and missing data on a daily 

basis by the team leaders. Case report forms were then transported to the PNGIMR data 

management unit for data entry and archiving. This process included an initial validity 

check and intuitive restriction ranges defined for continuous variables. The data were 
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then double entered independently by two data entry clerks using the Research 

Electronic Data Capture system (REDCap system). All inconsistencies were checked by 

a data manager and resolved by consensus with the study team leaders. 

 

2.10 ETHICAL STATEMENT  
 

Ethical approval was obtained from the PNGIMR Institutional Review Board 

(PNGIMR IRB 1010), the PNG Medical Research Advisory Committee (MRAC 10.39) 

and the UWA Human Ethics Committee (RA.4.1.4125). This ethics approval covered 

the safety, tolerability (Chapter 3), efficacy (Chapter 4) studies, gametocyte study 

(Chapter 5) and the six month follow-up component of the trial (Chapter 6). The trial 

was registered under the Australian New Zealand Clinical Trials Registry 

(www.anzctr.org.au/Trial/Registration: ACTRN12610000913077).178 

A separate ethics approval was obtained from the PNGIMR Institutional Review 

Board (PNGIMR IRB 1026) and the PNG Medical Research Advisory Committee 

(MRAC 11.07) to recruit patients into the splenic volume sub-study (Chapter 7). The 

clinical trial and the sub-studies conducted as part of the trial were conducted in 

accordance with the Declaration of Helsinki. 
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3. SAFETY OF THREE-DOSE ARTEMISININ-
NAPHTHOQUINE 

3.1 INTRODUCTION 
 

Regulatory authorities and drug developers have an understandable focus on 

safety and tolerability of new antimicrobial drugs.179 However, manufacturers are often 

reluctant to conduct drug safety assessments in vulnerable populations such as pregnant 

women and young children, in fear of encountering adverse events that may tarnish the 

reputation of their products.66 Despite this, these vulnerable groups are often the most 

affected by the disease in question. For instance, in tropical countries, young children 

suffer the most from infections such as malaria. Therefore, careful safety assessment is 

particularly important for new drugs in this age group.  

Safety concerns regarding the use of antimalarial drugs are real. For instance, 

halofantrine (which has been withdrawn) was found to cause dose-dependent 

cardiotoxicity and sudden death after its approval for use as antimalarial treatment. 118 

Following its withdrawal, many studies investigated cardiotoxic effects of other 

antimalarial drugs such as AQ, mefloquine, lumefantrine, primaquine, SP, atovaquone-

proguanil and the artemisinin derivatives, and ECG monitoring has become a 

mandatory part of routine safety investigations in antimalarial drug trials.125  

Similarly, it is equally important to monitor the effects of antimalarial drugs on 

haematologic, hepatic and renal indices. For example, early Chinese studies on the 

safety of artemisinin derivatives documented a dose-related increase in serum 

transaminases while reticulocytes and neutrophil counts were found to decrease 

temporarily with the use of artesunate or artemether when doses above 4mg/kg were 

administered to healthy volunteers.180 Following these observations, further reviews on 

a total of 4062 patients who participated in artemisinin clinical trials confirmed reduced 
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reticulocyte counts,181 while in vitro studies confirm that artemisinin derivatives can 

decrease the phagocytic ability of neutrophils.182  

Another safety concern regarding the use of artemisinin derivatives is 

neurotoxicity.121,183 Although this has been clearly demonstrated in animal models, it 

has not been replicated in human studies. However, this concern may be important 

particularly when attempting to overcome poor therapeutic responses as a result of drug 

resistance,183 or when administering artemisinin derivatives to severely ill patients with 

a compromised blood brain barrier.130,184  

Although aminoquinoline-specific side effects such as hearing loss, orthostatic 

hypotension and long-term adverse effects such as retinopathy and neuromyopathy have 

been reported, particularly with the use of chloroquine,66 there are no currently available 

quality safety data on the potential toxic effects of related drugs such as NQ. In the 

present trial, it was important to monitor the safety of ART-NQ since this is the first 

time ART-NQ has been administered as a three daily dose regimen in children under the 

age of five years.  

Safety and tolerability monitoring in the present trial included serial assessments 

of haematologic, hepatorenal and ECG changes in young PNG children with 

uncomplicated malaria receiving three-dose ART-NQ compared to those receiving 

standard treatment AL. 
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3.2 PATIENTS AND METHODS 
 

3.2.1 Clinical procedures 
 

After screening and written informed consent had been obtained, eligible 

patients who met the study inclusion criteria were assigned to a study nurse who 

recorded the history of the current illness, vaccination status, nutritional history and past 

medical history, as well as findings of basic clinical assessment, on standardised case 

report forms (CRFs). Clinical assessment included documentation of vital signs, 

anthropometric characteristics, and palpation of the spleen and liver. This was followed 

by electrocardiography and blood sampling for the various safety parameters as outlined 

below. Depending on randomisation and treatment allocation, drugs were administered 

with water once daily for patients in the ART-NQ group or twice daily with milk for 

AL-treated patients. Patients were given a calendar indicating their follow-up dates and 

asked to return the next day. Patients in the AL group were supplied with their evening 

dose and a packet of 250 mL milk with specific instructions on how the 

parents/guardians should administer the medication. 

At the subsequent safety monitoring follow-up visits, blood was collected 

serially for blood glucose concentrations and haematologic, hepatic and renal indices, 

on Days 3 and 7. Serial rate-corrected electrocardiographic QTc measurements were 

performed on Days 2, 3 and 7 while blood slides for microscopy were prepared at every 

visit. Details of each safety assessments are outlined below. 

 

3.2.2 Haematological indices 
 

On Days 0, 3 and 7, venous blood samples were collected in microtainers (BD 

Microtainer® tubes, Becton, Franklin Lakes, USA) containing disodium edetate 

(EDTA) and full blood count assessments were performed on the same day using a 

coulter counter analyzer (Ac.T diff Pack, Beckman Coulter, Brea, USA). Leucocytosis 
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was defined as a WBC count of ≥11 X109/L, leucopenia < 4.0X109/L and 

thrombocytopenia was defined as a platelet count <100 X109/L.170 White blood cell 

differentials were estimated as percentages with normal lymphocyte, monocyte and 

granulocyte ranges of 20.5-51.1%, 1.7-9.3% and 42.2-75.2%, respectively. On Days 14, 

28 and 42 and at all timepoints after the safety phase of the trial ended, measurement of 

haemoglobin and blood glucose concentrations was performed using Hemocue systems 

(Hemocue, Ängelholm, Sweden).  

 

3.2.3 Biochemical indices 
 

Blood was collected for liver function tests and renal indices on Days 0, 3 and 7. 

Liver function tests included serum alanine aminotransferase (ALT) and total bilirubin 

while serum creatinine was assessed as part of renal safety monitoring using a Vitros 

dry chemistry analyser (Vitros DT60 II system, Ortho Clinical Diagnostics, Australia). 

Elevated serum creatinine was defined as ≥112 mmol/L, elevated ALT as ≥130 IU/L, 

and elevated total bilirubin as ≥23.8 µmol/L. These definitions were based on   three-

times the upper limit of normal values for PNG children under the age of five years.148 

 

3.2.4 Electrocardiography 
 

A 12-lead ECG was taken for measurement of the QT interval on Days 0, 2, 3 

and 7. Each QT interval was corrected for heart rate using Bazett‟s formula 

(QTc=QT/√RR interval) to allow comparisons with other studies of antimalarial drugs 

with effects on ventricular repolarization in the PNG paediatric population.93,185 The 

QTc assessment on day 2 was performed at exactly 4 hours after the last dose of ART-

NQ to monitor the predicted peak levels of NQ and the risk of cardiotoxicity. 
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3.2.5 Safety monitoring and interim analysis 
 

Safety monitoring and blinded interim safety assessments were performed on a 

four to six monthly basis and the trial was monitored by an external independent Data 

and Safety Monitoring Committee.  After the first 50 patients were recruited, the first 

interim analysis was performed, showing no unexpected safety or efficacy concerns, 

enabling continuation of the trial. The second interim analysis was conducted after 188 

patients were recruited, which clearly showed no haematologic, hepatic, renal or 

cardiotoxicity concerns particularly for patients in the ART-NQ group, justifying 

cessation of the safety component of the trial.  

The final interim analysis to assess the efficacy of the study drugs was 

performed after 267 children had been recruited. This showed ART-NQ to be superior 

to AL for the treatment of vivax malaria and non-inferior for the treatment of falciparum 

malaria (see Chapter 4). 

 

3.2.6 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics version 20 (IBM 

Corporation, Somers, NY, US) and STATA version 11 (StataCorp, College Station, 

Texas, US). Two-sample comparisons for normally-distributed variables were by 

Student‟s t-test. For non-normally distributed variables, Mann Whitney U-test was used 

while the Fisher‟s exact test was used for proportions. Safety and tolerability were 

assessed from the incidence of symptoms or signs to Day 7 using Poisson regression 

with follow-up time as the exposure was used to derive incident rate ratios (IRR) [95% 

CI] with AL as reference.  
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3.3 RESULTS 
 

Of the randomised 267 children, 188 underwent detailed safety monitoring 

(Figure 14). Of these, 91 children received AL and 97 received ART-NQ. During safety 

monitoring, there were no significant drug-related adverse events. The only severe 

adverse event that occurred during the trial was not drug-related.  This was a 48-month 

old child in the ART-NQ group who was hospitalized with lobar pneumonia on Day 23 

and successfully treated. This patient was malaria negative by both microscopy and 

PCR at the time of readmission. 

There were no significant differences in baseline demographic and 

anthropometric characteristics such as age, sex, weight, height and MUAC, or in vital 

signs (Table 1). Similarly, there were no between-group differences in haematological 

parameters which included WBC, WBC differentials, RBC, platelets, haemoglobin 

concentration and blood glucose. No children in either group had a baseline serum 

creatinine concentration >3 times the upper limit of the reference range for PNG 

children (≥112 µmol/L),148 but two children in the AL group had a baseline ALT 

concentration >3 times the upper limit (≥130 U/L; Table 2). Consistent with malaria-

associated hemolysis, approximately a third of children in both groups had a baseline 

serum total bilirubin concentration >3 times the upper limit of the reference range (≥24 

µmol/L),148 but there was no between-group difference in this proportion (P=0.60) and 

no children were considered to have jaundice. 

On Day 3, one child in each treatment group had a serum ALT >3 times the 

upper limit of the reference range but both were afebrile and asymptomatic, and this 

abnormality had resolved in both cases on Day 7 (see Table 2). Majority of children had 

a normal serum bilirubin level by Day 7 and no child became hypoglycaemic. Other 

statistically significant between-group differences in vital signs and hematologic 

parameters on Days 3 and 7 were not clinically significant. 
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Both treatments were well tolerated and there were no between-group 

differences in the incidence rates of reported or observed signs and symptoms during 

the first 7 days of follow-up, apart from a significantly greater incidence of abdominal 

pain in the ART-NQ group (incidence rate 11.6% vs 7.8% in the AL group; incidence 

rate ratio [95% confidence interval (CI)] 1.48 [1.03-2.13], P=0.033). This symptom was 

mild and short-lived in all cases (see Table 3).   

The QTc increased from baseline to 4 hours after the last dose of ART-NQ by a 

median [inter-quartile range] of 28 [18-36] msec0.5 (P<0.001; see Table 4 and Figure 

15). However, most QTc values returned to baseline by Day 7 with a prolongation of 

only 5 [2-9] msec0.5 at that timepoint when plasma NQ concentrations were still high 

(Figure 16). There were no significant changes in QTc in the AL group. Twenty-six of 

102 children (25·5%) with an interpretable ECG on Day 2 had a QTc >460 msec0.5. The 

longest QTc at this time was 505 msec0.5 in a child in the ART-NQ group. By Day 7, the 

QTc in this child normalised to 452 msec0.5. No dysrhythmias, dyspnea, syncope or 

other transient neurologic events were recorded during follow-up.  
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Figure 14: Consort diagram outlining screening, enrolment, randomisation and follow-up of study patients. 
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Figure 15: Electrocardiographic QTc intervals after treatment for uncomplicated malaria. Data are median and inter-quartile range (vertical bars) 
for AL (▲, solid lines) and ART-NQ (●, dashed lines); **indicates P<0.01 for between-treatment comparisons. 
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Figure 16: Plasma naphthoquine concentrations during the first one week period plotted against QTc intervals. Levels measured on Days 0 and 7 
were used to simulate levels for Days 2 and 3. 
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Table 1: Demographic, clinical and laboratory parameters as part of safety monitoring at baseline, Day 3 and Day 7. Data are mean ± SD, 
median (interquartile range), or percentage. 

 
 

Parameter Artemether-
lumefantrine 

   N Artemisinin-
naphthoquine 

 

N P-value 

DAY 0 
Age (months) 44.2  ±14.2 91 42.7  ±14.6 97 0.50 
Sex (% male) 44.0  91 49.5  97 0.47 
Weight (kg) 12.7  ±2.1 90 12.7 ±2.5 95 0.87 
Height (cm) 93.8  ±10.3 83 92.9 ±10.3 91 0.55 
MUAC (cm) 15.0  (14.0 – 15.0) 90 14.5 (14.0 – 15.5) 94 0.39 
Temperature (oC) 38.0  ±1.3 90 38.1 ±1.4 95 0.74 
Heart Rate (/min) 123  ±20 89 126 ±21 92 0.26 
Respiration Rate (/min) 32  (28 – 37) 89 32 (26 – 38) 93 0.55 
WBC (x109/L) 6.9 (5.4 – 9.8) 85 7.4 (5.0 – 9.3) 91 0.78 
RBC (x1012/L) 3.68  (3.03 – 4.27) 85 3.77 (3.23 – 4.34) 91 0.55 
Platelets (x109/L) 85 (64 – 132) 84 102 (63 – 137) 91 0.78 
Haemoglobin (g/L) 93  (81-104) 89 91 (81-102) 94 0.31 
Glucose (mmol/L) 6.4 (5.7 – 7.6) 83 6.7 (5.8 – 7.4) 87 0.59 
Reticulocytes (%) 1.2 (0.6 – 2.9) 48 0.8 (0.6 – 2.0) 48 0.21 
DAY 3 
Temperature (oC) 36.4  ±0.4 88 36.2  ±0.5 94 0.002 
Heart Rate (/min) 107  ±15 87 107  ±17 94 0.36 
Respiration Rate (/min) 28  (24 – 32) 88 28  (24 – 32) 94 0.95 
WBC (x109/L) 7.0 (5.5 – 8.7) 87 7.1 (5.9 – 8.5) 90 0.71 
RBC (x1012/L) 3.47  (3.03 – 3.91) 87 3.57  (3.03 – 4.09) 90 0.65 
Platelets (x109/L) 142  (107 – 180) 87 149  (102 – 188) 90 0.63 
Haemoglobin (g/L)  87  (75 – 96) 88 86 (73 – 99) 94 0.92 
Glucose (mmol/L) 5.9  (5.3 – 6.5) 78 5.8 (5.3 – 6.6) 81 0.73 
Reticulocytes (%) 1.2  (0.6 – 3.4) 49 0.8  (0.5 – 1.3) 49 0.10 
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Parameter 

Artemether-
lumefantrine 

    

 
N 
 

Artemisinin-
naphthoquine 

 

 
N P-value 

DAY 7 
Weight (kg) 13.0  ±2.2 89 12.9  ±2.6 94 0.93 
Height (cm) 94.2  ±8.9 87 93.6 ±9.7 89 0.65 
MUAC (cm) 15  (14 – 15) 89 15  (14 – 15) 92 0.97 
Temperature (oC) 36.5  ±0.6 89 36.6  ±0.6 92 0.51 
Heart Rate (/min) 105  ±18 89 106  ±19 94 0.68 
Respiration Rate (/min) 28  (24 – 31) 89 28  (24 – 32) 94 0.41 
WBC (x109/L) 8.1  (6.1 – 9.5) 87 8.4  (7.1 – 10.7) 88 0.011 
RBC (x1012/L) 3.64  (3.34 – 4.25) 87 3.61  (3.15 – 4.19) 88 0.43 
Platelets (x109/L) 245  (191 – 337) 87 257  (187– 315) 88 0.59 
Haemoglobin (g/L)  93  (80 – 102) 87 91  (80 – 101) 94 0.64 
Glucose (mmol/L) 5.9  (5.3 – 6.5) 80 6.1  (5.4 – 6.5) 82 0.70 
Reticulocytes (%) 3.6  (1.4 – 6.2) 49 2.3  (1.3 – 3.6) 49 0.051 
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Table 2: Biochemical measurements by treatment group. Data are median [IQR] or percentage. *Elevated serum creatinine (≥112 µmol/L), ALT 
(≥130 IU/L) and total serum bilirubin (≥23.8 µmol/L) are defined as ≥3 times the upper limit of normal values in PNG children aged <5 years.148 

 
 Artemether-

lumefantrine 
Artemisinin-naphthoquine P-value 

Day 0 (baseline)    
Serum creatinine (µmol/L) 38 (29-47) (n=72) 23 (28-43) (n=73) 0.09 
            Elevated creatinine* (%) 0 (0) 0 (0) >0.99 
Serum ALT (IU/L) 20 (13-35) (n=72) 20 (13-28) (n=67) 0.86 
            Elevated ALT* (%) 2 (2.8) 0 (0) 0.50 
Serum total bilirubin (µmol/L) 20 (12-25) (n=74) 21 (12-26) (n=75) 0.77 
            Elevated bilirubin* (%) 22 (29.7) 26 (34.7) 0.60 
Day 3     
Serum creatinine (µmol/L) 36 (27-41) (n=74) 37 (31-44) (n=73) 0.23 
            Elevated creatinine* (%) 0 (0) 0 (0) >0.99 
Serum ALT (IU/L) 18 (16-20) (n=73) 20 (17-26) (n=67) 0.16 
            Elevated ALT* (%) 1 (1.4) 1 (1.5) >0.99 
Serum total bilirubin (µmol/L) 14 (6-17) (n=70) 13 (6-17) (n=67) 0.94 
            Elevated bilirubin* (%) 2 (2.9) 1 (1.5) >0.99 
Day 7     
Serum creatinine (µmol/L) 29 (22-34) (n=71) 28 (24-40) (n=71) 0.43 
            Elevated creatinine* (%) 0 (0) 0 (0) >0.99 
Serum ALT (IU/L) 18 (12-25) (n=70) 21 (16-29) (n=67) 0.025 
            Elevated ALT* (%) 0 (0) 0 (0) >0.99 
Serum total bilirubin (µmol/L) 11 (8-16) (n=71) 14 (9-15)  (n=69) 0.63 
            Elevated bilirubin* (%) 2 (2.8) 5 (7.2) 0.27 
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Table 3: Incidence rate (IR) [95% confidence interval (CI)] of main reported or observed signs and symptoms during the first 7 days of follow-
up, expressed as reports per 100 observations. Data on signs/symptoms for 10 children was lost prior to data entry. 

 
 Artemether-lumefantrine 

IR [95% CI] 
Artemisinin-naphthoquine 

IR [95% CI] 
IRR [95% CI] P-value 

Number 130 127   
Fever 27.9 [24.4-31.5] 30.7 [27.1-34.5] 1.10 [0.90-1.35] 0.37 
Chills 5.8 [4.1-7.9] 6.3 [4.5-8.5] 1.08 [0.69-1.70] 0.72 
Headaches 7.5 [5.6-9.8] 10.1 [7.9-12.8] 1.35 [0.93-1.97] 0.12 
Child irritable/frequent crying 2.7 [1.6-4.2] 3.4 [2.1-5.11] 1.27 [0.67-2.41] 0.46 
Trouble sleeping 0.9 [0.4-2.0] 1.3 [0.6-2.5] 1.37 [0.48-3.95] 0.56 
Problems eating/breast feeding 12.4 [10.0-15.2] 11.7 [9.3-14.5] 0.94 [0.68-1.29] 0.70 
Vomiting 4.2 [2.8-6.1] 5.8 [4.1-7.9] 1.37 [0.83-2.26] 0.21 
Diarrhoea 4.9 [3.3-6.8] 3.5 [3.2-5.3] 0.73 [0.42-1.26] 0.26 
Abdominal pain 7.8 [5.8-10.1] 11.6 [9.2-14.3] 1.48 [1.03-2.13] 0.033 
Cough 24.0 [20.8-27.5] 29.1 [25.6-32.8] 1.21 [0.98-1.50] 0.08 
Difficulty breathing 0.9 [0.3-2.0] 0.3 [0.0-1.2] 0.34 [0.07-1.70] 0.19 
Rhinorrhea 23.9 [20.6-27.4] 22.1 [18.9-25.6] 0.93 [0.74-1.17] 0.53 
Skin rash (reported) 3.3 [2.0-5.0] 3.1 [1.9-4.7] 0.93 [0.50-1.73] 0.82 
Skin rash (observed) 0.3 [0.0-1.1] 1.1 [0.5-2.3] 3.60 [0.75-17.33] 0.11 
Skin lesion 2.7 [1.6-4.2] 2.4 [1.4-4.0] 0.91 [0.45-1.82] 0.79 
Pallor 6.7 [4.9-8.9] 9.3 [7.2-11.9] 1.39 [0.94-2.06] 0.10 
Crackles at lung bases 3.0 [1.8-4.6] 1.6 [0.8-2.9] 0.54 [0.25-1.16] 0.12 
Presence of enlarged spleen 22.9 [19.7-26.4] 26.5 [23.1-30.2] 1.16 [0.92-1.44] 0.20 
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Table 4: Electrocardiographic QTc interval assessment (msec0.5) according to treatment group. Data are median [interquartile range] or %. 

 

 
 

 Artemether-lumefantrine Artemisinin-naphthoquine P-value 
Day 0  (n=68) (n=80)  
     All 422 [408-443] 422 [411-444] 0.96 
     ≤440 (%) 73.5 70.0  

0.25 
 

     441-450 (%) 11.8 17.5 
     451-460 (%) 10.3 3.8 
     >460 (%) 4.4 8.8 
Day 2  (n=27) (n=75)  
     All 439 [427-445] 447 [433-472] 0.003 
     ≤440 (%) 55.6 34.7  

0.005      441-450 (%) 33.3 20.0 
     451-460 (%)  7.4 12.0 
     >460 (%) 3.7 33.3 
Day 3  (n=62) (n=84)  
     All 444 [430-454] 443 [428-454] 0.82 
     ≤440 (%)  41.9 44.0  

0.87      441-450 (%)  30.6 27.4 
     451-460 (%)  14.5 11.9 
     >460 (%) 12.9 16.7 
Day 7  (n=69) (n=85)  
     All 432 [415-444] 425 [414-444] 0.64 
     ≤440 (%)  66.7 67.1  

0.83      441-450 (%)  17.4 21.2 
     451-460 (%)  11.6 8.2 
     >460 (%) 4.3 3.5 



63 
 

3.4 DISCUSSION 
 

The present study is the first to assess the safety and tolerability of three daily 

doses of ART-NQ in young children, showing this regimen to be as safe and well 

tolerated as standard AL treatment. There were no major safety concerns warranting 

withdrawal from the trial, or drug-related adverse event and death. Detailed serial 

haematologic, hepatorenal, ECG monitoring, as well as clinical assessments, were 

uneventful apart from mild abdominal pain in a significant small number of patients in 

the ART-NQ group (P= 0.033; Table 3) and significant Day 2 QTc interval prolongation 

(Figure 15; Table 4) observed in the ART-NQ group. It can be hypothesized that the 

safety profile observed for patients in the ART-NQ group who received three daily 

doses rather than the recommended single dose is a reflection of naphthoquine‟s 

relatively wide therapeutic index. 

This wide therapeutic index has been previously observed in animal studies,83 

but there have been no detailed safety assessments in humans and no multiple-dose 

studies in young children, the age group that suffers most from malaria. In the only 

similar study of three-dose ART-NQ conducted recently in Chinese adults, there were 

no drug-related severe adverse events or deaths,88 further confirming the wide 

therapeutic index of ART-NQ. This finding contrasts with ACTs containing piperaquine 

which has a relatively narrow therapeutic index with increased doses leading to 

gastrointestinal side-effects including nausea.186 Currently recommended milligram per 

kilogram doses of DP may be inadequate in young children such as those who 

participated in the present study,187 but increasing the dose may not be possible because 

of tolerability issues. Gastrointestinal symptoms in our ART-NQ-treated children were 

mild and short-lived despite the use of the manufacturer‟s recommended single-dose 

regimen on three consecutive days. 

Previous preliminary safety and efficacy studies of single and double-dose ART-
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NQ in older PNG children did not find evidence of aminoquinoline-specific side effects 

such as hearing loss, orthostatic hypotension and hypoglycaemia.93 Similarly, there 

were no complaints of deafness, tinnitus, dizziness or posture-related symptoms and 

there were no cases of hypoglycaemia recorded in the present trial. The lack of 

haematologic and hepatorenal toxicity in the present study is also consistent with 

findings from the previous PNG study.93 Although the median baseline ALT in the 

ART-NQ group was significantly higher (Table 3), this was not clinically relevant as no 

children in both treatment arms had ALT levels ≥3 times the upper limit of normal 

values for PNG children in this age group.148 Similarly, observed significant differences 

in vital signs did not have clinical relevance.  

An important safety assessment in the present study was electrocardiographic 

QTc monitoring. There was significant QTc interval prolongation between baseline and 

4 hours after the final dose in children in the ART-NQ treatment group and this is 

consistent with available evidence that many aminoquinoline drugs cause QTc 

prolongation.125 For instance, CQ can increase the QTc by a mean of up to 30 msec0.5 in 

healthy volunteers but no malignant arrhythmias or sudden deaths have been reported 

with recommended antimalarial doses.188 Piperaquine also has this effect, with previous 

studies in children showing similar QTc prolongation to that in the present study.185,189 

Repeated piperaquine dosing with the potential for accumulation is not associated with 

definite cardiotoxicity, and there is no in vitro evidence of torsadogenic or other pro-

arrhythmic effects.190 Similarly, there is no evidence that lumefantrine cases 

cardiotoxicity.119,125 However, in the case of halofantrine, cardiotoxicity is dose-

dependent.188 

The Day 2 QTc prolongation observed in our children treated with ART-NQ 

completely resolved by Day 7 when plasma NQ concentrations were still high (Figure 

16). Because there was a lack of between-treatment group differences in pulse rate as 
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well as fever clearance time (see Chapter 4) during initial monitoring, this is consistent 

with a NQ-specific effect rather than a larger reduction in sympathetic activity during 

recovery in the ART-NQ group that could have independently caused an increase in the 

QTc interval observed in this treatment group. Although the Day 2 QTc significant 

prolongation is likely to be a NQ effect, it is also important to note that differences in 

cardiovascular state during acute malarial illness and recovery can also cause prolonged 

QTc interval that is often misinterpreted as due to antimalarial cardiotoxicity.125 This 

observation, as well as issues associated with interpreting relatively frequent QTc 

prolongation particularly in young children with malaria188 and other serious 

illnesses,191 and the lack of clinically-evident cardiotoxicity in the present and other 

studies of NQ83 including the three daily doses ART-NQ study in Chinese adults,88 

suggest that the ART-NQ regimen used in the present study was not pro-arrhythmic.  

The safety component of our study had limitations. Electrocardiography proved 

difficult, particularly in the younger children because of lack of co-operation and 

movement artefact. Secondly, our strict inclusion criteria meant that vulnerable groups, 

for instance those with malnutrition or other comorbidities with malaria, were not 

included. Whether these groups of children will have a different safety profile compared 

to those included in the present trial will need further careful investigation. Given 

concerns that piperaquine-containing ACTs should not be used in people who are at risk 

of QTc prolongation or cardiac arrhythmias, including those with electrolyte disturbance 

such as hypokalaemia and hypocalcaemia, and that they should not be taken with other 

drugs which prolong the QTc,192 it may be appropriate to recommend similar restrictions 

for the three-dose ART-NQ regimen. 
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3.5 CONCLUSIONS 

The present safety evaluation shows that three-daily dose of ART-NQ is safe 

and well tolerated. The good safety profile of ART-NQ can be attributed to a wide 

therapeutic index for NQ. Although there was significant electrocardiographic QTc 

interval prolongation on Day 2 which was likely to be a NQ-specific effect, there were 

no drug-related severe adverse events, withdrawals or deaths. The mild gastrointestinal 

upset observed in patients in the ART-NQ group was mild and short-lived. However, 

caution must be exercised in patients with underlying cardiopulmonary conditions and 

other vulnerable patient groups when using the three-dose ART-NQ regimen who may 

benefit from ECG monitoring. Overall, the present study suggests that the three-daily 

dose of ART-NQ which conforms to WHO recommendations is safe and well tolerated. 

This regimen should be considered together with other currently available ACTs for the 

treatment of uncomplicated malaria in PNG and similar epidemiologic settings where 

multiple Plasmodium species are transmitted. 
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CHAPTER 4 

EFFICACY OF THREE-DOSE ARTEMISININ-

NAPHTHOQUINE VERSUS ARTEMETHER-

LUMEFANTRINE 
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4. EFFICACY OF THREE-DOSE ARTEMISININ-
NAPHTHOQUINE 

4.1 INTRODUCTION 

Clinical trials of antimalarial drugs have been conducted for more than a 

century, the majority over the last 20 years.51,193 Most of these trials have been in 

falciparum malaria, mostly because P. falciparum causes most complications and deaths 

from malaria infection. In contrast to this, P. vivax has attracted little attention over the 

last century because it has always been considered benign. This parasite is undeniably 

the most widely distributed, with 2.5 billion of the world‟s population at risk each 

year.8,194  The lack of focus on P. vivax is reflected in the limited published literature 

concerning this parasite, lack of funding allocation for P. vivax research, and the limited 

availability of treatments particularly for the radical cure of P. vivax hypnozoites.194 

Indeed, primaquine is the only approved drug currently available for the radical cure of 

liver stage parasites. Its usefulness is limited by the risk of glucose-6-phosphate 

dehydrogenase (G6PD) related haemolysis.9 Nevertheless, in view of the renewed 

interest in malaria elimination, it is clear that P. vivax will have to be controlled in order 

for elimination efforts to succeed.195  

In settings where there is a high burden of both P. vivax and P. falciparum, the 

choice of antimalarial treatment can be complicated. As shown by Karunajeewa and 

colleagues in a previous trial involving young PNG children with uncomplicated 

malaria, the most efficacious ACTs were AL for P. falciparum and DP for P. vivax 

infections. 112 Although DP had a efficacy of 69.4% for vivax malaria, which was more 

than twice that for AL, this did not meet the WHO recommended efficacy of >95% 

needed to change treatment policy.80 However, due to the impracticality of species-

specific treatment where there are limited diagnostic facilities, as in the case of PNG, 

and since falciparum malaria is more often the main species implicated in severe 
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complications and death, AL was chosen as first-line therapy under the PNG national 

malaria treatment guidelines.160 This recommendation means that vivax malaria related 

morbidity and mortality remains unaddressed since AL protects less against reinfections 

and relapses due to the shorter t½ of lumefantrine. This highlights the need for the 

assessment of other ACTs which can effectively treat both P. falciparum and P. vivax in 

settings where multiple species are transmitted.  

Of the few available alternatives, ART-NQ has been marketed in a number of 

countries in Africa, Asia and Oceania as single-dose treatment based on limited 

pharmacologic, efficacy and safety data in adults,82,83  and without WHO 

prequalification. Because of its commercial availability in PNG, and as a prelude to a 

formal safety and efficacy comparison with AL as the current standard treatment in 

PNG, preliminary pharmacokinetic dose-finding studies in PNG children aged 5-10 

years were conducted, showing evidence that a three daily dose ART-NQ regimen 

would be safe and efficacious for uncomplicated malaria.92,93 In addition, the three-dose 

regimen satisfies the WHO requirement that ACTs are administered over three days to 

prevent the development of parasite drug resistance and to improve efficacy.80 

Furthermore, the elimination t1/2 of NQ92 is longer than that of piperaquine,186 

suggesting that it should be more effective in suppressing P. vivax relapses.  

Therefore, in the present trial the efficacy of three daily doses of ART-NQ was 

compared to that of six-dose three-day AL standard treatment therapy in PNG children 

aged 6 months to 5 years with uncomplicated malaria. It was hypothesized that the 

efficacy of ART-NQ would be i) non-inferior to that of AL for the treatment of 

falciparum malaria and ii) superior to AL for vivax malaria. 
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4.2 METHODS  

4.2.1 Clinical procedures 

After the second interim analysis showed no serious safety concerns, detailed 

safety monitoring which included serial haematologic, hepatorenal and ECG 

monitoring, was ceased. However, clinical assessment and blood sampling to determine 

the efficacy of ART-NQ compared to standard treatment AL continued. Blood for 

malaria microscopy and haemoglobin was collected on Days 0, 1, 2, 3, 7, 14, 28 and 42, 

while blood samples for primary PCR and genotyping was collected in EDTA 

microtainers (BD Microtainer® tubes, Becton, Franklin Lakes, USA) on Days 0, 28 and 

42. Patients who developed fever or became sick during the 42 days in-trial follow-up 

period had blood collected at the time of their intercurrent illness.  

 

4.2.2 Efficacy assessments 

Efficacy of the study drugs was assessed using WHO definitions.162 Early 

treatment failure was defined as the development of signs of severity or an inadequate 

parasitologic response by Day 3. Any child developing parasitaemia between Days 4 

and 42 was considered to have LPF or, if febrile, LCF. In the absence of a LPF or LCP, 

the child was considered to have ACPR.  

Plasmodium falciparum reinfection and recrudescence were distinguished using 

PCR genotyping of merozoite surface protein (MSP) 2 and MSP1 based on paired 

samples collected on Day 0 and at the time of reappearance.164,196 Plasmodium vivax 

recrudescence was determined based on genotyping of MSP1F3 and Microsatellite 

16.197  
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4.2.3 Primary endpoints 
 

The primary endpoint was defined as recrudescent P. falciparum within 42 days 

after correction for reinfections using molecular genotyping of polymorphic parasite 

loci, or appearance of any uncorrected P. vivax parasitaemia within 42 days after 

treatment for vivax malaria.  

 

4.2.4 Secondary endpoints in falciparum malaria 

 
Secondary endpoints for falciparum malaria included i) reappearance of PCR-

uncorrected P. falciparum parasitaemia within 42 days, ii) appearance of any P. vivax 

parasitaemia within 42 days, and iii) persistence or appearance of P. falciparum 

gametocytes within 42 days.  

 

4.2.5 Secondary endpoints in vivax malaria 
 
Secondary endpoint for vivax malaria included: i) reappearance of any P. vivax 

parasitaemia within 42 days, ii) persistence or appearance of P. vivax gametocytes 

within 42 days, and iii)  reappearance of PCR-corrected P. vivax over 42 days.  

Reappearance of PCR-corrected P. vivax was added post hoc as a secondary endpoint 

during the course of the trial when genotyping techniques become available.197  

 

4.2.6 Malaria species differentiation 

Initial species differentiation was based on expert microscopy and this was 

subsequently confirmed by PCR. The quantitative real-time (qPCR) uses species 

specific Taqman probes that bind to the 18 S rRNA region of the Plasmodium 

genome.198 The duplex qPCR method used in the present trial combined both species 

primers and probes in a single reaction that had a final volume of 12.5 µL.199   
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4.2.7 Parasite genotyping 

After determining parasite density and speciation by expert microscopy, primary PCR 

was performed on all Days 0 samples. Plasmodium falciparum reinfection and 

recrudescence were distinguished by comparing PCR-restriction fragment length 

polymorphism generated genotype pattern of MSP1 and MSP2 in pairs of samples 

collected on enrolment and on the day of parasite reappearance. Figure 17 shows an 

example of genotyping performed for three patients who participated in the present trial. 

For P. vivax, genotyping of MSP2 using the GeneScan analysis was added during the 

trial when the technology became available and it was used as a secondary endpoint in 

the present study since it does not differentiate between relapses with the same genotype 

and recrudescence. Nevertheless, it provided a useful insight on the efficacy of blood-

stage drugs such as the two ACTs used in the present study. 
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Figure 17: A gel photo of P. falciparum MSP1 genotyping of 3 patients who 
participated in the trial. 
 
 

4.2.8 Parasite clearance and fever clearance time 

Parasite clearance time (PCT) was defined as the time to the first two 

consecutive assessments at which the child was slide-negative. Similarly, fever 

clearance time (FCT) was defined as the time to the first of two consecutive temperature 

assessments at which the child was afebrile. 

 

4.2.9 Statistical analysis 

Per-protocol analyses included children with complete follow-up or a confirmed 

treatment failure, and excluded those treated for malaria without confirmatory 

microscopy or when the alternative Plasmodium species was detected, or who defaulted 
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from follow-up despite repeated attempts at contact. However, these excluded patients 

were retained in pre-specified modified intention-to-treat analyses utilizing i) a worst-

case approach (ETF assumed for Day 3 exclusions, LPF/LCF otherwise) and ii) a best-

case approach (all missing follow-up blood films assumed parasite-negative). 112  

Kaplan-Meier survival analysis was performed using IBM SPSS Statistics 

version 20 (IBM Corporation, Somers, NY, US) and STATA/IC 11.2 (StataCorp, 

College Station, Texas, US). This was performed for the Days 28 and 42 endpoints by 

Plasmodium species and the log-rank test was used for comparison between treatment 

arms. Differences in parasitaemia and haemoglobin concentration by treatment group 

and time were assessed using Generalized Linear Modelling with Bonferroni-correction 

to adjust for multiple pairwise comparisons.161 When assessing differences between 

treatment arms and species for haemoglobin, the data was adjusted for parasitaemia. All 

P-values were two-tailed with a value of <0.05 taken as significant, unless otherwise 

stated. 

 

4.2.10 Ethical approval 

Ethical approval for the efficacy phase of the study was obtained as part of the 

larger clinical trial from the PNGIMR Institutional Review Board (PNGIMR IRB 

1010), the PNG Medical Research Advisory Committee (MRAC 10.39) and the 

University of Western Australia Human Ethics Committee and the trial was registered 

under the Australian New Zealand Clinical Trials Registry 

(www.anzctr.org.au/Trial/Registration: ACTRN12610000913077).178  
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4.3 RESULTS 

4.3.1 Excluded patients 

Of the 267 randomized children, 36 (13.5%) were excluded post hoc. Of these, 

20 received AL and 16 ART-NQ (see Figure 14 and Table 5). Six of these children had 

not taken study treatment correctly (3 in each treatment arm) and were excluded due to 

protocol violation. Seven children were slide-negative by expert microscopy (4 

allocated to AL and 3 to ART-NQ) and 23 had sub-threshold parasite densities by 

expert microscopy (13 allocated to AL and 10 to ART-NQ). In patients who were 

excluded, there were no significant species differences between treatment arms or 

reasons for exclusion (Table 5).  

In addition, there were no differences between treatment allocations for the 

proportions of the 23 excluded patients who had falciparum malaria or for the 

proportions of the 6 with vivax malaria (Table 5). A single patient with P. malariae 

infection completed all study procedures but was not included in the efficacy analyses 

(Figure 14).    

 

 

Table 5: Characteristics of the 36 patients excluded. Data are numbers or median 
(absolute range). 
 Artemether-

lumefantrine 
(n=20) 

Artemisinin-
naphthoquine 
(n=16) 

P-values 

Protocol violations 3 3 > 0.99 
Negative on expert 
microscopy 

4 3 > 0.99 

Sub-threshold parasite count 13 10 > 0.99 
P. falciparum (Number) 12 11 > 0.99 
P. falciparum density (/µL) 73.5 (56- 236424) 389.5 (86- 89006) 0.24 
P. vivax (Number) 4 2 0.67 
P. vivax density (/µL) 0 (78- 3304) 0 (38-152) 0.49 
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4.3.2 Eligible patients 

Of the remaining 230 children, Day 42 retention was ≥92% for all species-

treatment groups. Ten children (6 allocated to AL and 4 to ART-NQ; all with 

falciparum malaria) moved out of the catchment area and withdrew during follow-up. 

There were no severe adverse events in this group of children. The 15 children 

presented with mixed P. falciparum/P. vivax (Figure 14) were included in both species 

arms following a similar efficacy analysis based on the previous PNG paediatric trial.112  

During the course of the trial, two children with falciparum malaria in the AL group 

developed symptomatic vivax malaria on Day 28 with parasite densities of 21,137/uL 

and 1,609/µL, respectively and were both treated with AL based on the PNG national 

standard treatment guidelines.160 These two patients were excluded from pre-protocol 

analysis. Other children with asymptomatic vivax infections had low density 

parasitaemias and were either not treated or given AL on Day 42 after assessment.  

 

4.3.3 Drug efficacy 

The two falciparum malaria treatment groups were well matched for age, sex, 

anthropometric measures, vital signs, parasite density, haemoglobin and blood glucose 

(see Table 6). Similarly, there were no significant differences in the baseline 

characteristics observed between the two vivax malaria treatment groups. Total median 

drug dosage administered during the study period for each species is also shown in 

Table 6. 

 

4.3.3.1 Fever Clearance Time and Parasite Clearance Time 

The FCT and PCT were prompt in both treatment groups with no significant 

between-group differences. The median [95% CI] FCT was 1.2 [1.1-1.3] and 1.1 [1.0-
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1.2] days, respectively, in the AL and ART-NQ groups (P=0.28; see Table 7), and the 

median PCT was 1.8 [1.7-1.9] days in both groups (P=0.66). Parasite clearance was 

more rapid in children with vivax malaria, but there was no difference between the 

vivax malaria treatment groups (median [95% CI] PCT 1.2 [1.0-1.3] and 1.1 [1.0-1.3] 

days, respectively, in the AL and ART-NQ group (P=0.99). The corresponding median 

FCTs were 1.4 [1.0-1.8] and 1.1 [0.9-1.4] days, respectively (P=0.50). 

 

4.3.3.2 Primary endpoint 

The P. falciparum Day 42 PCR-corrected ACPR for ART-NQ and AL were, 

100% and 97.8%, respectively, (P=0.15 by log rank test; see Figure 18 and Table 8). 

Based on this data and the same non-inferiority margin, precision and power as in the 

original sample size estimates, the 188 children who completed follow-up exceeded the 

total of 52 required to show non-inferiority of ART-NQ for this primary endpoint.200  

The Day 42 PCR-uncorrected ACPR for P. vivax infections was 30.0% in AL-

treated patient and 100% in ART-NQ-treated patients (see Figure 18 and Table 8). 

Using these data and the same precision and power as in the original sample size 

estimates, the 46 children who completed the trial exceeded the total of 10 children 

required to show superiority of ART-NQ for this primary endpoint. 201 
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4.3.3.3 Secondary endpoint and modified intention-to-treat 

The pre-specified secondary endpoint of uncorrected P. falciparum ACPR on 

Day 42 was 100% in the ART-NQ group compared to 94.6% in the AL group (P=0.028; 

see Table 9). In addition, the appearance of P. vivax after treatment for P. falciparum 

was significantly lower in the ART-NQ (0% vs 34.0% in the AL group, P<0.001; see 

Table 8). On Day 28, ART-NQ was non-inferior to AL for the treatment of falciparum 

malaria (PCR-corrected P. falciparum ACPR was 100 vs 98.9% in the AL groups, 

P<0.001; see Table 8). In vivax malaria, the significantly greater Day 42 ACPR for 

ART-NQ remained after PCR-correction of post-treatment responses for infections with 

different genetic profiles than those at baseline (100% vs 60.0% in the AL group, 

P<0.001; see Table 9).  

The modified intention-to-treat analyses utilizing a worse-case scenario (Table 

10) and a best-case scenario (Table 11) showed results that were consistent with 

findings shown in the primary and secondary endpoint analysis. 

 

4.3.4 Haemoglobin recovery during 42 days of follow-up 
 

Haemoglobin recovery following malarial infection in both treatment groups 

were similar until Day 42 after treatment for falciparum malaria when the ART-NQ 

group had a significantly higher mean concentration (109±13 versus 102±12 g/L in the 

AL group, P<0.001; see Figure 19). In patients with vivax malaria, the haemoglobin 

concentrations increased significantly at Day 7 but this trend was not sustained.  

 

4.3.5 Plasma lumefantrine concentrations 

Because the evening dose of AL was not directly supervised, lumefantrine 

plasma concentrations were measured on Day 7. All children in the AL group were 
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found to have detectable lumefantrine levels at that timepoint with median 

concentrations of 192 [IQR 122- 352] µg/L, consistent with all 6 doses having been 

successfully administered.176,177  

 

 

 

 
 
Figure 18: Kaplan-Meier plots showing proportion of patients remaining free of 
infection for PCR-corrected P. falciparum (upper panel) and for P. vivax (lower panel). 
Data are for ART-NQ (dashed lines) and AL (solid lines). P-values for log-rank tests 
are shown. 
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Figure 19: Mean and SD (vertical bars) haemoglobin concentrations during follow-up 
after treatment for P. falciparum (upper panel) and for P. vivax (lower panel). Data are 
for AL (▲, solid lines) and ART-NQ (●, dashed lines); **indicates P<0.01 for between-
treatment comparisons. 
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Table 6: Baseline characteristics of patients who participated in the efficacy phase of the trial classified by Plasmodium species and allocated 
treatment. Data are percentages, mean ±SD, median [IQR], or median (absolute range). 

 

 Falciparum malaria   Vivax malaria   

 Artemether-
lumefantrine 

Artemisinin-
naphthoquine P-value Artemether-

lumefantrine 
Artemisinin-
naphthoquine P-value 

Number 100 98  20 27  
Male sex (%) 50.0 57.1 0.32 40.0 40.7 >0.99 
Age (months) 43.4±15.6 44.8±15.7 0.54 37.1±15.2 36.0±13.9 0.81 
Weight (kg) 12.6±2.4 12.8±2.6 0.58 12.2±2.2 11.9±2.2 0.63 
Mid-upper arm circumference (cm) 14.4±1.1 14.5±1.3 0.62 14.1±.9 14.4±0.9 0.26 
Body-mass index (kg/m2) 14.4±1.7 14.7±2.0 0.38 14.5±1.3 14.8±1.8 0.56 
Heart rate (/min) 123±21 125±22 0.50 121±24 120±18 0.93 
Respiratory rate (/min) 32±8 32±9 0.86 34±11 33±13 0.79 
Axillary temperature (oC) 38.2±1.3 38.2±1.4 0.82 38.2±1.5 37.9±1.7 0.52 
Enlarged spleen (%)  49.4 53.4 0.65 52.9 33.3 0.34 
Parasite density (/µL whole blood) 23,277  

[9,447-45,613] 
24,976  

[13,674-51,867] 
0.33 6,146  

[1,545-18,893] 
7,252  

[1,372-15,724] 
0.86 

Hemoglobin (g/L) 92.0±17.0 90.9±16.9 0.66 92.6±17.9 98.0±16.3 0.29 
Blood glucose (mmol/ L) 6.9±2.1 6.7±1.9 0.46 6.2±2.4 7.1±1.8 0.21 
Drug dosage (mg/kg)       

          Artemether 2.0 (1.4-3.3)   1.9 (1.4-2.7)   

          Lumefantrine 12.0 (8.6-20.0)   11.2 (8.6-16.0)   

          Artemisinin  20.8 (12.5-25.0)   22.7 (16.2-25.0)  

          Naphthoquine  8.3 (5.0-10.0)   9.1 (6.5-10.0)  
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Table 7: Fever and parasite clearance times by Plasmodium species and allocated treatment. Data are percentage or mean and [95% confidence 
intervals]. 
 

  Plasmodium falciparum  Plasmodium vivax 

  Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

P-value  Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

P-value 

Number  100 98   20 27  
         
Fever Clearance (%)         
Day 1  88.0 89.8 0.82  85.0 96.3 0.30 
Day 2  96.9 94.9 0.72  89.5 96.3 0.56 
Day 3  100 98.0 0.25  100 100 - 
Day 7  93.9 95.9 0.75  100 92.3 0.50 
         
FCT (days)  1.2 1.1 0.28  1.4 1.1 0.50 
  [1.1- 1.3] [1.0- 1.2]   [1.0- 1.8] [0.9- 1.4]  
         
         
Parasite Clearance (%)         
Day 1  33.3 30.6 0.76  84.2 85.2 >0.99 
Day 2  88.9 87.8 0.83  100 100 - 
Day 3  99.0 98.0 >0.99  100 100 - 
Day 7  100 100 -  100 100 - 
         
PCT (days)  1.8 1.8 0.66  1.2 1.1 0.99 
  [1.7- 1.9] [1.7- 1.9]   [1.0- 1.3] [1.0- 1.3]  
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Table 8: Per-protocol analysis of treatment responses in children with falciparum (after PCR correction) or vivax (PCR-uncorrected) malaria. 

Endpoint  Total Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Difference [95% 
CI] P-value 

Plasmodium falciparum  Day 28 n 190 94 96   

     
ACPR   n 
             % [95% CI] 

189 
99.5 [96.7-100] 

93 
98.9 [93.4-100] 

96 
100 [95.2-100] 

 
1.1 [-3.8 to 6.6] 

 
0.50 (one-sided) 

 ETF/LCF/LPF (%) 0/0/0.5 0/0/1.1 0/0/0   
       
Plasmodium falciparum  Day 42 n 186 92 94   

    
ACPR   n 
             % [95% CI] 

184 
98.9 [95.8-99.8] 

90  
97.8 [91.6-99.6]  

94 
100 [95.1-100] 

 
2.2 [-3.0 to 8.5] 

 
0.24 (one-sided) 

 ETF/LCF/LPF (%) 0/0.5/0.5 0/1.1/1.1 0/0/0   
       
Plasmodium vivax  Day 28 n 46 20 26   

      
ACPR   n 

% [95% CI] 
39 

84.8 [70.5-93.2] 
13 

65.0 [41.0-83.7] 
26 

100 [84.0-100] 
 

35.0 [10.7 to 59.1] 
 

0.001 (two-sided) 
 ETF/LCF/LPF (%) 0/0/15.2 0/0/35.0 0/0/0   
       
Plasmodium vivax  Day 42 n 46 20 26   

 
ACPR   n 

% [95% CI] 
32 

69.6 [54.1-81.8] 
6 

30.0 [12.8-54.3] 
26 

100 [84.5-100] 
 

70.0 [40.9 to 87.2] 
 

<0.001 (two-sided) 
 ETF/LCF/LPF (%) 0/2.2/28.3 0/5.0/65.0 0/0/0   
       
Plasmodium vivax after treatment  n 188 94 94   
for falciparum malaria Day 42 ACPR   n 

% [95% CI] 
156 

83.0 [76.7-87.9] 
62 

66.0 [55.4-75.2] 
94 

100 [95.1-100] 
 

34.0 [23.6 to 44.6] 
 

<0.001 (one-sided) 
 ETF/LCF/LPF (%) 0/0/17.0 0/0/34.0 0/0/0   



84 
 

Table 9: Per-protocol secondary endpoint analysis of response in children with PCR-uncorrected P. falciparum reinfections or PCR-corrected P. 
vivax recrudescence by treatment allocation. 
 
 

 

 
 
 

 
 

Total Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Risk difference P-value 

Plasmodium falciparum  Day 28 Number 190 94 96   

     
ACPR        Number 

% [95% CI] 
188 

98.9 [95.9-99.8] 
92 

97.9 [91.8-99.6] 
96 

100 [95.2-100] 
 

2.1 [-3.0 to 8.2] 
 

0.24 
 ETF/LCF/LPF (%) 0/0.5/0.5 0/1.1/1.1 0/0/0   
       
Plasmodium falciparum  Day 42 Number 186 92 94   

    
ACPR        Number 

% [95% CI] 
181 

97.3 [93.5- 99.0] 
87 

94.6 [87.2-98.0] 
94 

100 [95.1-100] 
 

5.4 [-0.5 to 12.8] 
 

0.028  
 ETF/LCF/LPF (%) 0/0.5/2.2 0/1.1/4.3 0/0/0   
       
Plasmodium vivax  Day 28 Number 46 20 26   

      
ACPR        Number 

% [95% CI] 
42 

91.3 [78.3-97.2] 
16 

80.0 [55.7-93.4] 
26 

100 [84.0-100] 
 

20.0 [-0.9 to 44.3] 
 

0.030 
 ETF/LCF/LPF (%) 0/2.2/6.5 0/5.0/15.0 0/0/0   
       
Plasmodium vivax  Day 42 Number 46 20 26   

 
ACPR        Number 

% [95% CI] 
38 

82.6 [68.1-91.7] 
12 

60.0 [36.4-80.0]  
26 

100 [84.0-100] 
 

40.0 [14.4 to 63.6] 
 

<0.001 
 ETF/LCF/LPF (%) 0/2.2/15.2 0/5.0/35.0 0/0/0   
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Table 10: Modified intention-to-treat analysis of treatment response by treatment allocation utilizing a worst-case scenario (i.e. all instances of missing data 
during follow-up scored as failures; see text). Data are numbers (and percentages) with [95% confidence intervals] for ACPR. 

 
 
  

Endpoint  Total Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Difference [95% 
CI] P-value 

Plasmodium falciparum  Day 28 n 198 100 98   

     
ACPR   n 
             % [95% CI] 

189 
95.5 [91.3-97.8] 

93 
93.0 [85.6-96.9] 

96 
98.0 [92.1-99.7] 

 
5.0 [-2.1 to 12.5] 

 
0.09 (one-sided) 

       
Plasmodium falciparum  Day 42 n 198 100 98   

    
ACPR   n 
             % [95% CI] 

184 
92.9 [88.2-95.9] 

90  
90.0 [82.0- 94.8]  

94 
95.9 [89.3-98.7] 

 
5.9 [-2.3 to 14.4] 

 
0.09 (one-sided) 

       
Plasmodium vivax  Day 28 n 47 20 27   

      
ACPR   n 

% [95% CI] 
39 

83.0 [68.7-91.9] 
13 

65.0 [41.0-83.7] 
26 

96.3 [79.1-99.8] 
 

31.3 [5.9 to 55.6] 
 

0.007 (two-sided) 
       
Plasmodium vivax  Day 42 n 47 20 27   

 
ACPR   n 

% [95% CI] 
32 

68.1 [52.8-80.5] 
6 

30.0 [12.8-54.3] 
26 

96.3 [79.1-99.8] 
 

66.3 [36.5 to 83.8] 
 

<0.001 (two-sided) 
       
Plasmodium vivax after treatment  n 198 100 98   
for falciparum malaria Day 42 ACPR   n 

% [95% CI] 
156 

78.8 [72.3-84.1] 
62 

62.0 [51.7-71.4] 
94 

95.9 [89.3-98.7] 
 

33.9 [22.5 to 44.6] 
 

<0.001 (one-sided) 
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Table 11: Modified intention-to-treat analysis of treatment response by treatment allocation utilizing a best-case scenario (i.e. all instances of missing data 
during follow-up scored as parasite-negative; see text). Data are numbers (and percentages) with [95% confidence intervals] for ACPR. 

 
 
 

 

 

Endpoint  Total Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Difference [95% 
CI] P-value 

Plasmodium falciparum  Day 28 n 198 100 98   

     
ACPR   n 
             % [95% CI] 

197 
99.5 [96.8-100] 

99 
99.0 [93.8-100] 

98 
100 [95.3- 100] 

 
1.0 [-3.8 to 6.2] 

 
0.51 (one-sided) 

       
Plasmodium falciparum  Day 42 n 198 100 98   

    
ACPR   n 
             % [95% CI] 

196 
99.0 [96.0-99.8] 

98 
98.0 [92.3-99.7]  

98 
100 [95.3-100] 

 
2.0 [-3.0 to 7.7] 

 
0.25 (one-sided) 

       
Plasmodium vivax  Day 28 n 47 20 27   

      
ACPR   n 

% [95% CI] 
40 

84.8 [70.5-93.2] 
13 

65.0 [41.0-83.7] 
27 

100 [84.5-100] 
 

35.0 [10.7 to 59.1] 
 

0.001 (two-sided) 
       
Plasmodium vivax  Day 42 n 47 20 27   

 
ACPR   n 

% [95% CI] 
33 

69.6 [54.1-81.8] 
6 

30.0 [12.8-54.3] 
27 

100 [84.5-100] 
 

70.0 [41.2 to 87.2] 
 

<0.001 (two-sided) 
       
Plasmodium vivax after treatment  n 198 100 98   
for falciparum malaria Day 42 ACPR   n 

% [95% CI] 
166 

83.8 [77.8-88.5] 
68 

68.0 [57.8-76.8] 
98 

100 [95.3-100] 
 

32.0 [22.0 to 42.2] 
 

<0.001 (one-sided) 
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4.4 DISCUSSION 

Three daily doses of ART-NQ proved highly efficacious for the treatment of 

both falciparum and vivax malaria in PNG children living in an area of intense 

transmission of multiple Plasmodium species. This regimen conforms to WHO 

recommendations,80 while addressing recognized species-specific limitations of  AL as 

the current standard treatment in this patient group.112 In addition, the three-dose ART-

NQ regimen was associated with a higher Day 42 haemoglobin concentration compared 

to AL, and this has important clinical implications for reducing anaemia-related 

morbidity. Unlike AL, a further advantage is that ART-NQ is taken once daily and 

without the need for co-fat administration and this is likely to improve compliance to 

treatment compared with the complex six-dose regimen of AL.  

It can be hypothesized that the better efficacy of ART-NQ reflects the long 

terminal elimination t1/2 of NQ. The mean elimination t1/2 of NQ in PNG children is 21 

to 25 days92 compared with 14 to 21 days for piperaquine.98-100 This means that it can 

suppress reappearances of both P. falciparum and P. vivax for a longer period than 

piperaquine and especially lumefantrine which has an elimination t1/2 of only 4 to 5 

days.111 The ART-NQ Day 42 PCR-corrected ACPR for P. falciparum and PCR-

uncorrected P. vivax, the primary endpoints in this trial, were 100% for both species 

demonstrating this regimen to be highly efficacious and addresses the species-specific 

shortcomings of AL as the current standard treatment. These efficacy outcomes are 

clearly superior to those of both AL and DP in a previous trial in young PNG children, 

since AL and DP were associated with P. falciparum Day 42 PCR-corrected ACPRs of 

95.2% and 87.9%, respectively, and P. vivax Day 42 uncorrected ACPRs of 30.3%, and 

69.4%, respectively.112 

The 100% ACPR in ART-NQ for the treatment of falciparum and vivax malaria 

highlights that the use of single-dose ART-NQ is responsible for the lower efficacies 
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previously reported.83,85,91,106 This was obvious in a single and double-dose study in 

PNG children aged 5 to 12 years old where treatment failures and high gametocyte 

carriage were found to be more common in the single-dose group.93 The higher efficacy 

of double-dose is supported by a Nigerian adult study reporting a Day 28 ACPR of 

93.1% in falciparum malaria, and a paediatric study from Ivory Coast reporting a Day 

28 P. falciparum ACPR of 100% in falciparum malaria.202 The only other study apart 

from the present study to have assessed the Day 42 efficacy of three-dose ART-NQ was 

in Chinese adults with vivax malaria.88 This study utilized a three-day regimen (17.5:7 

mg/kg vs 20:8 mg/kg in the present study) that was associated with a Day 42 ACPR of 

98.4%. Overall, these data support a three-day regimen to maximize the efficacy of 

ART-NQ.  

 There are theoretical reasons why ART-NQ may be a suboptimal ACT. Auto-

induction of artemisinin metabolism results in declining plasma concentrations over the 

three days of treatment and this phenomenon has not been observed with ACTs 

employing semi-synthetic artemisinin derivatives such as artesunate, artemether and 

DHA.92,203 In addition, unlike artemether in AL, artemisinin is not metabolized to DHA 

which is the most active metabolite compared to all derivatives against P. falciparum.204 

These pharmacokinetic and pharmacodynamic factors reflect the relatively low efficacy 

of ART-NQ given for less than three days.82,83,93  

The study had limitations. Firstly, baseline microscopy by field microscopists 

under clinic conditions led to 11% of the 267 randomized patients being included when 

they had sub-threshold parasitaemia by expert microscopy. Secondly, we did not 

directly observe all AL doses. However, parents and guardians were instructed as to the 

importance of all doses to be given at home. Adherence was assessed at the next follow-

up visit, and Day 7 plasma lumefantrine concentrations were consistent with full 

compliance in each case. Furthermore, the children screened and recruited to this trial 
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are from coastal PNG communities that are typical of those in Oceania where hyper- or 

holo-endemic transmission of multiple Plasmodium species is found. Therefore, for 

children with uncomplicated malaria who have been raised in a non-endemic area, it is 

possible that their treatment responses may be unfavourable because of their lower or 

absent malarial immunity.  However, despite these limitations, a major strength of the 

present study is the ≥92% retention rate of children in each of the four treatment-

Plasmodium species arms. This retention rate was greater than expected based on the 

previous PNG trial with, for example, only 77% in one of the arms.112 There was also a 

high rate of parasitologic data collection.  

 The importance of the simplicity of ART-NQ dosing (once daily treatment with 

water) relative to that of AL (twice daily with fat) cannot be underestimated. In rural 

settings, as in the study sites of the present trial, the availability of milk or other high fat 

dietary components is limited. Furthermore, patients with malaria often present with 

vomiting and anorexia, making administration of AL with milk or food problematic. 

Additionally, in view of the relatively complex dosing schedule in these communities 

where illiteracy is common and parents are often used to antimalarial drugs such as CQ 

that is given once daily, the three daily doses of ART-NQ are likely to limit 

misunderstanding and confusion. This should improve adherence which would also 

attenuate the development of parasite drug resistance.    
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4.5 CONCLUSION  

 The efficacy as well as tolerability and safety (see Chapter 3), of three daily 

doses of ART-NQ suggest that this regimen should be considered together with other 

currently available effective ACTs for the treatment of uncomplicated malaria in PNG 

and other similar epidemiologic settings where there is transmission of multiple 

Plasmodium species. This is particularly important where vivax malaria is prevalent as 

evidence is accumulating that this infection can be far from benign. Although it can be 

argued that the benefits of three-dose ART-NQ are short-lived and that the post-

treatment prophylactic effects of the two trial ACTs will wane beyond Day 42 as 

plasma concentrations of NQ decrease, the safety of three-dose ART-NQ, its superior 

efficacy profile and its relatively simple administration are cogent reasons for its clinical 

use in countries such as PNG. Although cost-effectiveness analyses were beyond the 

scope of the present study, in settings where vivax malaria predominate, it is likely that 

the additional cost of three-dose ART-NQ compared to the single-dose therapy 

currently recommended will be counterbalanced by the substantial reduction in post-

treatment vivax malaria.  

 

 

 

 

 

 

 

 

 

 



91 
 

 

 

 

 

CHAPTER 5 

EFFICACY OF THREE-DOSE ARTEMISININ-

NAPHTHOQUINE VERSUS ARTEMETHER 

LUMEFANTRINE ON GAMETOCYTE 

CLEARANCE 
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5. GAMETOCYTE CLEARANCE 

5.1 INTRODUCTION 

Intra-erythrocytic development of Plasmodium species comprises asexual 

reproduction which underlies host pathophysiology or sexual reproduction (gametocyte 

formation) that is essential for malaria transmission.205 Apart from distinctive 

morphology, gametocytes have many characteristics that set them apart from asexual 

stages. Plasmodium falciparum gametocytes have a much longer life span in the 

circulation and reduced antimalarial drug sensitivity through metabolic inactivity during 

the mature phase.195,206,207 Artemisinin drugs have greater gametocytocidal activity than 

conventional agents such as CQ and SP in P. falciparum infections.208-211 As their t1/2 

are relatively short, this greater potency arises largely from their ability to destroy a 

wider range of early stage gametocytes, presumably at their sequestration sites.208,212 

However, the exact effect of antimalarial drugs on the viability of more mature P. 

falciparum gametocytes that continue to circulate after treatment is unclear.213,214  

There are differences in gametocytocidal activity within the artemisinin class. In 

vitro experiments suggest that artemether is less potent than other endoperoxide 

compounds, including artemisinin itself, in exflagellation assays.215,216 However, in 

comparative clinical studies, artemether-based ACTs are at least as effective at reducing 

post-treatment gametocytaemia as artesunate- or DHA-based ACTs.217,218 With the 

development of these semi-synthetic derivatives with more advantageous 

pharmacological profiles, artemisinin itself has not been incorporated as part of 

commonly-used ACTs but the first in vivo studies showing gametocytocidal activity 

involved artemisinin.219    

Monitoring post-treatment gametocytaemia is an important component of 

efficacy assessment and it allows quantification of transmission potential in endemic 

areas.195,220 Because the gametocyte density in peripheral blood is often too low for light 
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microscopy,221 sensitive and robust gametocyte detection is crucial for these 

purposes.212 More sensitive molecular methods that have been developed include RT-

PCR, quantitative nucleic acid sequence based analysis and reverse transcriptase loop 

mediated amplification.207,222-227 These methods typically target transcripts of the Pfs25 

gene in P. falciparum or its homologue in P. vivax (Pvs25). Such molecular methods are 

not easily transferable to field laboratories, are prone to contamination, use expensive 

equipment and reagents, and require trained personnel.228,229 In addition, the 

development and application of laboratory-derived standard curves relating transcript 

copy number to gametocyte number are difficult given the variability of field isolates.227 

As a practical alternative, a method based on quantitative high field gradient magnetic 

fractionation (QMF) that has similar sensitivity to RT-PCR in laboratory and field 

settings has been developed and validated.228,230-232  

In this Chapter, gametocyte clearance in AL-treated children compared to ART-

NQ-treated children by microscopy as well as QMF in a sub-set of these children is 

presented. Because ART-NQ-treated children in the parent trial had a slower clearance 

rate relative to AL-treated patients,161 QMF was employed to characterize in detail the 

clearance kinetics of P. falciparum and P. vivax gametocytes in this sub-study. 
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5.2 METHODS 

5.2.1 Study procedures 

All patients who participated in the safety and efficacy phase of the trial were 

eligible to participate in the gametocyte sub-study. Blood slides were collected on Days 

0, 1, 2, 3, 7, 14, 28 and 42 to determine asexual and sexual parasites, speciation and 

density by expert microscopy. This enabled assessment of the efficacy of ART-NQ 

relative to AL in clearing gametocytes over the 42-day follow-up period. In a subset of 

70 patients, QMF and RT-PCR were used (Appendix C).232  

 

5.2.2 Malaria microscopy 

All expert microscopy reads were performed independently by two skilled 

microscopists who were unaware of treatment allocation and response of study 

participants. Asexual and sexual parasites were counted against 200 WBC or 500 WBC 

under x100 magnification as described in the General Methods section 2.5.2. 

 

5.2.3 Magnetic fractionation 

Blood samples for QMF were processed on the day of collection. An aliquot of 

200 µL blood was subjected to QMF as described elsewhere using the MACS system 

(Miltenyi Biotec, Bergisch Gladbach, Germany).228,230 After magnetic fractionation, 

blood smears were examined by screening the slide for gametocytes, a process which 

took approximately 5 minutes using 1000 x magnification given that very few cells 

were present. Gametocytaemia was quantified as described previously.232 Models of 

gametocyte clearance of P. falciparum were assessed using differential equations 1.1 

and 1.2, as described previously.208 
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5.2.4 Ethics approval 

 Approval for the gametocyte sub-study as well as the MF investigations was 

obtained from parents or guardians of individual children as part of the main clinical 

trial (MRAC 10.39 and PNGIMR IRB 1010). 

 

5.2.5 Statistical analysis 

Differences in gametocytaemia based on microscopy by treatment group and 

time were assessed using Generalized Linear Modelling with Bonferroni-correction to 

adjust for multiple pairwise comparisons.161 All P-values were two-tailed with a value 

of <0.05 taken as significant, unless otherwise stated. For the QMF analysis, data are 

presented as mean and (95% Confidence Interval). Comparisons between proportions 

were by χ2 test, and Student‟s t-test or the Mann-Whitney U test was used for between-

group comparisons of continuous variables. All P-values are two-tailed and unadjusted 

for multiple comparisons. 
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5.3 RESULTS 

5.3.1 Gametocytes based on microscopy at presentation 

Over a third of the 230 eligible children had gametocytes identified by expert 

microscopy at enrolment (Table 12). Of these, 35.9% (71 of 198) had P. falciparum 

gametocytes while 38.3% (18 of 47) had P. vivax gametocytes. The number of P. 

falciparum gametocyte carriers was not significantly different between the AL and 

ART-NQ treatment groups at baseline (32% vs 39.8%; Fishers exact test P=0.30).  

Similarly, there was no significant baseline difference in P. vivax gametocyte carriers 

(AL 45% vs ART-NQ 33.3%; Fishers exact test P= 0.55). 

 

Table 12: Patients with gametocytaemia categorised by treatment and species at 
baseline and during subsequent follow-up. Data are numbers (percentage) or median 
[interquartile range (IQR)].  Gametocyte medians [IQR] are for positive cases at each 
time-point. 

 

 Falciparum malaria  Vivax malaria  

 Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

Number 100 98 20 27 
Day 0 32 (32) 39 (39.8) 9 (45) 9 (33.3) 
Gametocyte density  (/µL) 60 [42- 234] 73 [39- 210] 137 [24- 207] 39 [20- 78] 
Day 1 28 (28) 40 (40.8) 2 (10) 0 (0) 
Gametocyte density  (/µL) 63 [24- 179] 61.5 [40- 129.5] 36 [16- 56] 0 [0- 0] 
Day 2 21 (21) 33 (33.7) 1 (5) 0 (0) 
Gametocyte density (/µL) 94 [46- 143] 110 [74- 174] 40 [40- 40] 0 [0- 0] 
Day 3 24 (24) 40 (40.8) 0 (0) 0 (0) 
Gametocyte density (/µL) 64 [32- 103] 118.5 [43.5- 249.5] 0 [0- 0] 0 [0- 0] 
Day 7 12 (12) 29 (29.6) 0 (0) 0 (0) 
Gametocyte density (/µL) 59.5 [24- 107] 110 [62- 152] 0 [0- 0] 0 [0- 0] 
Day 14 1 (1) 12 (12.2) 0 (0) 0 (0) 
Gametocyte density (/µL) 16 [16- 16] 28 [20- 40] 0 [0- 0] 0 [0- 0] 
Day 28 0 (0) 0 (0) 2 (10) 0 (0) 
Gametocyte density  (/µL) 0 [0- 0] 0 [0- 0] 33.5 [15- 52] 0 [0- 0] 
Day 42 2 (2) 0 (0) 8 (40) 0 (0) 
Gametocyte density  (/µL) 277 [224- 330] 0 [0- 0] 59 [41.5- 

110] 
0 [0- 0] 
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5.3.2 Gametocytes based on microscopy following treatment 

During follow-up, children in the ART-NQ group were more likely to have 

gametocytaemia between Days 3 and 14 (see Figure 20). The odds ratio [95% CI] for 

carriage in the ART-NQ group was 3.2 [1.5-6.8] that of children in the AL group on 

Day 7 and 15.1 [1.9-118.1] on Day 14. When only those children who were gametocyte 

positive at baseline were considered (n=32 in the AL group and n=39 in the ART-NQ 

group; Table 12), the equivalent odds ratios for gametocyte carriage on Days 7 and 14 

were 2.6 [1.0-6.8] and 10.7 [1.3-88.8], respectively. In patients with vivax malaria, 

consistent with the rapid clearance in asexual parasites, there was prompt gametocyte 

clearance, with no gametocytes seen by microscopy in both treatment groups by Day 3 

(Table 12). However, also consistent with the more frequent treatment failure rate in the 

AL group, 40.0% of AL-treated patients with vivax malaria became positive for 

gametocytes by Day 42 while none of the children in the ART-NQ group became 

gametocytaemic at that timepoint. 
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Figure 20: Proportions of patients with gametocytes during follow-up after treatment 
for P. falciparum (upper panel) and for P. vivax (lower panel) by expert microscopy. 
Data are for ART-NQ (solid circles and lines) and AL (open circles and dashed lines). * 
indicates P<0.05 and ** P<0.01 for between-treatment comparisons. 
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5.3.3 Gametocyte clearance based on QMF   

Of the 70 children enrolled, 54 were infected with P. falciparum, 14 with P. 

vivax and two with mixed P. falciparum/P. vivax. The baseline characteristics of the 

patients and their malaria-related parameters at study entry are summarized in Table 13. 

There were no statistically significant differences between the groups apart from 

borderline higher P. vivax parasite densities at study entry in those treated with ART-

NQ and a trend to higher P. falciparum gametocyte densities in this group. Consistent 

with microscopy findings (Figure 20), mathematical modelling based on the QMF data 

confirmed that gametocyte clearance was indeed slower in the ART-NQ group 

particularly in the first 2-3 weeks (Figure 21).  

 

 

Table 13: Baseline characteristics of the children in the QMF sub-study by allocated 
treatment.  

 

 Artemether-
lumefantrine 

Artemisinin-
naphthoquine 

P-
value 

Number 34 36  
Age (months) 46 (40-51) 41 (36-46) 0.26 
Sex (%) 38 60 0.17 
P. falciparum infections (%)  82 68 0.26 
P. vivax infections (%) 12 29 0.13 
Mixed P. falciparum/vivax infections (%) 3 3 >0.99 
P. falciparum density (/µL) 10,557 (5,471-20,373) 18,339 (9,796-34,334) 0.31 
P. vivax parasite density (/µL) 1,162 (107-12,541) 7,765 (2,661-22,658) 0.05 
P. falciparum gametocyte density (/µL) 19 (8-47) 41 (12-128) 0.07 
P. vivax gametocyte density (/µL) 83 (15-458) 62 (22 -171) 0.60 
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Figure 21: Plasmodium falciparum gametocyte determined by QMF for children 
treated with AL and ART-NQ. Equation 2.1 has been fitted to gametocyte density data 
(upper panels) and Equation 2.2 to gametocyte prevalence data (lower panels).208 Means 
(●) and best fits (solid black lines) are shown together with 95% confidence levels 
(shaded areas). A horizontal dashed representing a gametocyte density of 2.5 /µL is 
shown in the upper panels. 
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5.3.4 Recurrences of gametocytaemia by QMF during follow-up 

Although P. vivax gametocytes were cleared much more rapidly than P. 

falciparum gametocytes, the proportion of children that became P. vivax gametocyte 

positive by Day 42 was much higher than that observed for P. falciparum (see Figure 

22). Nearly 40% of children in the AL group developed P. vivax gametocytaemia 

between Days 28 and 42 compared with only 3 % in the ART-NQ group (P<0.001). By 

contrast, only 10% of children had become P. falciparum gametocyte positive by Day 

42 in the AL group vs 3% in the ART-NQ group (P=0.35). These data are consistent 

with the results of the main trial, in which appearance/reappearance of P. vivax asexual 

parasitaemia in a larger number of children than in the present sub-study was 

significantly more common in the AL group regardless of whether P. vivax or P. 

falciparum was present on the blood smear at presentation.161 

 
 

 

Figure 22: Proportions of individuals in each treatment arm who developed either P. 
falciparum (left panel) or P. vivax (right panel) gametocytaemia by QMF between 4 and 
6 weeks after treatment. 
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5.4 DISCUSSION 

Both microscopy and QMF showed ART-NQ to be slower in clearing P. 

falciparum gametocytes particularly within the first two weeks, while P. vivax 

gametocyte clearance was prompt in both treatment arms. Furthermore, ART-NQ was 

superior in preventing gametocyte reappearance/appearance between Days 28 and 42. 

Magnetic fractionation not only confirmed a slower P. falciparum gametocyte 

clearance, but also detected 3% of sub-microscopic carriers in the ART-NQ group 

between Days 28 and 42.   

The slower gametocyte clearance in ART-NQ-treated patients is likely to be an 

effect of the PK/PD properties of artemisinin. As outlined in the discussion section of 

Chapter 4, auto-induction of artemisinin metabolism does occur and this may result in 

progressive decline in plasma concentrations of artemisinin,92,203 even when given over 

three days as in the present trial. In addition, unlike the semi-synthetic artemisinin 

derivatives, artemisinin is not metabolised to DHA, the more active metabolite which 

has the greatest activity against P. falciparum.204 Therefore, these PK/PD factors reflect 

the relatively low efficacy of ART-NQ given for less than three days,82,83,93 and may 

have played a significant role in the slow gametocyte clearance observed in the present 

study. 

The persistence of P. falciparum gametocytaemia has important clinical 

implications for malaria transmission and control. Non-ACTs such as CQ, AQ, quinine 

and SP have limited or no gametocidal effects against immature gametocytes, and this is 

reflected in the high number of treated patients who develop mature forms of 

gametocytes in the week following the use of these antimalarials.233-236 Unlike other 

ACTs that have been shown to have better gametocidal effects because of their ability to 

destroy a wide range of early stage gametocytes as well as their fast-acting and potent 

effects on asexual parasites that subsequently limits production of 
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gametocytes,208,210,212,237,238  ART-NQ was slower in clearing gametocytes and this 

could be considered as a significant limitation of this ACT. However, this could be 

managed by administration of single-dose primaquine, provided that cost-effective 

point-of-care screening for G6PD is available.239 Nevertheless, studies on 

gametocytaemia following SP treatment have shown that regardless of their high 

density, infectivity of gametocytes following treatment is lower.213 Whether this 

observation will be the same for ACTs such as ART-NQ or not will need further 

investigation.  

Although poor health infrastructure and limited funding in settings like PNG 

may limit its application to research settings, QMF proved to be a useful tool that can be 

utilised to improve detection of gametocytes compared to other sensitive molecular 

methods that are not easily transferable to field settings.228,229 For instance, in 

antimalarial drug efficacy trials similar to the present study, QMF can be used to 

improve detection of patients with gametocyte reappearance as a secondary endpoint. 

This has important clinical implications since sub-microscopic gametocyte reservoir can 

sustain transmission of malaria.220 Additionally, most vivax patients will be 

asymptomatic on follow-up with rapid reappearance of gametocytes particularly with 

AL as the standard treatment (as observed in the present trial), resulting in a greater risk 

of transmission. Therefore, improving detection of sub-microscopic gametocytes is vital 

for malaria control and elimination efforts, and QMF has the potential to contribute in 

this regard.  
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5.5 CONCLUSION 

Despite the excellent efficacy and safety profile of ART-NQ in clearing asexual 

parasites and preventing reinfection, this ACT was slower in clearing P. falciparum 

gametocytes particularly in the first two weeks following initial treatment when 

compared to standard AL treatment. The QMF sensitive method of gametocyte 

detection confirmed this finding and provided some evidence that artemisinin is less 

effective at clearing P. falciparum gametocytes than artemether when given as part of 

ACT to Melanesian children with uncomplicated malaria. This may reflects less potent 

activity against young sequestered forms which continue to be released during the three 

days of treatment. Regardless, ART-NQ remained superior in preventing reappearance 

of gametocytes between Days 28 and 42, and this was more obvious in the vivax 

species group when compared to AL. The slower P. falciparum clearance rates may be 

related to the PK/PD limitations of ART-NQ, while its ability to suppress reappearance 

of gametocytes can be attributed to the longer elimination half-life of NQ.  
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6. SIX MONTHS FOLLOW-UP STUDY 

6.1 INTRODUCTION 

Artemisinin-based combination therapies have emerged as first-line treatment 

for uncomplicated malaria in most malaria-endemic countries because of their high cure 

rates, relative safety, transmission-blocking potential, and ability to delay the 

development of parasite drug resistance.76 Their place in management of malaria has 

been cemented through randomized clinical trials, but there is uncertainty regarding the 

optimal duration of follow-up for determining efficacy. The WHO currently 

recommends Day 42 as the maximum follow-up time-point for trials involving longer 

t1/2 ACT partner drugs,51,80 but there is theoretical evidence that at least 56 days of 

follow-up should be considered for trials of falciparum malaria involving ACT partner 

drugs with elimination half-lives that are longer than one week.240 In the case of vivax 

malaria, and in trials of falciparum malaria in areas where P. vivax is transmitted, late 

post-treatment recurrences can result from relapses from dormant liver stages. Durations 

of follow-up of up to 63 days have been employed in this situation.241 However, a 

longer duration of follow-up increases the complexity and cost of clinical trials, and 

attrition rates of both patients, and also trained research staff,242 are likely to increase.  

As highlighted in Chapter 4, the greater number of recurrent infections after AL 

may have reflected the shorter elimination t1/2 of lumefantrine compared with NQ.92,111 

To assess this possibility and in light of the possible need for prolonged follow-up in 

such ACT trials,240 a subset of trial participants were followed for a period of six 

months post-treatment. It was hypothesized that, in coastal PNG where malaria 

transmission is at least moderate and recurrent malaria in children aged ≤5 years is 

common,149 the incidence of clinical episodes of malaria during prolonged follow-up 

would be determined by the elimination t1/2 of the non-artemisinin partner drug. 
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6.2 METHODS 

6.2.1 Study setting and design 

The present study was conducted at Mugil and Alexishafen Health Centres in 

Madang Province on the north coast of mainland PNG. The malaria EIR in this setting 

has been estimated at 37 for P. falciparum and 24 for P. vivax.149 Although there has 

been a significant decline in falciparum malaria after the introduction of malaria control 

programs, the incidence of vivax malaria has remained unchanged over the last three 

decades.147,149 

As outlined in Chapter 2, the parent trial was a randomized, comparative, 

efficacy trial of AL and ART-NQ (Australian New Zealand Clinical Trials Registry 

ACTRN12610000913077).161 In the present sub-study, all children completing trial 

procedures were followed subsequently for two primary outcomes; i) the cumulative 

incidence of first clinical episode of malaria within-trial (up to Day 42) and post-trial 

(up to 6 months after treatment), and ii) the median time to the clinical episode of 

malaria within six months of allocated treatment. Secondary outcomes were; i) the 

incidence of non-malarial illness between treatment groups within six months of 

allocated treatment, and ii) the median time to an episode of a non-malarial illness 

within six months of allocated treatment.  

 

6.2.2 Study patients 

Children aged between 6 months and 5 years with uncomplicated malaria were 

recruited to the parent trial between March 2011 and April 2013 provided that they had; 

i) an axillary temperature >37.5°C or fever during the previous 24 hours, ii) P. 

falciparum (>1000 asexual parasites/µL whole blood) and/or P. vivax (>250/µL) on a 
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peripheral blood smear, iii) not used study drugs in the past 14 days, and iv) no clinical 

or laboratory evidence of severe malaria or other infection.161  

 

 

Figure 23: Study patients during six-month follow-up at Bunu village, Mugil. 

 

6.2.3 Within-trial clinical and laboratory procedures 

Within-trial clinical and laboratory procedures have been described previously 

(see Chapter 2).161 Briefly, children were randomly assigned by use of a computer-

generated random numbers in blocks of 24 by site to receive AL (1.7:10 mg/kg; 

Novartis Pharma, Basel, Switzerland) twice-daily for three days with milk as per 

manufacturer‟s recommendation or ART-NQ (20:8 mg/kg; Kunming Pharmaceutical 

Corporation, Yunnan, China) daily with water for three days. Treatment allocation was 

concealed from investigators by use of an opaque, sealed, and sequentially numbered 

envelope that was opened only after the patient was enrolled. Serial clinical and 
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laboratory assessments including axillary temperature and malaria microscopy were 

performed on Days 1, 2, 3, 7, 14, 28 and 42.   

As outlined in Chapter 2, P. falciparum re-infection and recrudescence were 

distinguished using PCR genotyping of MSP2 and MSP1 based on paired samples 

collected on Day 0 and at reappearance during the active follow-up period.164,196 

Plasmodium vivax recrudescence was determined based on genotyping of MSP1F3 and 

Microsatellite 16.197 Malaria blood smears were examined independently by two skilled 

microscopists.161 The WHO-recommended method of parasite density calculation based 

on the number/200-500 leucocytes and an assumed leucocyte count of 8,000/μL169 was 

used and has been validated for the study setting.170  

 

6.2.4 Post-trial follow-up 

During the post-trial follow-up period, parents/guardians were asked to bring 

their children back to the Mugil and Alexishafen Health Centres if the child became 

unwell or developed fever within the six months after allocated treatment. In all these 

cases, field microscopy for malaria parasites or a malaria RDT (CareStart®, AccessBio, 

USA) was performed. All malarial and non-malarial illnesses during the post-trial 

follow-up period were treated according to PNG national guidelines.166 

Initially, the parents/guardians of the children who did not re-attend with an 

illness were visited in their villages (Figure 23) and their child‟s health record books 

were examined to document malarial or non-malarial illnesses that may have been 

missed due to attendance at another health care facility. However, this practice was 

discontinued because of logistic difficulties and the fact that an additional primary 

endpoint was identified in less than <1% of these cases. However, those children still 

within the six-month follow-up period when the Mugil and Alexishafen Health Centres 



110 
 

closed (on Day 42 of the last randomised patient) were excluded from the present study 

because all their post-trial outcomes could not be ascertained. 

 

6.2.5 Ethical approval 

 Both the parent trial and present sub-study were approved by the PNG Institute 

of Medical Research Review Board, the PNG Medical Research Advisory Committee 

(MRAC 10.39) and the University of Western Australia Human Research Ethics 

Committee. Written informed consent was obtained from parents/guardians of all 

children before participation. 

 

6.2.6 Statistical analysis  

To assess the effect of treatment on long-term outcome, we performed Kaplan 

Meier survival analysis of time to first appearance of i) any confirmed clinical malaria 

for the entire six months follow-up period, and ii) any confirmed clinical malaria post-

trial in patients with Day 42 ACPR. The median time to event (clinical malaria or non-

malarial illness) was compared between treatment groups. Two-sample comparisons for 

normally-distributed variables were by Student‟s t-test, for non-normally distributed 

variables by Mann Whitney U-test, and for proportions by Fisher‟s exact test. All P-

values are two-tailed and unadjusted for multiple comparisons. 
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6.3 RESULTS 

6.3.1 Patients 

Of the 267 children randomised in the parent trial, 247 (92.5%) were followed to 

Day 42. Of this latter number, 176 (71.3%) were included in the six month analysis, 

comprising 87 allocated to AL and 89 to ART-NQ (see Figure 24). The 71 children who 

were excluded were those who had not attended the Mugil and Alexishafen Health 

Centres post-trial and were still within the six month follow-up period when the two 

clinics closed at the end of the parent trial. There were no deaths or non-infection-

related clinic attendances amongst the 176 included children, and were no differences in 

baseline characteristics by allocated treatment (see Table 14).  

 

6.3.2 Episodes of clinical malaria 

            In the AL group, 20 (32.8%) children had a first episode of clinical malaria (due 

to either P. falciparum or P. vivax) within six months of treatment (see Table 15). This 

included 4 who developed clinical malaria within-trial,161 12 who developed clinical 

malaria post-trial, and 4 who were asymptomatic and recorded as late parasitological 

failure during the trial without being treated and who subsequently developed clinical 

malaria during the post-trial period, on Days 56, 62, 140 and 154, respectively. In the 

ART-NQ group, there was no late parasitological or clinical failure during the 42 days 

within-trial. However, 10 children developed clinical malaria between Days 52 and 152 

(16.4%, P=0.046 vs AL; see Table 15). Kaplan-Meier analysis showed that the 

incidence of a first episode of clinical malaria was higher in the AL group (P=0.033 by 

log rank test; see Figure 25). The median time to the first episode of clinical malaria 

was 64 days in the AL and 116 days in the ART-NQ group (P=0.20; see Table 15).  
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            If only those children who had an ACPR at Day 42 in the parent trial were 

considered, 12 of the 37 in the AL group (32.4%) and 10 of 89 in the ART-NQ group 

(11.2%) had an episode of clinical malaria between six weeks and six  months after 

treatment (P=0.008). 

 

6.3.3 Episodes of non-malarial illness 

Twenty-one (24.1%) and 16 (18.0%) of children in the AL and ART-NQ groups, 

respectively, had a first episode of non-malarial illness during the six-month follow-up 

period (P=0.36; see Table 15). Kaplan-Meier analysis showed that the incidence of non-

malarial illness was not significantly different between groups (P=0.31 by log rank 

test). There was also no significant between-group difference in the time to the first 

episode of a non-malarial illness (medians 123 and 107 days, respectively; see Table 

15). Most had respiratory infections (32.4%) or skin infections (24.3%). There were no 

differences in the percentages of children who had more than one non-malarial illness 

during follow-up (AL 63.2% vs ART-NQ 55.1%; P=0.27). 
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Figure 24: Profile of patients followed from randomisation to the end of the six-month 
follow-up period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



114 
 

Table 14: Baseline characteristics of children who completed six months of follow-up 
classified by allocated treatment. Data are numbers (percentages) or mean ±SD. 

 

 Artemether-
lumefantrine 

(n=87) 

Artemisinin-
naphthoquine 

(n=89) 

P-value 

    
Age (months) 41.4 ± 16.6 44.0 ± 15.4 0.28 
Male (%) 43 (49.4) 47 (52.8) 0.76 
Falciparum malaria (%)* 80 (92.0) 73 (82.0)  0.07 
Vivax malaria (%)* 10 (11.5) 21 (23.6)  0.04 
Axillary temperature (oC)  38.3 ± 1.3 38.1 ± 1.4 0.51 
Weight (kg)  12.4 ± 2.5 12.6 ± 2.5 0.50 
Respiratory rate (/min)  31.1 ± 8.8 31.3 ± 10.1 0.97 
Heart rate (/min) 122.8 ± 20.8 122.5 ± 20.7 0.91 
Mid upper arm circumference 
(cm) 

14.5 ± 1.2 14.5 ± 1.2 0.97 

Height (cm) 93.1 ± 10.6 93.0 ± 10.5 0.97 
Body Mass Index (kg/m2) 14.4 ± 1.6 14.7 ± 2.1 0.38 
Palpable spleen ≥2 cm (%) 35 (40.2) 38 (42.7) 0.76 
Haemoglobin (g/L) 89.8 ± 17.1 94.0 ± 17.7 0.11 
Blood glucose (mmol/L) 6.6 ± 1.8 6.7 ± 1.8 0.71 
    

*8 patients (3 AL-treated and 5 ART-NQ-treated) had mixed P. falciparum/P. vivax 
infections 
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Figure 25: Kaplan-Meier survival analysis showing the proportions of children treated 
with AL (solid line) and ART-NQ (dashed line) remaining free of clinical malaria 
during six months after allocated treatment. The P-value for the log rank test is shown. 
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Table 15: Endpoints by allocated treatment for the 176 children with data for six 
months after trial entry. Data are number (percentage) or median [interquartile range]. 

 
 

 Artemether-
lumefantrine 

(n=87) 

Artemisinin-
naphthoquine 

(n=89) 

P-value 

 
Primary outcome 

         Clinical malaria within six 
months following initial treatment 

20/87 (23) 10/89 (11.2) 0.046 

         Median time to first 
malarial illness (days) 

64 [50-146] 116 [77-130] 0.20 

    
Secondary outcome    
         Incidence of non-malarial 
illnesses within six months 

21/87 (24.1) 16/89 (18.0) 0.36 

         Median time to first non-
malarial illness (days) 

123 [80-149] 107 [92-166] 0.77 
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6.4 DISCUSSION 

The present study shows that the relative clinical benefits of ART-NQ over 

conventional AL therapy extend well beyond the 42 days of the parent trial. ART-NQ 

was associated with approximately half the risk of a first episode of clinical malaria 

during follow-up over six months. The parallel nature of the Kaplan-Meier curves and 

the between-treatment difference in median time to first malarial episode suggest that 

the long t1/2 of the NQ component of ART-NQ delays malaria post-treatment 

susceptibility relative to AL by 7 to 8 weeks. This is equivalent to 2 to 3 NQ elimination 

half-lives in PNG children.92 In the patients allocated to AL, the relatively rapid 

elimination of lumefantrine and its active metabolite desbutyl-lumefantrine111,176 is 

unlikely to afford protection from reappearance of malaria or a new malarial infection 

beyond the 42 days of the parent trial. Despite the higher haemoglobin concentrations in 

the ART-NQ group at the end of the parent trial161 and the recognised association 

between anaemia and bacterial infection in young children in the tropics,243-245 there was 

no protective effect of ART-NQ treatment on the risk of non-malarial (mainly bacterial) 

infections in our patients. 

There is evidence that local malaria transmission intensity may play a role in the 

efficacy of longer-acting partner drugs.246,247 In one trial in which patients were 

followed up beyond Day 42 in an area of intense malaria transmission in Uganda (P. 

falciparum EIR 562 248), there was no difference in malaria reinfection rates in children 

receiving AL or DP at Day 63 despite the longer elimination t1/2 of piperaquine.246 In 

our more moderate transmission setting (P. falciparum EIR 37 149), the post-treatment 

prophylactic effect of NQ was evident at Day 63 and beyond. However, and especially 

since there were more ART-NQ-treated children with vivax malaria in the present sub-

study (Table 13), the ability of NQ to suppress relapses of P. vivax may have been a 
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major contributor to the between-group differences in late clinical malaria in our 

patients,161 a consideration not relevant to sub-Saharan Africa. 

Antimalarial drugs such as NQ with long elimination t1/2 are more likely to 

promote the development of parasite resistance as a result of prolonged sub-therapeutic 

plasma concentrations.249,250 In the case of PNG, CQ has provided a good example in 

that sustained and widespread use resulted in clinically significant parasite resistance 

and the need for alternative treatments.251 However, the „mandatory‟ combination of 

newer long-acting drugs such as NQ with an artemisinin derivative76,80 is likely to be 

protective, and even triple therapy regimens are being considered to limit the possibility 

of parasite resistance.252 The widespread deployment of ART-NQ in countries such as 

PNG may be justifiable based on prolonged efficacy/effectiveness such as demonstrated 

in the parent trial161 and present data, but in vivo, in vitro and/or genetic monitoring of 

parasite resistance should be an integral part of this process. 

The present study had limitations. We did not differentiate between Plasmodium 

species or perform genotyping to differentiate recrudescences from reinfections, but the 

primary endpoint (clinical malaria) was a pragmatic one designed to allow the long-term 

real-world effectiveness of the two treatment regimens to be assessed. For logistic and 

financial reasons, we did not follow all participants in the parent trial at each site for the 

full six months, but most children were included and the two treatment groups were 

similar in number and baseline characteristics. Indeed, the significantly greater number 

of vivax cases in the ART-NQ group and the potentially high rate of associated late 

relapses may have led to bias against this ACT, but it nonetheless proved more effective 

than AL.  
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6.5 CONCLUSION 

The present study is one of the few published in the literature that have 

employed long-term follow-up of patients with malaria treated with ACTs. The data 

suggest strongly that the long terminal elimination t1/2 of three daily doses of NQ 

confers benefit of ART-NQ over AL to at least six months post-treatment. This 

observation should favourably influence cost-effectiveness analyses. In addition, the 

present long-term follow-up data also add to the reassuring results of detailed safety 

monitoring over 42 days in the parent trial,161 in that there were no unsuspected late 

sequelae after three daily doses of ART-NQ rather than the single dose recommended 

by the manufacturer.   
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CHAPTER 7 

SPLENIC VOLUME STUDY 
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7. SPLENIC VOLUME STUDY 

7.1 INTRODUCTION 

Splenomegaly is one of the oldest known clinical manifestations of malaria, 

having been recognized before the discovery of the Plasmodium parasite.253 Spleen size 

is conventionally graded according to Hackett‟s system254 with a score of 0 (no palpable 

spleen) to 5 (massively enlargement extending towards the umbilicus; see Figure 26), 

but the vertical distance in cm from the lower costal margin in the mid-clavicular line 

has also been used in studies of malaria.255 The rate of palpable splenomegaly can 

provide an indication of the intensity of malaria transmission in endemic areas when 

blood smears are unavailable.254,256  

In patients with malaria, clearance of both parasitised and non-parasitised RBCs 

results in splenic enlargement257,258 which in turn contributes, along with intravascular 

haemolysis and dyserythropoiesis, to anaemia.259-262 Animal studies also show the 

pathophysiological importance of splenic enlargement, with explanted and post mortem 

spleen sizes associated with the severity of anaemia complicating malaria.263,264 The 

spleen is also an important site for pathogen-specific adaptive and maladaptive T and B 

cell immune responses. At its most extreme, aberrant T-cell immune regulation of 

effective humoral responses can lead to the massive splenic enlargement seen in hyper-

reactive splenomegaly syndrome, a major public health problem in some populations 

which is associated with significantly increased mortality. 

The complex three-dimensional shape of the spleen and its position in the left 

upper quadrant of the abdomen complicate accurate assessment of splenic volume. 

Since Hackett‟s grading or simple uniaxial measurement may have insufficient 

sensitivity, ultrasonography has been used as a more accurate alternative to clinical 

assessment in parasitic diseases such as schistosomiasis.265 In the case of malaria, one 
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small paediatric study showed that spleen size by palpation significantly overestimated 

the true incidence of splenomegaly as measured by ultrasound.266 Another study 

involving largely adults questioned the value of splenic ultrasound as an aid to diagnosis 

and did not find that ultrasonographically-detected splenic enlargement was associated 

with indices of severity.267 However, there have been no studies that have compared 

serial changes in splenic volume after treatment assessed by ultrasound to both simpler 

clinical measurements of spleen size and related outcomes such as the development of 

malarial anaemia. 

In malaria-endemic areas of PNG, malarial anaemia associated with 

splenomegaly is a common clinical presentation. Despite a declining incidence of 

malaria, 13% of healthy asymptomatic PNG children have splenomegaly,148 while 

anaemia, including severe cases (haemoglobin concentration <50 g/L), is common and 

multifactorial.244 The aim of the present study was to i) compare the traditional methods 

of splenic size assessment with ultrasonographic volumetric measurement, and ii) 

evaluate serial changes in spleen size and their haematological consequences in children 

with severe and moderate malarial anaemia. 
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7.2 METHODS 

7.2.1 Study sites and patients  

Children with SMA were enrolled between March 2009 and May 2010 as 

participants in a prospective observational study of severe paediatric illnesses which 

was conducted at Modilon Hospital, the main referral hospital in Madang Province. The 

clinical and laboratory characteristics of these patients have been described 

previously.244 In brief, they were aged 1 to 10 years and had P. falciparum and/or P. 

vivax on light microscopy of a peripheral blood smear together with severe anaemia. 

Standardized case report forms containing demographic and clinical information were 

completed by trained research nurses. Clinical management including blood 

transfusions were given in accordance with WHO165 and PNG national guidelines.268 

Intramuscular artemether was given at an initial dose of 3.2 mg/kg of body weight, 

followed by daily doses of at least 1.6 mg/kg until oral antimalarial therapy could be 

tolerated. Daily clinical assessments were performed in hospital. Home visits were 

conducted at pre-specified time-points after discharge.  

Children with MMA (haemoglobin 51-99 g/L) were recruited at Mugil Health 

Centre located between April 2011 and June 2012. Screening for MMA was either part 

of assessment for eligibility into the main trial if the children were aged <5 years161 

(none of the present children met the inclusion criteria for the clinical trial) or it was 

performed during routine assessment of older children presenting with fever. Inclusion 

criteria for the present study were i) age between 1 and 10 years, ii) P. falciparum and/ 

or P. vivax on peripheral blood smear, and iii) no clinical or laboratory evidence of 

severe malaria or another infection. All children with MMA were treated with AL in 

accordance with the PNG standard treatment guidelines. 268  
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7.2.2 Clinical and laboratory procedures 

All children were assessed on Days 0, 1, 2, 3, 7, 14, 28 and 42. At baseline, 500 

µL venous blood was collected into EDTA coated Microtainer® tubes (Becton 

Dickenson, Franklin Lakes, US) and a full blood count was performed using a Coulter 

counter (ACT3 diff PAK, Beckman Coulter, Brea, US). At each subsequent follow-up 

visit, 250 µL of blood was collected by finger prick for haemoglobin measurement and 

malaria microscopy. In children with SMA, an additional 1-3 mL of blood was collected 

for bacterial culture in BactecTM Peds Plus TM/F bottles (Becton Dickinson) and 

incubated using an automated BactecTM system. For malaria microscopy, standard 

procedures were used.12 Giemsa-stained thick blood smears were examined and 

parasitaemia quantified independently by two skilled microscopists, with discrepancies 

adjudicated by a senior microscopist. 

Splenic size was assessed by palpation at each visit with children in the supine 

position. Hackett‟s grading was determined in each case (see Figure 26) and a tape 

measure was used to determine the distance in centimetres from the lower costal margin 

to the tip of the spleen in the mid-axillary line. Ultrasonography was performed using a 

MicroMax Ultrasound System (SonoSite, Brookvale, New South Wales, Australia) by 

the study clinician (ML) or trained nursing officers (SA and CB). The spleen length (L), 

width (W) and depth (D) were assessed with the probe in the longitudinal axis (L) and 

transverse axis (W and D; see Figure 27). Splenic volume in cm3 was calculated from 

the formula 0.524 x L (cm) x W (cm) x D (cm).269,270 The within- and between-operator 

variability in splenic volume has proved to be acceptably low in other clinical contexts 

including paediatric studies and those using a portable ultrasound machine.271-274 
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Figure 26: Hackett's grading system for palpable splenomegaly. 
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Figure 27: Assessment of splenic volume using ultrasonography. Panel A illustrates 
measurement of spleen length in the longitudinal view. Panel B shows measurement of 
width and thickness on the transverse view. 
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7.2.3 Ethics approval 

The study was approved by the PNG Institute of Medical Research Institutional 

Review Board and the Medical Research Advisory Committee of the PNG National 

Health Department (MRAC No. 11.07). Written informed consent was obtained from a 

parent or guardian of each study participant. 

 

7.2.4 Data analysis 

Data were analysed using non-parametric methods and are presented as median 

and [inter-quartile range] or percentages. Two-sample comparisons were by Mann-

Whitney U test for continuous data and by Fisher‟s exact test for proportions. 

Associations between variables were assessed using Spearman‟s rank correlation co-

efficient (rs). A two-tailed significance level of P<0.05 was used throughout. 
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7.3 RESULTS 

7.3.1 Baseline patient characteristics 

Ten children with MMA and 15 with SMA were recruited. Their baseline 

characteristics are summarized in Table 16. All had falciparum malaria at the time of 

enrolment. Children with SMA were significantly younger than those with MMA, and 

they had a higher pulse rate, total WBC count and platelet count. At baseline, splenic 

volumes measured by ultrasound ranged from 14 cm3 to 265 cm3. There was no 

significant difference between the two patient groups in splenic volume, length below 

the left costal margin or Hackett‟s grade (P≥0.50; see Table 16). Baseline splenic 

volume was not associated with haemoglobin concentration (rs=0.02; see Figure 28) or 

age (rs=-0.03; P≥0.90 in each case). 

 

7.3.2 Clinical course 

There was a rapid clearance of P. falciparum parasitaemia in all children with 

MMA. Nine (90%) were slide negative within 24 hours and all were slide negative by 

Day 3. However, gametocyte carriage persisted up to 14 days in two children (20%) and 

up to 28 days in one child (10%). None of the children with MMA required transfusion.  

All children with SMA were blood slide negative for malaria within 24 hours. 

Gametocyte carriage persisted up to 28 days in one child. Blood cultures performed in 

children with SMA were negative for bacterial pathogens in all cases. All children with 

SMA were transfused at least one unit of packed cells (300 mL) within 3 days of 

admission (median 2.5 (range 0.3- 4.0) days).  
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Table 16: Baseline clinical and haematology data in children with moderate and severe 
malarial anaemia. Data are medians (interquartile range) or percentages. 
 

 Moderate malarial 
anaemia  
(n=10) 

Severe malarial 
anaemia  
(n=15) 

P-value 

Age (months) 74 (58-87) 36 (32-49) 0.001 

Male sex (%) 50 40 0.47 

Axillary temperature (oC) 37.1 (36.3-38.6) 37.6 (36.6-38.0) 0.75 

Pulse rate (beats/min) 97 (80-120) 128 (109-135) 0.003 

Respiratory rate (breaths/min) 28 (23-33) 28 (28-39) 0.14 

Blantyre Coma Score ≤4 (%) 0 20 0.20 

Palpable spleen  size (cm) 5.5 (3.7-7.0) 4 (2.0-7.9) 0.50 

Hackett‟s grade  2.5 (2-3) 3.0 (1.0-4.0) 0.93 

Splenic volume (cm3) 84 (49-102) 54 (36-149) 0.66 

Total White cell count (109/L) 6.5 (3.1-9.1) 9.5 (6.5-18.8) 0.032 

     Lymphocytes (%) 46 (32-56) 40 (21-57) 0.42 

     Monocytes (%) 11 (7-18) 9.6 (6-12) 0.32 

     Granulocytes (%) 46 (32-53) 51 (32-72) 0.30 

Total platelet count (109/L) 108 (50-221) 126 (43-211) <0.001 

Haemoglobin (g/L) 77 (67-87) 46 (39-49) <0.001 

Red blood cell count (1012/L) 2.7 (2.3-3.6) 2.2 (1.3-4.4) 0.42 

Haematocrit (%) 22 18-26) 16 (10-25) 0.13 

Mean cell volume (pL) 66 (62-77) 63 (55-83) 0.56 

Mean cell haemoglobin (pg) 20 (19-24) 22 (19-27) 0.25 

Mean cell haemoglobin (g/L) 310 (284-324) 339 (308-380) 0.024 

Red cell distribution width 17.5 (14.2-21.0) 19.1 (15.3-30.1) 0.42 

P. falciparum density (/µL) 5,776 (235-33,569) 600 (190-3,388) 0.37 
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7.3.3 Associations between splenic volume and clinical assessment of splenic 

enlargement  

To assess correlations between the traditional methods of assessing splenic 

enlargement (distance below the left costal margin and Hackett‟s grade), we combined 

measurements from all children obtained at all time-points. Both the distance below the 

left costal margin and Hackett‟s grade were significantly associated with splenic volume 

measured by ultrasound (rs=0.62 and 0.59, respectively, P<0.001 in each case; see 

Figure 29). However, there was marked variation in both cases with, for example, up to 

a 10-fold variation in splenic volume at each Hackett‟s grade. In those children without 

palpable splenomegaly, the range of splenic volumes determined by ultrasound (<110 

cm3; see Figure 29) was consistent with mean values for normal children aged between 

1 year (42 cm3) and 10 years (108 cm3) as assessed by computed tomography.275 

 
 
 

7.3.4 Post-treatment changes in splenic volume 

In children with MMA, there was a sharp fall in median splenic volume during 

the first few days after antimalarial treatment was administered (see Figure 30). This 

decline averaged 6.0 cm3/day during the first week and then slowed to 0.4 cm3 over the 

next five weeks. Temporal changes in distance below the left costal margin and 

Hackett‟s grade were both slower than volume initially but were then more rapid, 

suggesting that reductions in Width and Depth are important acutely after treatment but 

then changes in Length predominate. 

After blood transfusion in the SMA group, splenic volume increased at an 

average rate of 3.8 cm3/day during the first week (see Figure 30). Day 7 splenic 

volumes were higher in children with SMA (81 (55-148) vs 42 (32-78) cm3 in MMA 

children; P=0.029). In the second week, splenic volume in these children steadily 
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declined at a rate of 4.6 cm3/day, and in the subsequent four weeks it continued to 

decline at a more gradual rate of 0.1 cm3/day (see Figure 30). As with MMA patients, 

temporal changes in distance below the left costal margin and Hackett‟s grade were 

both slower than volume initially but were then more rapid. 

 

7.3.5 Post-treatment changes in haemoglobin 

While splenic volume was declining within the first week in MMA patients, 

there was a small fall in median haemoglobin from 78 (67-87) g/L at baseline to 73 (62-

88) g/L by Day 3 before a return to baseline levels by Day 7 (78 (64-91) g/L) (see 

Figure 31). At Day 14, haemoglobin concentrations had increased further compared 

with baseline (96 (75-103) g/L; P=0.031). 

In the SMA group, haemoglobin concentrations were stable during the first 3 

days, then increased to Day 7 (94 (80-105) vs 46 (39-49) g/L at baseline; P<0.001) and 

remained stable thereafter (Day 28 concentrations 99 (91-104) g/L; P=0.322 vs Day 7; 

see Figure 31). The increase in median haemoglobin corresponded with the fall in 

median splenic volume after its Day 4 peak. 
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Figure 28: Baseline splenic volume measured by ultrasound plotted against 
haemoglobin concentration at study entry. The shaded area represents severe malarial 
anaemia (haemoglobin <50 g/L).  
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Figure 29: Splenic volume by ultrasound plotted on a logarithmic scale against longitudinal distance in cm below the costal margin (left) and 
Hackett‟s grade (right) in children with moderate or severe malarial anaemia. 
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Figure 30: Serial changes in clinical assessments of spleen size (dashed lines) plotted against ultrasonographic measurements of splenic volume (solid 
lines) in children with MMA (upper panels) and in children with SMA who were transfused (lower panels). Data points are medians.  
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Figure 31: Serial changes in splenic volume (dashed lines) and haemoglobin (solid lines) in children with MMA (left) compared to those with SMA 
who were transfused (right). Data points are medians.  
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7.4 DISCUSSION 

The present study demonstrates that splenic volume determined by ultrasound in 

children presenting with falciparum malaria in a holoendemic area of coastal PNG is 

variable and not associated with the degree of anaemia at presentation. Simple clinical 

measures of splenic enlargement (uniaxial splenic length below the costal margin and 

Hackett‟s grading) were only moderately associated with splenic volume in this patient 

group, consistent with the relatively low sensitivity and specificity of palpation 

compared with ultrasonography in ascertaining the presence of splenomegaly regardless 

of the underlying cause.276 The temporal changes in splenic volume after antimalarial 

treatment differed markedly by anaemia status. In SMA patients, there was a more than 

doubling of median splenic volume corresponding to blood transfusions given over the 

first few days, followed by a rapid decline to baseline levels. There was no change in 

haemoglobin during transfusion but a significant subsequent rise as splenic volume fell. 

In the untransfused MMA group, splenic volume fell significantly as soon as 

artemisinin combination therapy was started without a clinically significant change in 

haemoglobin. This was followed by a more gradual rise in haemoglobin subsequently. 

These observations suggest a key role for the spleen and perhaps other reticulo-

endothelial organs in haemoglobin homoeostasis in children with malaria.  

Given malaria endemicity in the study area,149 the risk of other infections,277 and 

haemoglobinopathies which are relatively common in PNG,278 it is not surprising that 

most of our children had a degree of splenomegaly when recruited and that this was not 

associated with features such as age and haemoglobin. Nevertheless, palpation with or 

without linear measurement of spleen size may be adequate for clinical studies and 

epidemiological surveys in which detection of splenic enlargement is important, 254-256 

as long as its limitations are acknowledged. Palpation for splenomegaly has a sensitivity 

of between 28% and 77%, and a specificity of between 62% and 99%, in comparison 
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with diagnostic imaging modalities.276 Ultrasonography represents a low-cost, non-

invasive and accurate technique for assessment of splenic volume.271-274,276 In the 

present study, novel ultrasonographic data were collected relating to temporal changes 

in this variable which would not have been possible using simple clinical assessments. 

The simultaneous serial measurements of splenic volume and spleen length 

below the costal margin suggest that reductions in spleen length are delayed relative to 

those in other dimensions. There have been no studies which have examined time-

dependent dimensional changes in spleen size in pathological and physiological states, 

but the present data suggest that use of simple clinical measures based on palpation 

significantly underestimates initial changes in splenic volume after treatment for 

malaria. In addition, the large increase in median splenic volume in SMA patients was 

missed using Hackett‟s grading and appeared relatively minor using measured spleen 

length below the costal margin.  

The most interesting observation in the present study was the relationship 

between serial ultrasonographic estimates of splenic volume and haemoglobin 

concentrations after antimalarial treatment. It is well recognised that, in addition to 

splenic clearance of parasitised erythrocytes, there is accelerated clearance of non-

parasitised erythrocytes after treatment regardless of whether splenomegaly is present 

259,279 as well as depressed erythropoiesis.262 This results in an initial post-treatment 

reduction in haemoglobin.280 In children with MMA in the present study, this fall was 

relatively small and coincided with an approximate 50% reduction in median splenic 

volume. These observations suggest that the spleen and perhaps other reticulo-

endothelial tissue may act as a red cell reservoir in malaria, releasing stored erythrocytes 

to limit the development of anaemia after treatment. The role of the spleen as an 

erythrocyte reservoir which is capable of contracting to reduce its volume has been 

identified in studies of exercise, hypoxic states and stroke.281-284  
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The post-treatment changes in splenic volume and haemoglobin were markedly 

different in the children with SMA. The initial increase in splenic volume suggests that 

a proportion of transfused RBCs were sequestered in the spleen with remainder 

maintaining an initially stable haemoglobin despite accelerated parasitised and non-

parasitised erythrocyte destruction and dyserythropoiesis. The subsequent regression in 

splenic volume occurring contemporaneously with the increase in haemoglobin is also 

consistent with release of erythrocytes from the spleen and other reticulo-endothelial 

organs. It can be hypothesized that this process, in concert with the restoration of bone 

marrow production of reticulocytes, contributes to the doubling of haemoglobin 

concentrations between Days 4 and 7 in SMA patients. 

Our study had limitations. Determination of within- (intra-day and inter-day) 

and between-observer variation in ultrasonographic splenic measurements were 

considered but would have been difficult in a high-turnover paediatric ward and as part 

of home follow-up visits in the rural tropics. The number of trained operators both 

performing ultrasounds and assessing splenic size clinically was, however, restricted to 

limit measurement variability. There were relatively small numbers of children in each 

group but data collection over the 6-week follow-up period was complete. 
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7.5 CONCLUSION 

The present study demonstrates that ultrasonographic studies are feasible using a 

portable system in logistically challenging research environments. The recognized 

limitations of clinical assessment of splenic size were confirmed by the present data. 

Serial splenic volume measurements and simultaneous haemoglobin concentrations 

suggest that the spleen can act as a reservoir for erythrocytes, especially after 

transfusion in anaemic patients, and that release of stored erythrocytes can contribute to 

improvements in haemoglobin concentrations after antimalarial therapy in children with 

falciparum malaria.  
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8. CONCLUDING DISCUSSION 

8.1 OVERVIEW OF THESIS 

The excellent efficacy and safety profile observed in patients treated with ART-

NQ can be attributed to the long elimination t1/2 of NQ and the wide therapeutic index 

of ART-NQ. Although there are some safety concerns regarding prolongation of the 

QTc interval on Day 2 of treatment at the time of peak drug levels of NQ, and mild 

abdominal upset in a minority of ART-NQ-treated children, there were no drug-related 

severe adverse events, withdrawals or deaths in the intervention trial. However, as a 

precautionary measure, similar to other CQ-like antimalarial drugs such as 

piperaquine,285 caution must be exercised particularly in patients with underlying 

cardiopulmonary conditions or those who are at risk of QTc prolongation or cardiac 

arrhythmias. This includes patients with electrolyte disturbances such as hypokalaemia 

or hypocalcaemia. Further precautionary measures should include not administering 

ART-NQ with other drugs that can prolong the QTc.  

The non-inferior and superior efficacy of ART-NQ relative to AL in P. 

falciparum and P. vivax infections, respectively, is a significant finding with important 

implications, particularly in settings such as PNG where multiple Plasmodium species 

are transmitted. The present study showed the ART-NQ three-dose regimen to be highly 

efficacious with a Day 42 ACPR of 100% for both falciparum and vivax malaria. 

Compared to other ACTs that have been previously trialled in PNG for the treatment of 

vivax malaria, DP was previously the most efficacious but with a Day 42 P. vivax 

ACPR of only 69.4%.112  

Apart from its better safety and efficacy profile, ART-NQ was associated with 

higher haemoglobin concentrations, particularly at six weeks post-treatment. 

Artemisinin-naphthoquine also prevented reappearance/appearance of gametocytes after 

Day 28. However, the gametocyte sub-study by microscopy, confirmed by QMF, 
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showed an interesting limitation of three-dose ART-NQ that was previously 

unrecognised, where P. falciparum gametocyte clearance was slower relative to AL. 

This shows that artemisinin is less effective at clearing P. falciparum gametocytes than 

artemether when given as part of ACT to Melanesian children with uncomplicated 

malaria. Regardless, ART-NQ remained superior in preventing 

reappearance/appearance of gametocytes, and this was more significant in the vivax 

species group.  

A further advantage of ART-NQ is that it can be administered daily and, unlike 

AL, without the need for fat co-administration.92 Although this may seem a minor 

consideration, the importance of the simplicity of ART-NQ dosing (once daily 

treatment with water) relative to that of AL (twice daily with fat) cannot be 

underestimated. In the rural tropics, the availability of milk or other high fat dietary 

components is limited. In addition, patients with malaria often present with vomiting 

and anorexia, making administration of AL with milk or food problematic. Therefore, 

the use of a daily administration of ART-NQ with water is likely to improve adherence 

which would also attenuate the development of parasite drug resistance.    

The present trial also enabled the validation of the WHO recommended 

leucocyte count of 8000 µ/L in the PNG paediatric population.170 This study showed 

that the diagnostic thresholds and parasite clearance assessment in most children with 

uncomplicated malaria are relatively robust, but accurate estimate of higher 

parasitaemias as a prognostic index requires formal WBC measurement. Similarly, the 

present study also enabled for the first time, an assessment of the diagnostic utility of 

QMF in a field setting and showed this method to be equally sensitive to RT-PCR.232 

The six months follow-up study enabled an assessment of the long-term effects 

of three-doses ART-NQ compared to conventional AL therapy. The findings suggest 

strongly that the long terminal elimination t1/2 of NQ can provide better prophylactic 
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cover than AL for at least six months post-treatment. In addition, the present long-term 

follow-up data also add to the reassuring results of detailed safety monitoring over 42 

days in the parent trial,161 in that there were no late adverse events after three daily 

doses of ART-NQ rather than the single dose recommended by the manufacturer.   

Because of the interesting relationship between malarial anaemia and the 

immunological function of the spleen in clearing asexual and sexual parasites following 

treatment, the splenic volume sub-study as part of the parent trial was conducted, with 

one of the patient groups comprising children with MMA who were screened for, but 

not included in the main trial. This sub-study showed splenic volume determined by 

ultrasound in children presenting with falciparum malaria to be variable and not 

associated with the degree of anaemia at presentation. The simultaneous serial 

measurements of splenic volume and spleen length below the costal margin showed that 

reductions in spleen length are delayed when compared to other parameters. 

Interestingly, the present sub-study suggested that the spleen can act as a reservoir for 

erythrocytes, especially after transfusion in anaemic patients, and that release of stored 

erythrocytes can contribute to improvements in haemoglobin concentrations after 

antimalarial therapy in children with falciparum malaria.  

Although not presented as a Chapter in this thesis, the in vitro susceptibility of a 

subset of isolates against a panel of widely available antimalarial drugs was also 

assessed as part of the trial (Appendix D). The drugs tested include CQ, lumefantrine, 

NQ, piperaquine, pyronaridine, artemether, artesunate and DHA. In this sub-study, 54% 

of tested clinical isolates had CQ IC50 values exceeding 100nM, which is the arbitrary 

threshold for CQ resistance.286 Furthermore, 65% of values for CQ were >87nM, 71% 

were >70nM and 94% were >25nM. Genetic typing also documented 98% of isolates 

with the resistant pfcrt allele SVMNT. This indicates that the circulating parasite 
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population is still dominated by strains carrying drug mutations that arose in response to 

the widespread use of CQ, AQ and SP.  

 

8.2 SUMMARY 

Compared to standard AL treatment, the present trial has convincingly shown 

three-dose ART-NQ to be: i) equally safe and well tolerated, ii) superior for the 

treatment of vivax malaria, iii) non-inferior for the treatment of falciparum malaria, iv) 

associated with a higher haemoglobin post-treatment, v) more effective overall at 

preventing reappearance/appearance of gametocytes post-treatment (although with a 

slower clearance rate within the first 2 weeks) and vi) better at providing long-term 

protection against clinical malaria up to at least six months post-treatment. In addition, 

the splenic volume sub-study showed that:  i) splenic volume determined by ultrasound 

in children presenting with falciparum malaria is variable and not associated with the 

degree of anaemia at presentation, and ii) serial splenic volume measurements and 

simultaneous haemoglobin concentrations suggest that the spleen can act as a reservoir 

for erythrocytes, especially after transfusion in severely anaemic patients.  
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8.2 MAJOR FINDINGS 

I. Artemisinin-naphthoquine was equally safe as standard treatment AL with no 

significant differences in haematological and hepatorenal assessments performed 

serially in the first week following treatment. 

 

II. Although both ACTs were safe and well tolerated, patients in the ART-NQ 

group were more likely to have mild abdominal pain (ART-NQ incidence rate 

[95% CI] 11.6 [9.2- 14.3] vs AL 7.8 [5.8- 10.1]). 

 

III. Electrocardiographic monitoring on Day 2 performed 4 hours after the last dose 

of ART-NQ showed significant QTc prolongation in the ART-NQ group. 

However, this QTc prolongation had normalised by Day 7. 

 

IV. Artemisinin-naphthoquine was superior for the treatment of vivax malaria with a 

Day 42 ACPR of 100% compared to 30% in AL-treated patients (difference 

[95% CI] 70.0 [40.9-87.2] %, P<0.001). 

 

V. Artemisinin-naphthoquine was non-inferior for the treatment of falciparum 

malaria with a Day 42 ACPR of 100% compared to 97.8% in AL-treated 

patients (difference [95% CI] 2.2 [-3.0 to 8.4] %, P=0.24). 

 

VI. In patients with falciparum malaria, haemoglobin concentrations were similar 

for the two ACTs until Day 42 when patients in the ART-NQ group had a 

significantly higher mean concentration (109 ±13 vs 102 ±12 g/L in AL-treated 

patients, P<0.001).  
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VII. Expert microscopy and QMF both showed Plasmodium falciparum gametocyte 

clearance to be slower in ART-NQ-treated patients particularly between Days 3 

and 14. 

 

VIII. In patients with vivax malaria, there was prompt gametocyte clearance in both 

treatment arms by Day 4. However, based on QMF, 40.0% of patients in the AL 

group and 3% in the ART-NQ group became gametocytaemic by Day 42. 

 

IX. The six month follow-up study documented fewer episodes of clinical malaria in 

the ART-NQ-treated children compared to AL (11.2% vs 23%, respectively; 

P=0.046). 

 

X. Ultrasound findings suggest the spleen can act as a reservoir for erythrocytes, 

especially after transfusion in anaemic patients.  
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8.3 LIMITATIONS OF THE STUDIES IN THIS THESIS 

The present studies had a number of limitations. Firstly, the preliminary 

microscopy performed by field microscopists led to 30 (11%) of the 267 randomized 

patients being included when they had sub-threshold parasitaemia. Since these patients 

were not followed up and the data on subsequent therapeutic response could not be 

assessed, they were excluded from the efficacy analysis. Although the most 

conservative approach would have been to include these patients and assume they did 

not have ACPR, this would have overestimated treatment failure. Therefore, these 

patients were not included in the efficacy analysis. However, the high retention rate 

together with the availability of laboratory data in almost all patients who completed 

follow-up enabled successful determination of the primary and secondary outcomes in 

the trial. The overall trial retention rate was ≥92% in each of the four treatment-

Plasmodium species arms. The low attrition rate was better than anticipated compared 

to the previous multi-arm trial in PNG children where, for instance, one treatment arm 

had a retention rate of only 77%.112  

Secondly, we did not directly observe all AL doses. Despite this, parents or 

guardians were instructed as to the importance of all doses given at home and adherence 

was assessed at the next follow-up visit. Additionally, Day 7 plasma lumefantrine 

concentrations were consistent with full compliance in each case.  

Thirdly, electrocardiography proved difficult particularly in young children less 

than two years of age. Regardless of this challenge, every attempt was made to obtain 

interpretable ECGs where possible. Despite this limitation, the number of ECGs 

available in each treatment group was sufficient to perform safety assessment. 

In the six months follow-up study, no molecular data to differentiate 

recrudescence from reinfection in patients who had clinical malaria was collected. 

Nevertheless, the primary endpoint (clinical malaria) was a pragmatic one designed to 
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allow the long-term real-world effectiveness of the two treatment regimens to be 

assessed. 

In the splenic volume sub-study, there were relatively small numbers of children 

in each group. However, the data collection over the 6-week follow-up period was 

complete. The determination of within- and between-observer variation in 

ultrasonographic splenic measurements was difficult. Nevertheless, the number of 

trained operators both performing ultrasounds and assessing spleen size clinically was 

restricted to limit measurement variability.  
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8.4 FUTURE DIRECTIONS 

8.4.1 Practical issues arising from these studies 
 
 There are a number of practical issues that have arisen as a result of these studies 

and these will require further attention by relevant authorities or be included in further 

research. For example, further cost effectiveness studies will be required to determine 

the place of a three-dose ART-NQ regimen compared to standard AL treatment.  In 

addition, the fact that ART-NQ has not met WHO pre-registration requirements will 

need further consideration by relevant authorities. The main reason ART-NQ has not 

met this requirement is the manufacturer‟s single dose recommendation, which is 

primarily a marketing strategy that was not based on adequate research. Consequently, 

this resulted in a confrontation between WHO and the manufacturer in 2007.84 

However, in light of the findings of the present studies, policy makers, drug regulators 

and the manufacturer may agree that pre-registration requirements for a three-day 

regimen have now been met.  

Furthermore, because of the long elimination t1/2 of NQ and lack of parasite 

resistance against this drug, the present study could serve as a justification for an 

expanded role for NQ as an ACT partner drug, particularly in combination with other 

semi-synthetic artemisinin derivatives with more favourable pharmacological properties 

such as artesunate, artemether and DHA. Although NQ has not been used as 

monotherapy outside China, its long elimination t1/2 may also serve as a limiting factor 

in view of prolonged sub-therapeutic levels that may lead to the development of 

resistance.  

 From a PNG perspective, AL as the current standard treatment is clearly inferior 

to ART-NQ for the treatment of vivax malaria. However, AL was introduced as the 

first-line treatment only recently (in 2009) but role out began only 2 years ago. The 

change was necessary because of the failing efficacy of CQ in combination with SP  as 
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the standard treatment at that time,160 compounded by the unavailability of better 

alternative antimalarial drugs and the fact that falciparum malaria is also a predominant 

species in PNG that can easily progress to severe disease and death. Consequently, AL 

was introduced as the first-line treatment for malaria in PNG despite its relatively poor 

efficacy against vivax malaria. Although P. vivax rarely causes severe disease and 

death, it is unarguably the most common species with over 2 billion people worldwide 

at risk of vivax malaria every year.194 Its ability to cause recurrent illness is a well-

established cause of significant clinical morbidities such as anaemia, as well as other 

broader problems such as a substantial economic impact at an individual and 

community level.7,12,287  

Careful planning and consideration will be required if ART-NQ is to be 

considered as standard treatment for malaria in PNG. Apart from not meeting WHO 

pre-registration requirements, other important considerations include: i) the fact that the 

manufacturer must meet current Good Manufacturing Practices standards, ii) the 

capacity of the manufacturing company to scale-up mass production of ART-NQ, iii) 

the cost of ART-NQ and whether the PNG government can afford the three-dose 

regimen, and iv) the practical issues that pose serious implications for under-resourced 

healthcare systems such as in PNG. For instance, rolling back the recently introduced 

AL will create confusion not only for the population but also the PNG health workforce.   

 

8.4.2 Scientific questions arising from this work 

In addition to the practical issues, there are a number of unanswered scientific 

questions that have arisen but which are beyond the scope of the present work and 

candidature timeline. Although some of these questions will require further research, 

others will require further analysis of the present data.  
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i) Is there a relationship between gametocytogenesis and anaemia in children 

with uncomplicated malaria? 

Although gametocytes circulate harmlessly in asymptomatic people in malaria-

endemic regions, studies from Thailand and the Gambia observed that haemoglobin 

levels were lower in gametocyte carriers and were negatively correlated with peak 

gametocyte counts as well as the duration of gametocyte carriage.288-291 After adjusting 

for asexual parasitaemia and other possible confounding factors, would this observation 

remain true for PNG children with uncomplicated malaria?   

Further analysis of these data may explain the significant haemoglobin 

differences observed between-treatment groups on Day 7 in the vivax sub-group and 

Day 42 in the falciparum sub-group. 

 

ii) Is there a difference between the timing of P. falciparum and P. vivax 

gametocyte development? 

In vivax malaria, gametocytes are thought to develop early during the infection, 

appearing in the peripheral circulation before or at the beginning of clinical symptoms 

compared to the late appearance of P. falciparum gametocytes.7 Therefore, an infected 

asymptomatic untreated P. vivax gametocyte carrier will serve as a reservoir for 

transmission.  Transmission before clinical disease and its treatment has been thought to 

be partly responsible for the slow emergence of CQ resistance in P. vivax since most of 

the gametocytes produced during infection would experience less drug pressure.9  

As part of the present trial, there were high rates of P. vivax gametocytaemia 

observed in AL-treated children. These data will need to be combined with the six 

months follow-up data (for those that developed clinical malaria) and the QMF data (for 

those that were also positive by QMF but missed by microscopy) to test this hypothesis. 
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iii) What is the infectivity rate of the P. falciparum gametocytes that persist 

following ART-NQ treatment? 

Gametocyte studies have shown that, regardless of the high density of P. 

falciparum gametocytes present following SP treatment, their infectivity is low.213 This 

observation has important implications and whether it will be the same for other 

antimalarial drugs such as ART-NQ will need further investigation.  

 

iv) Is there a difference in rates of splenomegaly between ART-NQ and AL-

treated children? 

 Antimalarial drug studies typically assess efficacy outcomes based on the ability 

of a study drug to clear parasites.51,162 Despite this, malaria parasites affect multiple 

other organs apart from RBCs, including the spleen. In the present study, we were 

unable to compare splenic volume changes in each treatment group using ultrasound as 

part of the main trial because of the protocol-driven demands on the children enrolled. 

However, in view of the slower P. falciparum gametocyte clearance in the ART-NQ 

group and the high P. vivax reinfection rate in the AL group, an unanswered question is 

whether there would be splenic volume changes that correlate with these observations. 

 

v) What will be the efficacy of ART-NQ three dose therapy in a high 

transmission setting? 

Local transmission endemicity of a setting plays an important role in the 

efficacy of long acting partner drugs.246,247 Therefore, it is possible that the declining 

incidence of malaria in PNG may have had an impact on the efficacy of ART-NQ 

observed, even six months post-treatment. Further studies will be needed in high 
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transmission settings such as in parts of Sub-Saharan Africa where malaria transmission 

remains holoendemic with EIRs of >100.292  

 

vi) In patients with comorbidities, would ART-NQ have a similarly safety and 

efficacy profile? 

 In the present trial, we excluded children with comorbidities. However, in most 

developing countries including PNG, children often have multiple comorbidities when 

presenting to healthcare facilities. For instance, childhood malnutrition is very common 

in PNG and contributes significantly to the high burden of childhood mortality and 

morbidity.293,294 In such patients in whom absorption of a drug may be affected, would 

three-dose ART-NQ remain safe and highly efficacious for the treatment of 

uncomplicated malaria? 

 

vii) What is the efficacy of ART-NQ against P. malariae, P. ovale and P 

knowlesi? 

In the present study, there was only one child with P. malariae who was 

randomised to the AL arm of the study and successfully treated with a Day 42 ACPR. 

However, whether ART-NQ would have a similar efficacy against other human 

plasmodial species remains unknown. This question would require studies in areas in 

which there were sufficient numbers of patients with these infections to provide valid 

data. 
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leucocyte count in parasite density calculations in
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Abstract

Background: The accuracy of the World Health Organization method of estimating malaria parasite density from
thick blood smears by assuming a white blood cell (WBC) count of 8,000/μL has been questioned in several studies.
Since epidemiological investigations, anti-malarial efficacy trials and routine laboratory reporting in Papua New
Guinea (PNG) have all relied on this approach, its validity was assessed as part of a trial of artemisinin-based
combination therapy, which included blood smear microscopy and automated measurement of leucocyte densities
on Days 0, 3 and 7.

Results: 168 children with uncomplicated malaria (median (inter-quartile range) age 44 (39–47) months) were
enrolled, 80.3% with Plasmodium falciparum monoinfection, 14.9% with Plasmodium vivax monoinfection, and 4.8%
with mixed P. falciparum/P. vivax infection. All responded to allocated therapy and none had a malaria-positive slide
on Day 3. Consistent with a median baseline WBC density of 7.3 (6.5-7.8) × 109/L, there was no significant difference
in baseline parasite density between the two methods regardless of Plasmodium species. Bland Altman plots
showed that, for both species, the mean difference between paired parasite densities calculated from assumed
and measured WBC densities was close to zero. At parasite densities <10,000/μL by measured WBC, almost all
between-method differences were within the 95% limits of agreement. Above this range, there was increasing
scatter but no systematic bias.

Conclusions: Diagnostic thresholds and parasite clearance assessment in most PNG children with uncomplicated
malaria are relatively robust, but accurate estimates of a higher parasitaemia, as a prognostic index, requires formal
WBC measurement.

Keywords: Malaria, Parasite density, Leucocyte density, Plasmodium falciparum, Plasmodium vivax
Background
Although the effect of malaria infection and its treatment
on erythrocyte dynamics in humans is well characterized
[1,2], there are limited equivalent data on non-erythrocytic
haematological indices. Increasing evidence suggests that
changes in white blood cell (WBC) densities depend on
both the geographical setting and the infecting species of
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Plasmodium [3-6]. An important practical implication of
this is for malaria microscopy, which remains the main
method of diagnosing malaria and in which a WBC density
is required for thick film quantification of parasite density.
As well as being a key variable in epidemiological and
pharmaceutical intervention trials, the accurate estimation
of parasitaemia is important in assessing prognosis in both
children [7] and adults [8].
The microscopy method recommended by the World

Health Organization (WHO) to estimate asexual parasite
density is to multiply the parasite count for a given thick
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film WBC count (usually 200 or 500) by an assumed
peripheral blood WBC count of 8,000/μL [9]. However,
some authors have raised concerns regarding its accuracy
[5,10-13]. In Papua New Guinea (PNG), epidemiological
studies, anti-malarial efficacy trials and routine laboratory
reporting have all relied on parasite density calculations
based on an assumed WBC density of 8,000/μL regardless
of Plasmodium species [14-18]. The validity of this ap-
proach was assessed by using data collected as part of a
trial of artemisinin-based combination therapy in PNG
children with uncomplicated malaria in which blood
smears were taken and WBC densities measured at study
entry and during follow-up as part of efficacy and safety
assessment.

Methods
Children aged 0.5 to 5 years with uncomplicated malaria
were recruited at Mugil and Alexishafen Health Centres
in Madang Province on the north coast of mainland
PNG between April 2011 and June 2012 during a ran-
domized comparative efficacy trial of the artemisinin-
based combination therapies artemether-lumefantrine
and artemisinin-naphthoquine (Australian New Zealand
Clinical Trials Registry ACTRN12610000913077) [19].
Inclusion criteria included: i) an axillary temperature >
37.5°C or fever during the previous 24 hours, ii) Plasmo-
dium falciparum (> 1,000 asexual parasites/μL whole
blood) and/or Plasmodium vivax (> 250/ μL) on a per-
ipheral blood smear, and iii) no clinical or laboratory evi-
dence of severe malaria or other infection according to
WHO severity criteria [20]. The study was approved by
the PNG Institute of Medical Research Institutional Re-
view Board and the Medical Research Advisory Commit-
tee of the PNG Department of Health (MRAC 10.39).
Written informed consent was obtained from parents or
guardians prior to enrolment of children. All patients
were treated with artemisinin-based combination ther-
apy for three days starting on Day 0. Serial clinical as-
sessments were performed by trained research nurses
and/or clinicians, and the results documented on stan-
dardized case report forms. These assessments included
haematological investigations and malaria microscopy
on Days 3 and 7.
On Days 0, 3 and 7, venous blood samples were col-

lected into EDTA-containing Microtainer® tubes (Becton,
Franklin Lakes, USA) and full blood counts were per-
formed on the same day using a multichannel analyser
(ACT diff, Beckman Coulter, Brea, USA). Leucocytosis
was defined as a WBC density of ≥ 10.0 × 109/L, leucopae-
nia as < 4.0 × 109/L and thrombocytopaenia as a platelet
density < 100 × 109/L. White blood cell differentials were
estimated as percentages with normal lymphocyte, mono-
cyte and granulocyte ranges of 20.5-51.1%, 1.7-9.3% and
42.2-75.2%, respectively.
Of the three blood slides per patient prepared as part
of each blood collection, one was stained with 10% v/v
Giemsa over 10 minutes and read on site under 100 ×
magnification by a skilled microscopist to determine
patient eligibility. The remaining slides were transported
to a reference microscopy laboratory where they were
stained with 4% v/v Giemsa stain over 30 minutes and
subsequently read independently by two skilled micros-
copists, who were blinded to the initial result. Parasit-
aemia was quantified using the numbers of parasites
identified in fields containing a total of 200 WBC in
high-density smears or 500 WBC in low density smears.
Negative slides were those in which no parasites were
observed after examination of 200 fields under 100 ×
magnification. Slides with discrepancies of more than a
factor of three regarding density, speciation and/or para-
site positivity/negativity were adjudicated by a senior
microscopist. Parasite densities were calculated as i) as-
sumed = (parasites counted ÷ number of WBC counted) ×
8,000 and ii) confirmed = (parasites counted ÷ number of
WBC counted) × (WBC measured by analyser).
Data were analysed using non-parametric methods

with a two-tailed significance level of P < 0.05. Bland
Altman plots were constructed with parasite densities
calculated from measured WBC densities used as the
gold standard [21].

Results
Over a 14-month period, 168 children with uncompli-
cated malaria were enrolled of whom 165 and 164
returned on days 3 and 7, respectively, for follow-up.
Their median (inter-quartile range) age was 44 (39–47)
months, 49% were males and 55% had a palpable spleen
at the time of enrolment. Twenty-five (14.9%) had P.
vivax monoinfection, 8 (4.8%) had mixed P. falciparum/
P. vivax infection, while the remaining 80.3% had a
P. falciparum monoinfection. All patients responded to
their allocated therapies and none of the children had a
malaria-positive slide on Day 3 of follow-up. There were
also significant falls in axillary temperature, pulse rate and
respiratory rate during this time (see Table 1). There were
no complications related to malaria or its treatment, or
deaths (full data to be presented subsequently).
Most of the children were anaemic at presentation

with a transient further fall in haemoglobin to Day 3 be-
fore recovery by Day 7 (see Table 1). The prevalence of
leucopenia declined significantly as patients recovered
but there was no change in the prevalence of leucocyt-
osis during the one-week follow-up period. More than
half of the children had thrombocytopaenia on the day
of enrolment but this had dropped to 3% by Day 7.
The proportion of children with palpable splenomeg-
aly declined over the week (55% on Day 0 vs 15% on
Day 7; P < 0.0001).



Table 1 Clinical and laboratory parameters at baseline and follow-up on Days 3 and 7

Day 0
(n = 168)

Day 3
(n = 165)

Day 7
(n = 164)

P value*

Axillary Temperature (°C) 38.1 (37.8-38.3) 36.3 (36.2-36.5) 36.6 (36.5-36.6) < 0.001

Respiratory rate (/min) 32 (30–32) 28 (28–28) 28 (28–28) < 0.001

Pulse rate (/min) 124 (120–128) 108 (104–109) 104 (103.8-108) < 0.001

Haemoglobin (g/L) 79 (75–82) 72 (70–75) 78.5 (75–81) 0.003

Total WBC (× 109/L) 7.3 (6.5-7.8) 7.1 (6.6-7.4) 8.3 (7.9-8.7) < 0.001

Leucopaenia (%) 8.3 4.8 2.4 0.015

Leucocytosis (%) 16.1 7.9 17.7 0.71

Lymphocytes (%) 34 (29–40) 50 (47–52) 45 (43–47) < 0.001

Monocytes (%) 8 (7–9) 10 (8–11) 8 (6–9) 0.034

Granulocytes (%) 44 (38–46) 32 (30–34) 38 (35–39) < 0.001

Platelet density (× 109/L) 92 (81–107) 143.5 (130–158) 257 (240–288) < 0.001

Thrombocytopaenia (%) 53 22.4 3 < 0.001

Data are median and (interquartile range) or percentages.
*Kruskal Wallis test.

Figure 1 Box plot showing median, interquartile range,
minimum and maximum leucocyte counts in children with
falciparum monoinfection (grey boxes) compared to those with
vivax monoinfection (white boxes) during the one-week
follow-up period. Outlying values are shown as open circles. There
were no significant differences between the two groups on Days 0,
3 and 7 (P = 0.18, 0.34 and 0.051, respectively).
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The total leucocyte was higher on Day 7 compared
to Day 0 (P < 0.001) but there was no significant differ-
ence between Days 0 and 3 (P = 0.81). Excluding those
with mixed-species infections, children with falciparum
malaria had lower median leucocyte counts at all time-
points compared to those with vivax malaria, but the
differences were not statistically significant (P > 0.05 in
each case; Figure 1). In patients with falciparum malaria,
9%, 4.5% and 3% were leucopaenic on Days 0, 3 and 7
respectively, while 6% of children with vivax malaria
were leucopaenic on Days 0 and 3, and none were
leucopaenic by Day 7. Although there were significant
changes in WBC differentials over the course of the
one-week period, these changes were all within normal
ranges, except for a slightly elevated monocyte count on
Day 3 (Table 1).
There was no significant difference in baseline para-

site density between the two methods regardless of
Plasmodium species (see Table 2). Bland Altman plots
showed that, for both P. falciparum and P. vivax, the
mean difference between paired parasite densities cal-
culated from an assumed and a measured WBC dens-
ity was close to zero in each case (see Figures 2 and 3).
At parasite densities by measured WBC that were <
10,000/μL, and for P. falciparum up to 100,000/μL,
almost all between-method differences were well within
the 95% limits of agreement. At parasite densities
above these ranges, there were increasing numbers of
co-ordinates outside the 95% limits of agreement.
However, there was no pattern to their distribution,
indicating that the use of an assumed WBC density
of 8,000/μL was not associated with systematic bias,
even at the highest parasitaemia.
Discussion
The present study, which is the first of its kind from the
Oceania region, shows that parasite densities derived
using an assumed WBC of 8,000/μL in PNG children
with uncomplicated P. falciparum or P. vivax infections
appear reliable when the parasitaemia is < 10,000/μL.



Table 2 Baseline parasite density calculated using an assumed WBC count of 8,000/μL compared to absolute WBC
counts determined in individual children

Parasite density based on assumed WBC count Parasite density based on measured WBC count P value*

P. falciparum (n = 143) 15,208 (9,320-19,470) 13,213 (7,680-16,273) 0.49

P. vivax (n = 33) 5,364 (644-10,109) 3,538 (595-12,698) 0.96

Data are median (interquartile range). Children with mixed Plasmodium falciparum/Plasmodium vivax infections (n = 8) are included in both groups.
*Mann–Whitney U test.
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Although there is no systematic bias at higher densities,
differences in parasitaemia between assumed and measured
WBC densities can be large, especially in P. falciparum in-
fections with a parasitaemia > 100,000/μL. The practical
implications of these observations are that thresholds for
diagnosis and the assessment of parasite clearance in most
children with uncomplicated malaria are relatively robust,
but that an accurate estimate of higher parasitaemias as a
prognostic index in more severely ill children requires for-
mal WBC measurement [9].
Consistent with the overall similarity between the two

methods, the median measured total leucocyte density
in our patients was close to the assumed 8,000/μL at
study entry. A recent study from Ghana suggested that a
leucocyte count of 10,000/μL was an appropriate as-
sumed leucocyte count for the determination of parasite
density because of significant underestimation associated
with 8,000/μL [11]. Although this conclusion was based
on a large sample size with pooled data from three sep-
arate studies, non-malarial causes of leucocytosis such as
bacterial co-infection, which appears relatively common
in African settings [22,23], were not excluded. However,
in another African study, parasite density based on
an assumed leucocyte count of 8,000/μL resulted in a
Figure 2 Bland Altman plot showing parasite densities estimated usin
Plasmodium falciparum cases (abscissa) and the difference in parasite
(ordinate axis). The mean difference (solid line) and 95% limits of agreem
significant overestimation of parasite burden in Ghanaian
children [24]. In this study, manual methods were used
to quantify WBC and the authors used parametric statis-
tical tests, which may have been inappropriate give the
distribution of data. A study of Thai adults with falcip-
arum malaria showed that one-sixth had leucopaenia
and that the use of an assumed leucocyte count over-
estimated parasite densities in nearly one-third of pa-
tients [5]. The disparate results of these and the present
study highlight the need for local data on WBC densities
before the WHO method of quantification of parasitaemia
is adopted [9].
Both the African paediatric studies [11,24] were cross-

sectional and did not report follow-up WBC counts or
clinical outcome data that may have facilitated an assess-
ment of whether malaria was the sole cause of WBC
changes at baseline. In the present sample, < 25% of chil-
dren with strictly defined uncomplicated malaria had
either a leucopenia or leukocytosis at presentation and
this overall percentage did not change appreciably dur-
ing the next 7 days based on near-complete follow-up
data. This suggests that co-incident infections other than
malaria, either ongoing or resolving, did not influence
WBC densities in the majority of the present children.
g measured white blood cell densities on a logarithmic scale for
density from assumed and measured leucocyte densities
ent (dashed lines) are also shown.



Figure 3 Bland Altman plot showing parasite densities estimated using measured white blood cell densities on a logarithmic
scale for Plasmodium vivax cases (abscissa) and the difference in parasite density from assumed and measured leucocyte
densities (ordinate axis). The mean difference (solid line) and 95% limits of agreement (dashed lines) are also shown.
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In addition, the stability of the WBC densities between
Days 0 and 3 suggests that an assumed 8,000/μL could
be validly applied for quantitative assessment of parasite
clearance which was typically well within 48 hours in the
present study.
There was no significant difference in WBC density

between children with falciparum malaria and those with
vivax malaria in the present study. Some studies have
suggested that falciparum malaria is associated with a
lower WBC density than vivax malaria [4,5] (consistent
with the non-significantly lower medians in children
with falciparum malaria in our serial data to Day 7), but
others have found no difference [6]. In any case, the ab-
solute difference is of dubious clinical significance [4] es-
pecially since a low density may not reflect deficiency
but rather localization of leucocytes away from the per-
ipheral circulation in the spleen and other marginal
pools [25]. The significant decline in splenomegaly rates
between Days 0 and 7 in our children and the parallel
normalization of leucocyte counts by Day 7 support this
hypothesis.

Conclusions
The present study shows that P. falciparum and P. vivax
parasite densities estimated using an assumed leucocyte
count of 8000/μL are reliable for children without hyper-
parasitaemia (< 100,000/μL). This is an important and
reassuring finding for epidemiological and intervention
studies, as well as routine laboratories, in PNG. Although
leucocyte densities should ideally be determined in tan-
dem with each thick film in individual patients [26], auto-
mated haematological analysers are costly and require
disposables, regular maintenance, a reliable power supply
and appropriately trained operators. In addition, the
manual leucocyte counting method is laborious, subject-
ive and can be inaccurate. The present data confirm that
valid parasitaemia data can be collected in situations in
PNG, and perhaps other countries with similar malaria
epidemiology in the Oceania region, in which there is
limited or no capacity to perform manual or automated
WBC densities.
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Abstract

Background: Artemisinin combination therapies (ACTs) with broad efficacy are needed where multiple Plasmodium species are
transmitted, especially in children, who bear the brunt of infection in endemic areas. In Papua New Guinea (PNG), artemether-
lumefantrine is the first-line treatment for uncomplicated malaria, but it has limited efficacy against P. vivax. Artemisinin-
naphthoquine should have greater activity in vivax malaria because the elimination of naphthoquine is slower than that of
lumefantrine. In this study, the efficacy, tolerability, and safety of these ACTs were assessed in PNG children aged 0.5–5 y.

Methods and Findings: An open-label, randomized, parallel-group trial of artemether-lumefantrine (six doses over 3 d) and
artemisinin-naphthoquine (three daily doses) was conducted between 28 March 2011 and 22 April 2013. Parasitologic
outcomes were assessed without knowledge of treatment allocation. Primary endpoints were the 42-d P. falciparum PCR-
corrected adequate clinical and parasitologic response (ACPR) and the P. vivax PCR-uncorrected 42-d ACPR. Non-inferiority and
superiority designs were used for falciparum and vivax malaria, respectively. Because the artemisinin-naphthoquine regimen
involved three doses rather than the manufacturer-specified single dose, the first 188 children underwent detailed safety
monitoring. Of 2,542 febrile children screened, 267 were randomized, and 186 with falciparum and 47 with vivax malaria
completed the 42-d follow-up. Both ACTs were safe and well tolerated. P. falciparum ACPRs were 97.8% and 100.0% in
artemether-lumefantrine and artemisinin-naphthoquine-treated patients, respectively (difference 2.2% [95% CI 23.0% to
8.4%] versus 25.0% non-inferiority margin, p = 0.24), and P. vivax ACPRs were 30.0% and 100.0%, respectively (difference
70.0% [95% CI 40.9%–87.2%], p,0.001). Limitations included the exclusion of 11% of randomized patients with sub-threshold
parasitemias on confirmatory microscopy and direct observation of only morning artemether-lumefantrine dosing.

Conclusions: Artemisinin-naphthoquine is non-inferior to artemether-lumefantrine in PNG children with falciparum malaria but has
greater efficacy against vivax malaria, findings with implications in similar geo-epidemiologic settings within and beyond Oceania.
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Introduction

Malaria control programs incorporating artemisinin combina-

tion therapy (ACT) have contributed to a decline in malaria

morbidity and mortality worldwide, renewing interest in global

eradication [1]. However, in geo-epidemiologic settings outside

sub-Saharan Africa where there is transmission of multiple

Plasmodium species, P. vivax remains a major obstacle to

eradication because of its complex life cycle and transmission

biology [2]. There is the potential for late relapses from liver-stage

hypnozoites, but also growing evidence that the burden of disease

and the potential for death from acute P. vivax infections have

both been underestimated [3,4].

Transmission of both P. falciparum and P. vivax can

complicate the choice of antimalarial treatment. A recent trial of

ACTs involving children from Papua New Guinea (PNG) with

uncomplicated malaria showed that the most efficacious were

artemether-lumefantrine for P. falciparum and dihydroartemisi-

nin-piperaquine for P. vivax infections [5]. Because of the

impracticality of species-specific treatment where there are limited

diagnostic facilities, and because falciparum malaria more often

progresses to complications and death, artemether-lumefantrine

was chosen as the first-line therapy under 2009 PNG national

guidelines [6]. This recommendation means that potentially

preventable morbidity and mortality due to vivax malaria remain

of concern [7].

There is a need for assessment of other ACTs that might

replicate the high cure rate of artemether-lumefantrine in

falciparum malaria while ensuring that vivax malaria is also

effectively treated in PNG and similar epidemiologic settings. Of

the few available alternatives, artemisinin-naphthoquine has been

marketed in a range of countries in Africa, Asia, and Oceania as

single-dose treatment based on limited pharmacologic, efficacy,

and safety data in adults [8,9] and without World Health

Organization (WHO) prequalification. Because of its commercial

availability in PNG, and as a prelude to a formal safety and

efficacy comparison with artemether-lumefantrine, we performed

pharmacokinetic dose-finding studies in PNG children aged 5–10

y, which provided evidence that a 3-d daily artemisinin-

naphthoquine regimen was well tolerated, safe, and efficacious

for uncomplicated malaria [10,11]. This regimen satisfies the

WHO requirement that ACTs be administered over 3 d to retard

parasite drug resistance and improve efficacy [12]. In addition, the

elimination half-life of naphthoquine [10] is longer than that of

piperaquine [13], suggesting that it should be more effective in

suppressing P. vivax relapses in patients treated for vivax or

falciparum malaria [5].

The aim of the present study was to compare the efficacy of

three daily artemisinin-naphthoquine doses to that of a six-dose, 3-

d artemether-lumefantrine regimen in PNG children aged 0.5–5 y

with uncomplicated malaria. We hypothesized that artemisinin-

naphthoquine would be well tolerated and safe in this younger

vulnerable pediatric population, and that its efficacy would be (i)

non-inferior to that of artemether-lumefantrine for falciparum

malaria and (ii) superior to that of artemether-lumefantrine for

vivax malaria.

Methods

Study Design, Setting, and Approvals
This open-label, parallel-group trial was conducted at the Mugil

and Alexishafen Health Centers, Madang Province, PNG, from 28

March 2011 to 22 April 2013. The primary efficacy endpoints

were (i) reappearance of P. falciparum within 42 d of treatment

after correction for reinfections identified by polymerase chain

reaction (PCR) genotyping of polymorphic parasite loci, and (ii)

appearance of any P. vivax parasitemia within 42 d after

treatment for vivax malaria. Secondary endpoints for falciparum

malaria, assessed over 42 d, were (i) reappearance of PCR-

uncorrected P. falciparum parasitemia, (ii) appearance of P. vivax
parasitemia, and (iii) persistence/appearance of P. falciparum
gametocytes. For vivax malaria, secondary endpoints were (i)

persistence/appearance of P. vivax gametocytes over 42 d and (ii)

reappearance of PCR-corrected P. vivax over 42 d (added post

hoc when genotyping techniques became available [14]). Although

the WHO recommendation is 28 d of post-treatment monitoring

[15], monitoring can be extended to 42 d in the case of ACT

partner drugs with a long half-life [12]. Analyses of key outcomes

were thus performed at both 28 d and 42 d. Safety assessment

included conventional clinical and laboratory monitoring as well

as electrocardiographic indices.

Since artemether-lumefantrine has a high (.95%) day-42

adequate parasitologic and clinical response (ACPR) for falci-

parum malaria in the PNG pediatric population [5], a non-

inferiority study design was selected. A sample size of 220 per

falciparum malaria treatment arm was chosen based on the

assumption that the P. falciparum day-42 PCR-corrected ACPR

for artemether-lumefantrine would be 95.2% (as in our previous

study [5]), a 5% non-inferiority margin for artemisinin-naphtho-

quine or artesunate-pyronaridine (approximating the 10% failure

rate recommended by WHO for change in treatment policy [12]),

25% attrition, 5% type 1 error (one-tailed), and 80% power. For

vivax malaria, given that artemether-lumefantrine has a low cure

rate and that dihydroartemisinin-piperaquine was twice as

efficacious as artemether-lumefantrine in PNG children in our

previous study [5], a superiority study design was used. A sample

size of 60 children per arm was selected under the assumption that

the day-42 uncorrected P. vivax ACPR for artemisinin-naphtho-

quine or artesunate-pyronaridine would be superior (at least

double the 30.3% ACPR for artemether-lumefantrine [5]), with

25% attrition, 5% type 1 error (two-tailed), and 90% power.

The original study design involved a comparison of conven-

tional artemether-lumefantrine with both artemisinin-naphtho-

quine and artesunate-pyronaridine. Artesunate-pyronaridine was

not initially available because concerns regarding hepatotoxicity

were being addressed [16]. The subsequent recommendation that

this ACT be limited to a single lifetime dose made its use

untenable for malaria treatment programs in countries such as

PNG where children are at risk of repeated episodes of malaria

[17], and, as a result, the trial was conducted as a two-arm

comparison. A prespecified artemisinin-naphthoquine safety

assessment was scheduled after 50 patients, as well as further

interim efficacy analyses and safety assessments that were

scheduled primarily to determine whether artemisinin-naphtho-

quine violated the non-inferiority margin in the case of falciparum

malaria or unexpected toxicity had emerged.

The study was approved by the PNG Institute of Medical

Research Review Board, the Medical Research Advisory Com-

mittee of PNG, and the University of Western Australia Human

Research Ethics Committee. Written informed consent was

obtained from parents/guardians of all children.

Patients
Children aged 0.5–5 y presenting with an axillary temperature

.37.5uC or a history of fever during the previous 24 h were

screened using on-site blood film microscopy. Those with P.

Artemisinin-Naphthoquine for Pediatric Malaria

PLOS Medicine | www.plosmedicine.org 2 December 2014 | Volume 11 | Issue 12 | e1001773



falciparum (.1,000 asexual parasites/ml whole blood) or P. vivax
(.250/ml) were eligible if (i) there were no features of severity [18],

(ii) they had not taken a study drug in the previous 14 d, (iii) there

was no history of allergy to study drugs, and (iv) there was no

evidence of another infection or co-morbidity.

Clinical Procedures
An initial standardized clinical assessment was performed, and

blood was drawn for measurement of hemoglobin and blood

glucose (Hemocue 201+, Hemocue, Ängelholm, Sweden), as well as

hepatic and renal function (Vitros DT60 II system, Ortho Clinical

Diagnostics, Mulgrave, Victoria, Australia) and a full blood count

(Coulter Ac?T diff, Beckman Coulter, Brea, California, US). A 12-

lead electrocardiograph was taken for measurement of the QT

interval. Each QT interval was corrected for heart rate using

Bazett’s formula (QTc~QT
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RRinterval
p

) to allow comparisons

with other studies in the PNG pediatric population involving

antimalarial drugs with effects on ventricular repolarization in

which this correction has been applied [11,19,20].

Based on computer-generated block randomization (24 children

per site), eligible patients were allocated 1:1 to artemether-

lumefantrine (1.7 mg/kg artemether plus 10 mg/kg lumefantrine;

Novartis Pharma, Basel, Switzerland) twice daily for 3 d or to

artemisinin-naphthoquine (20 mg/kg artemisinin plus 8 mg/kg

naphthoquine; Kunming Pharmaceutical Corporation, Yunnan,

China) daily for 3 d. Randomization was independent of

Plasmodium species. Allocated treatments were concealed in

sealed numbered envelopes that were opened in sequence by

study medical or nursing staff, and the specified treatment was

administered. As recommended by the respective manufacturers,

artemether-lumefantrine was administered as 1–3 whole tablets

per dose with 250 ml of milk to optimize bioavailability [21], and

artemisinin-naphthoquine as 1–4 whole tablets per dose with

water.

Treatments were not blinded, primarily because the endpoints

were based on objective clinical and parasitologic criteria. In

addition, we sought to simplify drug administration as much as

possible to maximize patient adherence and retention, including

only once daily dosing and the avoidance of potential gastroin-

testinal side effects with the unnecessary ingestion of milk in

children allocated artemisinin-naphthoquine [10]. Only the

evening artemether-lumefantrine dose was unsupervised, being

administered at home by parents/guardians who were instructed

as to the importance of dosing with milk, which was supplied for

this purpose. Adherence was verified by study staff the following

morning in each case, and a day-7 plasma lumefantrine

concentration was determined for each child. Children vomiting

within 30 min of drug administration were to be retreated.

Standardized assessment, including axillary temperature and

blood film microscopy, was repeated on days 1, 2, 3, 7, 14, 28, and

42. Blood was drawn for full blood count and hepatorenal

function, and an electrocardiograph was taken, on days 0, 3, and

7. An additional electrocardiograph was performed 4 h after the

day-2 dose (at the predicted peak plasma naphthoquine concen-

tration [10]) in artemisinin-naphthoquine-treated children and in

a convenience sample of 30 children at the same time after the

morning dose of artemether-lumefantrine. All blood films were

reexamined independently by two skilled microscopists who were

blind to allocated treatment. Parasite density was calculated from

the number of parasites per 200–500 leucocytes and an assumed

leucocyte count of 8,000/ml. Slides discrepant for positivity/

negativity, speciation, or density (.36difference) were adjudicat-

ed by a senior microscopist.

Efficacy was assessed using WHO definitions [15]. Early

treatment failure (ETF) was defined as the development of signs

of severity or an inadequate parasitologic response by day 3. Any

child developing parasitemia between days 4 and 42 was

considered a late parasitologic failure (LPF) or, if febrile, late

clinical failure (LCF). An ACPR was recorded otherwise. P.
falciparum reinfection and recrudescence were distinguished using

PCR genotyping of merozoite surface protein 2 (MSP2) and MSP1

based on paired samples collected on day 0 and at reappearance

[22,23]. P. vivax recrudescence was determined based on

genotyping of MSP1F3 and Microsatellite 16 [14]. Parasite

clearance time (PCT) and fever clearance time (FCT) were

defined as the times to the first of two consecutive assessments at

which the child was afebrile and slide-negative, respectively.

Day-7 plasma lumefantrine concentrations were determined

using a validated ultra-high-performance liquid chromatography–

tandem mass spectrometry assay as previously described [24,25].

The inter-day and intra-day variability were #11.2% and #9.6%,

respectively, at concentrations over the linear range between 20

and 20,000 ng/ml.

Statistical Analysis
Per-protocol prespecified analyses included children with

complete follow-up or a confirmed treatment failure, and excluded

those treated for malaria without confirmatory microscopy, those

for whom the alternative Plasmodium species was detected, and

those who defaulted from follow-up despite repeated attempts at

contact. These excluded patients were retained in prespecified

modified intention-to-treat analyses utilizing (i) a worst-case

approach (ETF assumed for day-3 exclusions, LPF/LCF other-

wise) and (ii) a best-case approach (all missing follow-up blood

films assumed parasite-negative) [5].

Kaplan-Meier estimates were computed for each endpoint

defined by parasite species. Statistical analysis was performed

using IBM SPSS Statistics version 20 (IBM Corporation, Somers,

New York, US) and STATA/IC 11.2 (StataCorp, College Station,

Texas, US). Two-sample comparisons for normally distributed

variables were by Student’s t test, for non-normally distributed

variables by Mann-Whitney U test, and for proportions by Fisher’s

exact test. Safety and tolerability were assessed from the incidence

of symptoms/signs to day 7 using Poisson regression. Kaplan-

Meier estimates were computed for each endpoint by Plasmodium
species, and treatments compared by log-rank test. Differences in

parasitemia, gametocytemia, and hemoglobin concentration by

treatment type and time were assessed using generalized linear

modeling with Bonferroni correction to adjust for multiple

pairwise comparisons, and with adjustment for parasitemia in

the case of hemoglobin. Unless otherwise stated, all p-values are

two-tailed, with p,0.05 taken as significant.

Results

Trial Profile
The first patient was recruited on 28 March 2011, and the last

follow-up was completed on 22 April 2013. No adverse events

occurred in the first 50 patients. A further safety assessment was

scheduled when one-third of the total planned sample size of 560

had been recruited. Safety data were available for 91 artemether-

lumefantrine-treated and 97 artemisinin-naphthoquine-treated

children at that time (including those excluded post hoc; see

Figure 1). No significant drug-related adverse events had occurred.

Detailed safety monitoring was therefore stopped, but scheduled

visits still included basic clinical/laboratory parameters including

axillary temperature, blood film microscopy, and hemoglobin
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concentration. A prespecified interim efficacy analysis was

performed when nearly 50% of the sample had been recruited

(267 of 560). This analysis showed that artemisinin-naphthoquine

was non-inferior for falciparum malaria and superior for vivax

malaria compared with artemether-lumefantrine (see below),

justifying cessation of the trial.

Of 267 randomized children, 36 (13.5%) were excluded post

hoc because of protocol violations (20 allocated to artemether-

lumefantrine and 16 to artemisinin-naphthoquine; see Figure 1).

Six children had not taken study treatment as stipulated (three

allocated to each treatment), seven were slide-negative by expert

microscopy (four allocated to artemether-lumefantrine and three

to artemisinin-naphthoquine), and 23 had sub-threshold parasite

densities by expert microscopy (13 allocated to artemether-

lumefantrine and ten to artemisinin-naphthoquine). There were

no significant differences between treatment allocations for the

proportions of total exclusions or individual reasons for exclusion

(p.0.47 in each case). In addition, there were no differences

between the treatments allocated to the 23 excluded patients who

had falciparum malaria or between the treatments allocated to the

six with vivax malaria (p.0.67). The 15 children (6.5% of the

randomized sample) presenting with mixed P. falciparum/P.
vivax infections at densities above each species-specific threshold

were included in both species arms [5]. A single patient with P.

malariae infection completed all study procedures but was not

included in analyses.

Of the remaining 230 children, the day-42 retention was $92%

for all species/treatment groups. Ten children (six allocated to

artemether-lumefantrine and four to artemisinin-naphthoquine, all

with falciparum malaria) withdrew during follow-up. None of these

children had experienced adverse effects; they had all relocated

outside the study catchment areas. Two children with P. falciparum
infections in the artemether-lumefantrine arm were found to have

symptomatic vivax malaria on day 28 with parasitemias of 21,137/

ml and 1,609/ml, respectively. These patients were retreated with

artemether-lumefantrine under national guidelines [6] at that time

and were excluded from the per-protocol analysis. The remaining

children with P. vivax detected during follow-up after treatment for

falciparum malaria were mostly asymptomatic and had lower

parasitemias, and were either not treated or given artemether-

lumefantrine on day 42 after assessment. One child with P. vivax at

recruitment who was allocated to artemisinin-naphthoquine

attended all follow-up visits but did not have parasitologic data at

day 28 and was excluded from the per-protocol analysis. All

children allocated artemether-lumefantrine had detectable lume-

fantrine in plasma on day 7, with a median concentration (192 ug/l

[interquartile range 122–352]) consistent with all six doses having

been administered successfully [24,25].

Figure 1. Trial profile showing numbers of patients remaining in the study from screening to day-42 assessment. PCR-corrected
denotes correction for reinfections identified by polymerase chain reaction genotyping of polymorphic parasite loci.
doi:10.1371/journal.pmed.1001773.g001
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Safety Assessment
There were no significant differences in baseline demographic

and anthropometric characteristics (age, sex, weight, height, and

mid-upper-arm circumference), vital signs (axillary temperature,

heart rate, and respiratory rate), hematologic parameters (white

and red blood cell counts, platelet count, and hemoglobin

concentration), or blood glucose concentrations between the 91

children allocated to artemether-lumefantrine and the 97 who

received artemisinin-naphthoquine in the detailed safety assess-

ment (p$0.21; see Table 1). No child in either group had a

baseline serum creatinine concentration more than three times the

upper limit of the reference range (ULRR) for PNG children [26]

($112 mmol/l), but two children in the artemether-lumefantrine

group had a baseline serum alanine aminotransferase (ALT)

concentration more than three times the ULRR ($130 U/l; see

Table 2). Consistent with malaria-associated hemolysis, approxi-

mately one-third of the children in both groups had a baseline

serum total bilirubin concentration more than three times the

ULRR ($24 mmol/l), but there was no between-group difference

in this proportion (p = 0.60) and no children were considered to

have jaundice.

Both treatments were well tolerated, and there were no

between-group differences in the incidence rates of reported/

observed signs and symptoms during the first 7 d of follow-up,

apart from a significantly greater incidence of abdominal pain in

the artemisinin-naphthoquine-treated patients (incidence rate

Table 1. Demographic, clinical, and laboratory parameters as part of safety monitoring.

Parameter Artemether-Lumefantrine Artemisinin-Naphthoquine p-Value

n Mean ± SD, Median (IQR), or Percentage n Mean ± SD, Median (IQR), or Percentage

Day 0

Age (months) 91 44.2614.2 97 42.764.6 0.50

Sex (percent male) 91 44.0% 97 49.5% 0.47

Body weight (kg) 90 12.762.1 95 12.762.5 0.87

Height (cm) 83 93.8610.3 91 92.9610.3 0.55

Mid-upper-arm circumference (cm) 90 15.0 (14.0–15.0) 94 14.5 (14.0–15.5) 0.39

Axillary temperature (uC) 90 38.061.3 95 38.161.4 0.74

Pulse rate (/min) 89 123620 92 126621 0.26

Respiratory rate (/min) 89 32 (28–37) 93 32 (26–38) 0.55

White blood cells (6 109/l) 85 6.9 (5.4–9.8) 91 7.4 (5.0–9.3) 0.78

Red blood cells (6 1012/l) 85 3.68 (3.03–4.27) 91 3.77 (3.23–4.34) 0.55

Platelets (6 109/l) 84 85 (64–132) 91 102 (63–137) 0.78

Hemoglobin (g/l) 89 93 (81–104) 94 91 (81–102) 0.31

Blood glucose (mmol/l) 83 6.4 (5.7–7.6) 87 6.7 (5.8–7.4) 0.59

Reticulocytes (percent) 48 1.2% (0.6%–2.9%) 48 0.8% (0.6%–2.0%) 0.21

Day 3

Axillary temperature (uC) 88 36.460.4 94 36.260.5 0.002

Pulse rate (/min) 87 107615 94 107617 0.36

Respiratory rate (/min) 88 28 (24–32) 94 28 (24–32) 0.95

White blood cells (6 109/l) 87 7.0 (5.5–8.7) 90 7.1 (5.9–8.5) 0.71

Red blood cells (6 1012/l) 87 3.47 (3.03–3.91) 90 3.57 (3.03–4.09) 0.65

Platelets (6 109/l) 87 142 (107–180) 90 149 (102–188) 0.63

Hemoglobin (g/l) 88 87 (75–96) 94 86 (73–99) 0.92

Blood glucose (mmol/l) 78 5.9 (5.3–6.5) 81 5.8 (5.3–6.6) 0.73

Reticulocytes (percent) 49 1.2% (0.6%–3.4%) 49 0.8% (0.5%–1.3%) 0.10

Day 7

Axillary temperature (uC) 89 36.560.6 92 36.660.6 0.51

Pulse rate (/min) 89 105618 94 106619 0.68

Respiratory rate (/min) 89 28 (24–31) 94 28 (24–32) 0.41

White blood cells (6 109/l) 87 8.1 (6.1–9.5) 88 8.4 (7.1–10.7) 0.01

Red blood cells (6 1012/l) 87 3.64 (3.34–4.25) 88 3.61 (3.15–4.19) 0.43

Platelets (6 109/l) 87 245 (191–337) 88 257 (187–315) 0.59

Hemoglobin (g/l) 87 93 (80–102) 94 91 (80–101) 0.64

Blood glucose (mmol/l) 80 5.9 (5.3–6.5) 82 6.1 (5.4–6.5) 0.70

Reticulocytes (percent) 49 3.6% (1.4%–6.2%) 49 2.3% (1.3%–3.6%) 0.05

IQR, interquartile range; SD, standard deviation.
doi:10.1371/journal.pmed.1001773.t001
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11.6% versus 7.8% in the artemether-lumefantrine group;

incidence rate ratio 1.48 [95% CI 1.03–2.13], p = 0.033). This

symptom was mild and short-lived in all cases (see Table 3). On

day 3, one child in each group had a serum ALT more than three

times the ULRR, but both were afebrile and asymptomatic, and

this abnormality had resolved in both cases by day 7 (see Table 2).

Most children had a normal serum bilirubin by day 7. No child

became hypoglycemic. Other statistically significant between-

group differences in vital signs and hematologic parameters on

days 3 and 7 were not clinically significant.

Despite the technical challenges associated with performing

electrocardiography in unwell children in a rural clinic, interpret-

able traces were obtained from between 68% and 88% of the

children in each group at each time point. The QTc increased

from baseline to 4 h after the last dose of artemisinin-naphtho-

quine by a median of 28 msec0.5 (interquartile range 18–36) (p,

0.01 versus artemether-lumefantrine-treated children; see Figure 2

and Table 4). Most values had returned to baseline by day 7, with

a prolongation relative to baseline of 5 msec0.5 (interquartile range

2–9). There were no significant changes in QTc in the artemether-

lumefantrine group. Twenty-six of 102 children (25.5%, all but

one in the much larger artemisinin-naphthoquine group) with an

interpretable electrocardiograph on day 2 had QTc.460 msec0.5.

The longest QTc at this time point was 505 msec0.5, in an

artemisinin-naphthoquine-treated child. No dysrhythmias, dys-

pnea, syncope, or other transient neurologic events were recorded

during follow-up.

The only severe adverse event was considered non-drug related.

A 48-mo-old child allocated to artemisinin-naphthoquine was

hospitalized with, and treated successfully for, lobar pneumonia

diagnosed on day 23 of follow-up. This patient was negative by

both microscopy and PCR for malaria at the time of re-

presentation.

Antimalarial Efficacy
The two falciparum malaria treatment groups were well

matched for age, sex, anthropometric measures, vital signs, and

other characteristics (see Table 5). Initial fever and parasite

clearance were prompt. Most children in each group ($88.0%)

were afebrile, and approximately one-third were parasite negative,

by day 1, and almost all had cleared their fever (100.0% in the

artemether-lumefantrine arm versus 98.0% in the artemisinin-

naphthoquine arm, p = 0.25) and parasitemia (99.0% versus

98.0%, p.0.99) by day 3 (see Table 6).

The PCR-corrected P. falciparum ACPR was 98.9% (95% CI

94.3%–100%; 93 of 94 children) and 100% (95% CI 95.2%–

100%; 96 of 96 children) in the artemether-lumefantrine and

artemisinin-naphthoquine groups, respectively, on day 28 (a

secondary endpoint), and 97.8% (95% CI 91.6%–99.6%; 90 of

92 children) and 100% (95% CI 95.1%–100%; 94 of 94 children),

respectively, on day 42 (a primary endpoint, p = 0.15 by log-rank

test; see Figure 3 and Table 7). Using these latter data and the

same 5.0% non-inferiority margin, type 1 error probability, and

power as in the original sample size estimates, the 186 children

who completed follow-up exceeded the total of 52 required to

show non-inferiority of artemisinin-naphthoquine for this primary

endpoint [27]. In addition, the non-inferiority margin of 25.0%

fell below the confidence interval for the difference between

Table 2. Biochemical measurements in the safety sub-study by allocated treatment.

Measurement Artemether-Lumefantrine Artemisinin-Naphthoquine p-Value

Day 0 (baseline)

Serum creatinine (mmol/l) 38 (29–47) (n = 72, 79%) 23 (28–43) (n = 73, 75%) 0.09

Elevated creatinine*, n (percent) 0 (0%) 0 (0%) .0.99

Serum ALT (U/l) 20 (13–35) (n = 72, 79%) 20 (13–28) (n = 67, 69%) 0.86

Elevated ALT*, n (percent) 2 (2.8%) 0 (0%) 0.50

Serum total bilirubin (mmol/l) 20 (12–25) (n = 74, 81%) 21 (12–26) (n = 75, 77%) 0.77

Elevated bilirubin*, n (percent) 22 (29.7%) 26 (34.7%) 0.60

Day 3

Serum creatinine (mmol/l) 36 (27–41) (n = 74, 81%) 37 (31–44) (n = 73, 75%) 0.23

Elevated creatinine*, n (percent) 0 (0%) 0 (0%) .0.99

Serum ALT (U/l) 18 (16–20) (n = 73, 80%) 20 (17–26) (n = 67, 69%) 0.16

Elevated ALT*, n (percent) 1 (1.4%) 1 (1.5%) .0.99

Serum total bilirubin (mmol/l) 14 (6–17) (n = 70, 77%) 13 (6–17) (n = 67, 69%) 0.94

Elevated bilirubin*, n (percent) 2 (2.9%) 1 (1.5%) .0.99

Day 7

Serum creatinine (mmol/l) 29 (22–34) (n = 71, 78%) 28 (24–40) (n = 71, 73%) 0.43

Elevated creatinine*, n (percent) 0 (0%) 0 (0%) .0.99

Serum ALT (U/l) 18 (12–25) (n = 70, 77%) 21 (16–29) (n = 67, 69%) 0.03

Elevated ALT*, n (percent) 0 (0%) 0 (0%) .0.99

Serum total bilirubin (mmol/l) 11 (8–16) (n = 71, 78%) 14 (9–15) (n = 69, 71%) 0.63

Elevated bilirubin*, n (percent) 2 (2.8%) 5 (7.2%) 0.27

Data are median (interquartile range) or n (percent).
*Elevated serum creatinine ($112 mmol/l), serum ALT ($130 U/l), and total serum bilirubin ($23.8 mmol/l) are defined as.3 times the upper limit of normal values in
PNG children aged ,5 y [26].
doi:10.1371/journal.pmed.1001773.t002
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treatments (2.2% [95% CI 23.0% to 8.4%]), further evidence of

non-inferiority.

The prespecified secondary endpoint of day-42 uncorrected

ACPR was significantly greater in the artemisinin-naphthoquine

group (100% [95% CI 95.1%–100%] versus 94.6% [95% CI

87.2%–98.0%] in the artemether-lumefantrine-treated children,

p = 0.028; see Table 8). In addition, the appearance of P. vivax
after treatment for P. falciparum, also a secondary endpoint, was

significantly less frequent in the artemisinin-naphthoquine group

(0% versus 34.0% in in the artemether-lumefantrine-treated

children, p,0.001; see Table 7). The modified intention-to-treat

analyses showed results that were consistent with these findings

(see Tables 9 and 10).

The two vivax malaria treatment groups were also well matched

for baseline characteristics (see Table 5). Parasite clearance was

more rapid in children with vivax malaria than in the children

with falciparum malaria, with .84% of children with vivax

malaria in both treatment groups slide-negative for asexual forms

of P. vivax by day 1, and 100.0% in both treatment groups both

afebrile and aparasitemic by day 3 (see Table 6).

The day-42 PCR-uncorrected ACPR for P. vivax infections was

30.0% (95% CI 12.8%–54.2%; six of 20 children) in the

artemether-lumefantrine group and 100% (95% CI 84.5%–

100%; 26 of 26 children) in the artemisinin-naphthoquine group

(see Figure 3 and Table 7). Using these data and the same type 1

error probability and power as in the original sample size

estimates, the 46 children who completed the trial exceeded the

total of ten children required to show superiority of artemisinin-

naphthoquine for this primary endpoint [28]. The significantly

greater day-42 ACPR for artemisinin-naphthoquine remained

after PCR correction of post-treatment responses for infections

with different genetic profiles than those at baseline (100% [95%

CI 84.0%–100%] versus 60.0% [95% CI 36.4%–80.0%] in the

artemether-lumefantrine-treated children, p,0.001; see Table 8).

The modified intention-to-treat analyses showed results that were

consistent with these findings (see Tables 9 and 10).

The single patient with P. malariae infection was randomized to

artemether-lumefantrine and responded with prompt parasite

clearance and an ACPR at days 28 and 42.

Gametocyte Carriage and Hemoglobin Concentration
The percentage of children carrying P. falciparum gametocytes

based on microscopy was not significantly different between groups

at baseline (p = 0.36), but artemisinin-naphthoquine-treated patients

were more likely to have gametocytemia between days 3 and 14 (see

Figure 4). The odds ratio for carriage in the artemisinin-naphtho-

quine group was 3.2 (95% CI 1.5–6.8) that of children in the

artemether-lumefantrine group on day 7, and 15.1 (95% CI 1.9–

118.1) on day 14. When only those children who were gametocyte

positive at baseline were considered (n = 32 in the artemether-

lumefantrine group and n = 39 in the artemisinin-naphthoquine

group), the equivalent odds ratios for gametocyte carriage on days 7

and 14 were 2.6 (95% CI 1.0–6.8) and 10.7 (95% CI 1.3–88.8).

In patients with vivax malaria, there was prompt gametocyte

clearance in both groups by day 4, but, consistent with more

frequent treatment failure in the artemether-lumefantrine group, a

significant proportion of patients (40.0%) had become positive for

gametocytes by day 42, while none of the artemisinin-naphtho-

quine-treated children were gametocytemic at that time (see

Figure 4).

Table 3. Incidence rate of main reported or observed signs and symptoms during the first 7 d of follow-up in randomized
children, expressed as reports per 100 observations.

Sign/Symptom Incident Rate (95% CI) IRR (95% CI) p-Value

Artemether-Lumefantrine (n = 130) Artemisinin-Naphthoquine (n = 127)

Fever 27.9 (24.4–31.5) 30.7 (27.1–34.5) 1.10 (0.90–1.35) 0.37

Chills 5.8 (4.1–7.9) 6.3 (4.5–8.5) 1.08 (0.69–1.70) 0.72

Headaches 7.5 (5.6–9.8) 10.1 (7.9–12.8) 1.35 (0.93–1.97) 0.12

Child irritable/frequent crying 2.7 (1.6–4.2) 3.4 (2.1–5.11) 1.27 (0.67–2.41) 0.46

Trouble sleeping 0.9 (0.4–2.0) 1.3 (0.6–2.5) 1.37 (0.48–3.95) 0.56

Problems eating/breast feeding 12.4 (10.0–15.2) 11.7 (9.3–14.5) 0.94 (0.68–1.29) 0.70

Vomiting 4.2 (2.8–6.1) 5.8 (4.1–7.9) 1.37 (0.83–2.26) 0.21

Diarrhea 4.9 (3.3–6.8) 3.5 (3.2–5.3) 0.73 (0.42–1.26) 0.26

Abdominal pain 7.8 (5.8–10.1) 11.6 (9.2–14.3) 1.48 (1.03–2.13) 0.03

Cough 24.0 (20.8–27.5) 29.1 (25.6–32.8) 1.21 (0.98–1.50) 0.08

Difficulty breathing 0.9 (0.3–2.0) 0.3 (0.0–1.2) 0.34 (0.07–1.70) 0.19

Rhinorrhea 23.9 (20.6–27.4) 22.1 (18.9–25.6) 0.93 (0.74–1.17) 0.53

Skin rash (reported) 3.3 (2.0–5.0) 3.1 (1.9–4.7) 0.93 (0.50–1.73) 0.82

Skin rash (observed) 0.3 (0.0–1.1) 1.1 (0.5–2.3) 3.60 (0.75–17.33) 0.11

Skin lesion 2.7 (1.6–4.2) 2.4 (1.4–4.0) 0.91 (0.45–1.82) 0.79

Pallor 6.7 (4.9–8.9) 9.3 (7.2–11.9) 1.39 (0.94–2.06) 0.10

Crackles at lung bases 3.0 (1.8–4.6) 1.6 (0.8–2.9) 0.54 (0.25–1.16) 0.12

Presence of enlarged spleen 22.9 (19.7–26.4) 26.5 (23.1–30.2) 1.16 (0.92–1.44) 0.20

Poisson regression with follow-up time as the exposure was used to derive incident rate ratios with artemether-lumefantrine as reference. Data on signs/symptoms from
ten children were lost prior to database entry.
IRR, incident rate ratio.
doi:10.1371/journal.pmed.1001773.t003
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Hemoglobin concentrations in children treated for falciparum

malaria were similar in the two treatment groups until day 42 after

treatment, when the artemisinin-naphthoquine-treated children

had a significantly higher mean concentration (109613 g/l versus

102612 g/l in the artemether-lumefantrine group, p,0.001; see

Figure 5). In patients with vivax malaria, the hemoglobin

concentrations had diverged significantly at day 7, but this

difference was not sustained.

Discussion

Three daily doses of artemisinin-naphthoquine proved a highly

efficacious treatment for both falciparum and vivax malaria in PNG

children living in an area of intense transmission of multiple

Plasmodium species. This efficacy profile addresses recognized

species-specific shortcomings associated with artemether-lumefan-

trine and dihydroartemisinin-piperaquine in this patient group [5].

Artemisinin-naphthoquine was well tolerated, and there were no

significant safety concerns identified through detailed post-treatment

monitoring. Artemisinin-naphthoquine treatment was associated

with a higher day-42 hemoglobin concentration than artemether-

lumefantrine treatment, with potential implications for attenuated

morbidity associated with subsequent malarial episodes and other

illnesses. A further advantage of artemisinin-naphthoquine is that it is

taken once daily and without the need for co-administration with fat

[10], which should improve adherence compared with the relatively

complex six-dose artemether-lumefantrine schedule with milk co-

administration. Artemisinin-naphthoquine was, however, associated

with greater post-treatment gametocyte carriage and, as is the case

for a number of other ACT partner drugs, with prolongation of the

QTc interval.

There were no reappearances of asexual forms of either P.
falciparum or P. vivax during 42 d of follow-up in any child

treated with three daily doses of artemisinin-naphthoquine in the

present study. Treatment failures were observed in our previous

single- and two-dose studies in PNG children aged 5–10 y [11],

and most studies in adults utilizing similar regimens have fallen

short of a 100% ACPR, even with only 28 d of follow-up

[8,9,29,30], including an Indonesian study with a 28-d ACPR of

79% in mixed P. falciparum/P. vivax infections [8,9]. Only one

other study, in Chinese adults with vivax malaria, has utilized a 3-

d artemisinin-naphthoquine regimen (17.5 mg/kg artemisinin plus

7 mg/kg naphthoquine versus 20 mg/kg artemisinin plus 8 mg/

kg artemisinin in the present study), and this regimen was

associated with a day-42 ACPR of 98.4% [31]. Overall, these data

support a 3-d regimen to maximize the efficacy of artemisinin-

naphthoquine. The present artemisinin-naphthoquine outcomes

are clearly superior to the outcomes of both artemether-

lumefantrine and dihydroartemisinin-piperaquine in our previous

multi-arm trial in young PNG children, since these regimens were

associated with P. falciparum day-42 PCR-corrected ACPRs of

95.2% and 87.9%, respectively, and P. vivax day-42 uncorrected

ACPRs of 30.3% and 69.4%, respectively [5].

We hypothesize that the better efficacy of artemisinin-

naphthoquine reflects naphthoquine’s relatively long terminal

elimination half-life and wide therapeutic index. The mean

elimination half-life of naphthoquine in PNG children is 21–

25 d [10] compared with 14–21 d for piperaquine in this patient

group [32–34]. This indicates that naphthoquine can suppress

reappearances of both P. falciparum and P. vivax for a longer

period than piperaquine and especially lumefantrine, which has an

elimination half-life of only 4–5 d [35]. In addition, the magnitude

of piperaquine dosing is limited by gastrointestinal side effects

including nausea [13]. Currently recommended doses of dihy-

droartemisinin-piperaquine may be inadequate in young children

[36] such as those who participated in our present and previous [5]

studies, but higher doses may have reduced tolerability. Gastro-

intestinal and other symptoms in our artemisinin-naphthoquine-

treated children were mild and short-lived despite the use of the

manufacturer’s recommended single-dose regimen on three

consecutive days.

There are theoretical reasons why artemisinin-naphthoquine

may be a suboptimal ACT. As shown by ourselves [10] and others

[37], auto-induction of artemisinin metabolism results in declining

plasma concentrations over the 3 d of treatment. Artemether also

induces its own metabolism [38], but unlike artemisinin, which has

an inactive metabolite, artemether is converted to dihydroartemi-

sinin, which has the greatest activity of all derivatives against P.
falciparum [39]. These pharmacokinetic/pharmacodynamic fac-

tors reflect the relatively low efficacy of artemisinin-naphthoquine

given for less than 3 d [8,9,11] and may have contributed to the

greater percentage of gametocytemic children during the first 2 wk

after artemisinin-naphthoquine treatment in the present study.

The persistence of P. falciparum gametocytemia has implications

for malaria control and could be managed by administration of

single-dose primaquine, provided that cost-effective point-of-care

screening for glucose-6-phosphate dehydrogenase deficiency is

available [40]. It is possible that the need for longer courses of

primaquine for radical cure of P. vivax may be less with

artemisinin-naphthoquine given the lack of appearance of asexual

forms of this species during the 42-d follow-up period in children

treated for acute malaria with this ACT, but this possibility needs

to be evaluated in further studies with longer-term follow-up.

Despite potential pharmacokinetic/pharmacodynamic short-

comings, initial asexual parasite clearance was as rapid with

artemisinin-naphthoquine as with artemether-lumefantrine. There

is in vitro evidence of cross-resistance between chloroquine and

naphthoquine in P. falciparum isolates from PNG, as is also the

case for piperaquine [41]. Whether this has clinical implications

for recrudescence in areas of chloroquine-resistant P. falciparum
and P. vivax is uncertain, but it did not appear influential in the

present study, even though the majority of P. falciparum strains in

Madang Province (.80%) show in vitro evidence of chloroquine

resistance with near fixation of the resistance-associated pfcrt allele

Figure 2. Electrocardiographic QTc intervals after treatment for
uncomplicated malaria. Data are median and interquartile range
(vertical bars) for artemether-lumefantrine (m, solid lines) and
artemisinin-naphthoquine (N, dashed lines). **p,0.01 for between-
treatment comparisons.
doi:10.1371/journal.pmed.1001773.g002
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[40]. The three-dose artemisinin-naphthoquine combination

regimen that complied with WHO recommendations for all

ACTs [12] and that was developed for the present study to

maximize efficacy against asexual and sexual parasite forms [11]

could have unmasked significant adverse effects such as the

hepatotoxicity that prevented inclusion of artesunate-pyronaridine

in the present study [16,17,42], but the present safety data are

reassuring.

Naphthoquine is a tetra-aminoquinoline drug, and our previous

preliminary safety study of artemisinin-naphthoquine in older PNG

children did not find evidence of aminoquinoline-specific side effects

such as hearing loss, orthostatic hypotension, and hypoglycemia

[11]. Similarly, the artemisinin-naphthoquine-treated children in

the present study did not complain of deafness, tinnitus, dizziness, or

posture-related symptoms during follow-up, and no cases of

hypoglycemia were recorded. The lack of hematologic and

hepatorenal toxicity in the present study is also consistent with

our previous findings [11]. An important outcome variable in the

present study was electrocardiographic effects, and there was

significant QTc prolongation between baseline and 4 h after the

final dose in our artemisinin-naphthoquine-treated children. Since

there were no significant between-group differences in pulse rate

and fever clearance during initial monitoring, this QTc prolonga-

tion is consistent with a naphthoquine-specific effect rather than

reflecting a disproportionately larger reduction in sympathetic

activity with recovery in artemisinin-naphthoquine-treated children

that could have independently promoted an increase in the QTc

interval in this group [43].

Many aminoquinoline drugs cause QTc prolongation. Chloro-

quine increases the QTc by a mean of up to 30 msec0.5 in healthy

volunteers [44], but no malignant arrhythmias or sudden deaths

have been reported with recommended antimalarial doses [43].

Piperaquine also has this effect, with studies in children in PNG

and Cambodia showing QTc prolongation similar to that in the

present study for children treated with artemisinin-naphthoquine

[19,20]. Repeated piperaquine dosing with the potential for

accumulation is not associated with definite cardiotoxicity [45],

and there is no in vitro evidence of torsadogenic or other pro-

arrhythmic effects [46]. In the case of halofantrine (now

withdrawn), cardiotoxicity is plasma-concentration-dependent

[43], but the day-2 QTc prolongation observed in our artemisi-

nin-naphthoquine-treated children had resolved by day 7, when

plasma naphthoquine concentrations would still have been high

[10].

This latter observation, amongst other considerations, suggests

that the artemisinin-naphthoquine regimen used in the present

study was not pro-arrhythmic. Relatively frequent QTc prolonga-

tion has been observed in young children presenting with

untreated malaria [43] and other serious illnesses [47], but it is

transient and not associated with adverse outcomes. There has

been a lack of clinically evident cardiotoxicity in the present and

other studies of naphthoquine [8], including three daily doses for

Table 4. Electrocardiographic QTc measurements by allocated treatment.

QTc (msec0.5) Artemether-Lumefantrine Artemisinin-Naphthoquine p-Value

Day 0 n = 68 n = 80

Median (IQR) 422 (408–443) 422 (411–444) 0.96

#440 73.5% 70.0% 0.25

441–450 11.8% 17.5%

451–460 10.3% 3.8%

.460 4.4% 8.8%

Day 2 n = 27 n = 75

Median (IQR) 439 (427–445) 447 (433–472) 0.003

#440 55.6% 34.7% 0.005

441–450 33.3% 20.0%

451–460 7.4% 12.0%

.460 3.7% 33.3%

Day 3 n = 62 n = 84

Median (IQR) 444 (430–454) 443 (428–454) 0.82

#440 41.9% 44.0% 0.87

441–450 30.6% 27.4%

451–460 14.5% 11.9%

.460 12.9% 16.7%

Day 7 n = 69 n = 85

Median (IQR) 432 (415–444) 425 (414–444) 0.64

#440 66.7% 67.1% 0.83

441–450 17.4% 21.2%

451–460 11.6% 8.2%

.460 4.3% 3.5%

IQR, interquartile range.
doi:10.1371/journal.pmed.1001773.t004
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vivax malaria in adults [31]. Nevertheless, given concerns that

piperaquine-containing ACTs should not be used in people who

have, or are at risk of, QTc prolongation or cardiac arrhythmias

(including those with electrolyte disturbance such as hypokalemia

and hypocalcemia), and that they should not be taken with other

drugs that prolong the QTc interval [48], it may be appropriate to

recommend similar restrictions for three-dose artemisinin-

naphthoquine regimens.

Table 5. Baseline characteristics of patients classified by Plasmodium species and allocated treatment.

Characteristic Falciparum Malaria Vivax Malaria

Artemether-
Lumefantrine
(n = 100)

Artemisinin-
Naphthoquine
(n = 98) p-Value

Artemether-
Lumefantrine
(n = 20)

Artemisinin-
Naphthoquine
(n = 27) p-Value

Male sex (percent) 50.0% 57.1% 0.32 40.0% 40.7% .0.99

Age (months) 43.4615.6 44.8615.7 0.54 37.1615.2 36.0613.9 0.81

Weight (kg) 12.662.4 12.862.6 0.58 12.262.2 11.962.2 0.63

Mid-upper-arm circumference
(cm)

14.461.1 14.561.3 0.62 14.160.9 14.460.9 0.26

Body mass index (kg/m2) 14.461.7 14.762.0 0.38 14.561.3 14.861.8 0.56

Heart rate (/min) 123621 125622 0.50 121624 120618 0.93

Respiratory rate (/min) 3268 3269 0.86 34611 33613 0.79

Axillary temperature (6C) 38.261.3 38.261.4 0.82 38.261.5 37.961.7 0.52

Enlarged spleen (percent) 49.4% 53.4% 0.65 52.9% 33.3% 0.34

Parasite density (/ml whole blood) 23,277 (9,447–45,613) 24,976 (13,674–51,867) 0.33 6,146 (1,545–18,893) 7,252 (1,372–15,724) 0.86

Hemoglobin (g/l) 92.0617.0 90.9616.9 0.66 92.6617.9 98.0616.3 0.29

Blood glucose (mmol/l) 6.962.1 6.761.9 0.46 6.262.4 7.161.8 0.21

Total drug dose over 3 d (mg/kg)

Artemether 12.0 [8.6–20.0] 11.2 [8.6–16.0]

Lumefantrine 72.0 [51.4–120.0] 67.4 [51.4–96.0]

Artemisinin 62.5 [37.5–75.0] 68.2 [48.7–75.0]

Naphthoquine 25.0 [15–30.0] 27.3 [19.5–30.0]

Data are percentage, mean 6 standard deviation, median (interquartile range), or median [absolute range].
doi:10.1371/journal.pmed.1001773.t005

Table 6. Fever and parasite clearance times by Plasmodium species and allocated treatment.

Response Measure P. falciparum P. vivax

Artemether-
Lumefantrine
(n = 100)

Artemisinin-
Naphthoquine
(n = 98) p-Value

Artemether-
Lumefantrine
(n = 20)

Artemisinin-
Naphthoquine
(n = 27) p-Value

Fever clearance (percent)

Day 1 88/100 (88.0%) 88/98 (89.8%) 0.82 17/20 (85.0%) 26/27 (96.3%) 0.30

Day 2 95/98 (96.9%) 93/98 (94.9%) 0.72 17/19 (89.5%) 26/27 (96.3%) 0.56

Day 3 99/99 (100%) 96/98 (98.0%) 0.25 19/19 (100%) 26/26 (100%) —

Day 7 93/99 (93.9%) 94/98 (95.9%) 0.75 20/20 (100%) 24/26 (92.3%) 0.50

Mean (95% CI) FCT (days) 1.2 (1.1–1.3) 1.1 (1.0–1.2) 0.28 1.4 (1.0–1.8) 1.1 (0.9–1.4) 0.50

Parasite clearance (percent)

Day 1 33/99 (33.3%) 30/98 (30.6%) 0.76 16/19 (84.2%) 23/27 (85.2%) .0.99

Day 2 88/99 (88.9%) 86/98 (87.8%) 0.83 20/20 (100%) 27/27 (100%) —

Day 3 97/98 (99.0%) 96/98 (98.0%) .0.99 20/20 (100%) 27/27 (100%) —

Day 7 98/98 (100%) 98/98 (100%) — 20/20 (100%) 27/27 (100%) —

Mean (95% CI) PCT (days) 1.8 (1.7–1.9) 1.8 (1.7–1.9) 0.66 1.2 (1.0–1.3) 1.1 (1.0–1.3) 0.99

Data are number/total (percentage) or mean (95% confidence interval).
doi:10.1371/journal.pmed.1001773.t006
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Our study had limitations. Baseline microscopy by study staff

under field conditions led to 11% of the 267 randomized patients

being included when they had sub-threshold parasitemia based on

expert microscopy, while electrocardiography proved difficult in a

significant minority of children. We did not directly observe all

artemether-lumefantrine doses, but parents/guardians were in-

structed as to the importance of all doses given at home, adherence

was assessed at the next follow-up visit, and day-7 plasma

lumefantrine concentrations were consistent with full adherence

in each case. The children screened and recruited were drawn

from coastal PNG communities that are typical of those in

Oceania where hyper- or holo-endemic transmission of multiple

Plasmodium species is found. It is possible that treatment responses

in children with uncomplicated malaria who have been raised in

Figure 3. Kaplan-Meier plots showing percentages of patients positive for PCR-corrected P. falciparum and for PCR-uncorrected P.
vivax after treatment. Data are for artemether-lumefantrine (solid lines) and artemisinin-naphthoquine (dashed lines). Numbers of children at risk
at each time point are shown for artemether-lumefantrine (AL) and artemisinin-naphthoquine (AN). p-Values are for log-rank tests.
doi:10.1371/journal.pmed.1001773.g003
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Table 7. Per-protocol analysis of treatment responses in children with falciparum (after PCR correction) or vivax (PCR-uncorrected)
malaria.

Endpoint
Number and
Category Total

Artemether-
Lumefantrine

Artemisinin-
Naphthoquine

Difference
(95% CI) p-Value

P. falciparum, day 28 n 190 94 96

ACPR n 189 93 96

Percent (95% CI) 99.5 (96.7–100) 98.9 (93.4–100) 100 (95.2–100) 1.1 (23.8 to 6.6) 0.50 (one-sided)

ETF/LCF/LPF (percent) 0/0/0.5 0/0/1.1 0/0/0

P. falciparum, day 42 n 186 92 94

ACPR n 184 90 94

Percent (95% CI) 98.9 (95.8–99.8) 97.8 (91.6–99.6) 100 (95.1–100) 2.2 (23.0 to 8.4) 0.24 (one-sided)

ETF/LCF/LPF (percent) 0/0.5/0.5 0/1.1/1.1 0/0/0

P. vivax, day 28 n 46 20 26

ACPR n 39 13 26

Percent (95% CI) 84.8 (70.5–93.2) 65.0 (41.0–83.7) 100 (84.0–100) 35.0 (10.7 to 59.1) 0.001 (two-sided)

ETF/LCF/LPF (percent) 0/0/15.2 0/0/35.0 0/0/0

P. vivax, day 42 n 46 20 26

ACPR n 32 6 26

Percent (95% CI) 69.6 (54.1–81.8) 30.0 (12.8–54.3) 100 (84.5–100) 70.0 (40.9 to 87.2) ,0.001 (two-sided)

ETF/LCF/LPF (percent) 0/2.2/28.3 0/5.0/65.0 0/0/0

P. vivax after treatment
for falciparum malaria,
day 42

n 188 94 94

ACPR n 156 62 94

Percent (95% CI) 83.0 (76.7–87.9) 66.0 (55.4–75.2) 100 (95.1–100) 34.0 (23.6 to 44.6) ,0.001 (one-sided)

ETF/LCF/LPF (percent) 0/0/17.0 0/0/34.0 0/0/0

doi:10.1371/journal.pmed.1001773.t007

Table 8. Per-protocol secondary endpoint analysis of response in children with PCR-uncorrected P. falciparum reinfections or PCR-
corrected P. vivax recrudescence by treatment allocation.

Endpoint
Number and
Category Total

Artemether-
Lumefantrine

Artemisinin-
Naphthoquine Difference (95% CI) p-Value

P. falciparum, day 28 n 190 94 96

ACPR n 188 92 96

Percent (95% CI) 98.9 (95.9–99.8) 97.9 (91.8–99.6) 100 (95.2–100) 2.1 (–3.0 to 8.2) 0.24

ETF/LCF/LPF (percent) 0/0.5/0.5 0/1.1/1.1 0/0/0

P. falciparum, day 42 n 186 92 94

ACPR n 181 87 94

Percent (95% CI) 97.3 (93.5– 99.0) 94.6 (87.2–98.0) 100 (95.1–100) 5.4 (20.5 to 12.8) 0.028

ETF/LCF/LPF (percent) 0/0.5/2.2 0/1.1/4.3 0/0/0

P. vivax, day 28 n 46 20 26

ACPR n 42 16 26

Percent (95% CI) 91.3 (78.3–97.2) 80.0 (55.7–93.4) 100 (84.0–100) 20.0 (20.9 to 44.3) 0.030

ETF/LCF/LPF (percent) 0/2.2/6.5 0/5.0/15.0 0/0/0

P. vivax, day 42 n 46 20 26

ACPR n 38 12 26

Percent (95% CI) 82.6 (68.1–91.7) 60.0 (36.4–80.0) 100 (84.0–100) 40.0 (14.4 to 63.6) ,0.001

ETF/LCF/LPF (percent) 0/2.2/15.2 0/5.0/35.0 0/0/0

doi:10.1371/journal.pmed.1001773.t008
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areas with lower-level transmission may be attenuated because of

their reduced or absent malarial immunity. Nevertheless, ACTs

such as artemether-lumefantrine are considered efficacious where

there is unstable transmission [12], while most of the studies

evaluating artemisinin-naphthoquine—which had mostly accept-

able efficacy—were conducted in this epidemiologic setting [8,9].

The strengths of the study are the high rates of laboratory

(including parasitologic) data collection and the $92% retention

rate of children in each of the four species/treatment arms, which

was greater than anticipated when sample sizes were determined

and greater than in our previous multi-arm trial in PNG children

(with, for example, only 77% in one of the arms [5]).

Table 9. Modified intention-to-treat analysis of treatment response by treatment allocation utilizing a worst-case scenario (i.e., all
instances of missing data during follow-up scored as treatment failure).

Endpoint Number and Category Total
Artemether-
Lumefantrine

Artemisinin-
Naphthoquine

Difference
(95% CI) p-Value

P. falciparum, day 28 n 198 100 98

ACPR n 189 93 96

Percent (95% CI) 95.5 (91.3–97.8) 93.0 (85.6–96.9) 98.0 (92.1–99.7) 5.0 (22.1 to 12.5) 0.09 (one-sided)

P. falciparum, day 42 n 198 100 98

ACPR n 184 90 94

Percent (95% CI) 92.9 (88.2–95.9) 90.0 (82.0–94.8) 95.9 (89.3–98.7) 5.9 (22.3 to 14.4) 0.09 (one-sided)

P. vivax, day 28 N 47 20 27

ACPR n 39 13 26

Percent (95% CI) 83.0 (68.7–91.9) 65.0 (41.0–83.7) 96.3 (79.1–99.8) 31.3 (5.9 to 55.6) 0.007 (two-sided)

P. vivax, day 42 N 47 20 27

ACPR n 32 6 26

Percent (95% CI) 68.1 (52.8–80.5) 30.0 (12.8–54.3) 96.3 (79.1–99.8) 66.3 (36.5 to 83.8) ,0.001 (two-sided)

P. vivax after treatment
for falciparum malaria,
day 42

N 198 100 98

ACPR n 156 62 94

Percent (95% CI) 78.8 (72.3–84.1) 62.0 (51.7–71.4) 95.9 (89.3–98.7) 33.9 (22.5 to 44.6) ,0.001 (one-sided)

doi:10.1371/journal.pmed.1001773.t009

Table 10. Modified intention-to-treat analysis of treatment response by treatment allocation utilizing a best-case scenario (i.e., all
instances of missing data during follow-up scored as parasite-negative).

Endpoint Number and Category Total
Artemether-
Lumefantrine

Artemisinin-
Naphthoquine

Difference
(95% CI) p-Value

P. falciparum, day 28 n 198 100 98

ACPR n 197 99 98

Percent (95% CI) 99.5 (96.8–100) 99.0 (93.8–100) 100 (95.3–100) 1.0 (23.8 to 6.2) 0.51 (one-sided)

P. falciparum, day 42 n 198 100 98

ACPR n 196 98 98

Percent (95% CI) 99.0 (96.0–99.8) 98.0 (92.3–99.7) 100 (95.3–100) 2.0 (23.0 to 7.7) 0.25 (one-sided)

P. vivax, day 28 n 47 20 27

ACPR n 40 13 27

Percent (95% CI) 84.8 (70.5–93.2) 65.0 (41.0–83.7) 100 (84.5–100) 35.0 (10.7 to 59.1) 0.001 (two-sided)

P. vivax, day 42 n 47 20 27

ACPR n 33 6 27

Percent (95% CI) 69.6 (54.1–81.8) 30.0 (12.8–54.3) 100 (84.5–100) 70.0 (41.2 to 87.2) ,0.001 (two-sided)

P. vivax after treatment
for falciparum malaria,
day 42

n 198 100 98

ACPR n 166 68 98

Percent (95% CI) 83.8 (77.8–88.5) 68.0 (57.8–76.8) 100 (95.3–100) 32.0 (22.0 to 42.2) ,0.001 (one-sided)

doi:10.1371/journal.pmed.1001773.t010
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Figure 4. Proportions of patients with gametocytes during follow-up after treatment for P. falciparum and for P. vivax. Data are for
artemether-lumefantrine (m, solid lines) and artemisinin-naphthoquine (N, dashed lines). *p,0.05, **p,0.01 for between-treatment comparisons.
doi:10.1371/journal.pmed.1001773.g004

Artemisinin-Naphthoquine for Pediatric Malaria

PLOS Medicine | www.plosmedicine.org 14 December 2014 | Volume 11 | Issue 12 | e1001773



Figure 5. Hemoglobin concentrations during follow-up after treatment for P. falciparum and for P. vivax. Data are mean and standard
deviation (vertical bars) for artemether-lumefantrine (m, solid lines) and artemisinin-naphthoquine (N, dashed lines). **p,0.01 for between-
treatment comparisons.
doi:10.1371/journal.pmed.1001773.g005
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The efficacy, tolerability, and safety of three daily doses of

artemisinin-naphthoquine suggest that this regimen should be

considered together with other currently available effective ACTs

for treatment of uncomplicated malaria in PNG and similar

epidemiologic settings with transmission of multiple Plasmodium
species. Artemisinin-naphthoquine may have advantages where P.
vivax predominates. Although pharmaco-economic analyses were

beyond the scope of the present study, it seems likely that the

additional cost of three doses compared to the single dose currently

recommended will be more than offset by the substantial reduction

in post-treatment vivax malaria.
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Editors’ Summary

Background. Malaria is a mosquito-borne parasitic disease
that kills more than 600,000 people (mainly young children
in sub-Saharan Africa) every year. Plasmodium falciparum
causes most of these deaths, but P. vivax is the most
common and most widely distributed cause of malaria
outside sub-Saharan Africa. Infection with malaria parasites
causes recurring flu-like symptoms and must be treated
promptly with antimalarial drugs to prevent the develop-
ment of anemia and potentially fatal damage to the brain
and other organs. In the past, malaria was treated with
‘‘monotherapies’’ such as chloroquine, but the parasites
quickly developed resistance to many of these inexpensive
drugs. The World Health Organization now recommends
artemisinin combination therapy (ACT) for first-line treat-
ment of malaria in all regions where there is drug-resistant
malaria. In ACT, artemisinin derivatives (fast-acting antima-
larial drugs that are rapidly cleared from the body) are used
in combination with a slower acting, more slowly eliminated
partner drug to prevent reemergence of the original
infection and to reduce the chances of the malaria parasites
becoming resistant to either drug.

Why Was This Study Done? Because falciparum and vivax
malaria respond differently to antimalarial drugs, wherever
there is transmission of both types of malaria but limited
facilities for species-specific malaria diagnosis—as in Papua
New Guinea—compromises have to be made about which
ACT should be used for the treatment of malaria. Thus,
Papua New Guinea’s national guidelines recommend arte-
mether-lumefantrine, which is effective against the more
deadly P. falciparum, for first-line treatment of uncomplicat-
ed (mild) malaria even though this ACT is ineffective against
the more common P. vivax. In this open-label randomized
trial (a study in which participants are randomly assigned to
receive different drugs but know which drug they are being
given), the researchers ask whether an alternative ACT might
be preferable for the treatment of uncomplicated malaria in
young children in Papua New Guinea by comparing
outcomes after treatment with artemether-lumefantrine
versus artemisinin-naphthoquine (an ACT that should be
more effective against vivax malaria than artemether-
lumefantrine because naphthoquine stays in the body
longer than lumefantrine). Specifically, the researchers test
the non-inferiority of artemisinin-naphthoquine compared to
artemether-lumefantrine for the treatment of falciparum
malaria (whether artemisinin-naphthoquine is not worse
than artemether-lumefantrine) and the superiority of arte-
misinin-naphthoquine compared to artemether-lumefantrine
for the treatment of vivax malaria (whether artemisinin-
naphthoquine is better than artemether-lumefantrine).

What Did the Researchers Do and Find? The researchers
assigned nearly 250 children (aged 0.5 to 5 years) with
falciparum malaria, vivax malaria, or both types of malaria to
receive six doses of artemether-lumefantrine over three days
or three daily doses of artemisinin-naphthoquine. They then
followed the children to see how many children in each
treatment group and with each type of malaria were free of
malaria 42 days after treatment (an ‘‘adequate clinical and

parasitological response’’). Among the patients originally
infected with P. falciparum, 97.8% of those treated with
artemether-lumefantrine and 100% of those treated with
artemisinin-naphthoquine were clear of their original P.
falciparum infection (though some had acquired a new P.
falciparum infection) 42 days after treatment. By contrast,
among the patients infected with P. vivax, 30% of those
treated with artemether-lumefantrine and 100% of those
treated with artemisinin-naphthoquine were clear of P. vivax
infection 42 days after treatment. Both ACTs were safe and
well tolerated.

What Do These Findings Mean? These findings indicate
that artemisinin-naphthoquine was non-inferior to arte-
mether-lumefantrine for the treatment of uncomplicated
falciparum malaria among young children in Papua New
Guinea and had greater efficacy than artemether-lumefan-
trine against vivax malaria. The accuracy of these findings
may be limited by several aspects of the study design. For
example, not all the artemether-lumefantrine doses were
directly observed, so some children may not have received
the full treatment course. Moreover, because all the study
participants lived in coastal communities in Papua New
Guinea where malaria is highly endemic, treatment respons-
es among children living in areas with lower levels of malaria
transmission might be different. Nevertheless, these findings
suggest that artemisinin-naphthoquine should be consid-
ered alongside other ACTs for the treatment of uncompli-
cated malaria in regions where there is transmission of
multiple Plasmodium species and that artemisinin-naphtho-
quine may be better than artemether-lumefantrine for the
treatment of uncomplicated malaria in young children in
regions where P. vivax predominates.

Additional Information. Please access these websites via
the online version of this summary at http://dx.doi.org/10.
1371/journal.pmed.1001773.

N Information is available from the World Health Organiza-
tion on malaria (in several languages); the World Malaria
Report 2013 provides details on the current global malaria
situation, including information on malaria in Papua New
Guinea; the World Health Organization’s Guidelines for the
Treatment of Malaria is available

N The US Centers for Disease Control and Prevention
provides information on malaria (in English and Spanish),
including personal stories about malaria

N Information is available from the Roll Back Malaria
Partnership on the global control of malaria, including
information about malaria in Papua New Guinea, malaria in
children, and ACTs

N The Malaria Vaccine Initiative has a fact sheet on
Plasmodium vivax malaria

N MedlinePlus provides links to additional information on
malaria (in English and Spanish)

N More information about this trial is available
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Comparison of three methods for detection of
gametocytes in Melanesian children treated for
uncomplicated malaria
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Robert C Woodward2, Timothy G St.Pierre2, Ivo Mueller3,4,6 and Timothy ME Davis1
Abstract

Background: Gametocytes are the transmission stages of Plasmodium parasites, the causative agents of malaria.
As their density in the human host is typically low, they are often undetected by conventional light microscopy.
Furthermore, application of RNA-based molecular detection methods for gametocyte detection remains challenging
in remote field settings. In the present study, a detailed comparison of three methods, namely light microscopy,
magnetic fractionation and reverse transcriptase polymerase chain reaction for detection of Plasmodium falciparum
and Plasmodium vivax gametocytes was conducted.

Methods: Peripheral blood samples from 70 children aged 0.5 to five years with uncomplicated malaria who were
treated with either artemether-lumefantrine or artemisinin-naphthoquine were collected from two health facilities
on the north coast of Papua New Guinea. The samples were taken prior to treatment (day 0) and at pre-specified
intervals during follow-up. Gametocytes were measured in each sample by three methods: i) light microscopy
(LM), ii) quantitative magnetic fractionation (MF) and, iii) reverse transcriptase PCR (RTPCR). Data were analysed using
censored linear regression and Bland and Altman techniques.

Results: MF and RTPCR were similarly sensitive and specific, and both were superior to LM. Overall, there were
approximately 20% gametocyte-positive samples by LM, whereas gametocyte positivity by MF and RTPCR were
both more than two-fold this level. In the subset of samples collected prior to treatment, 29% of children were
positive by LM, and 85% were gametocyte positive by MF and RTPCR, respectively.

Conclusions: The present study represents the first direct comparison of standard LM, MF and RTPCR for
gametocyte detection in field isolates. It provides strong evidence that MF is superior to LM and can be used to
detect gametocytaemic patients under field conditions with similar sensitivity and specificity as RTPCR.
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Background
The development of Plasmodium parasites within infected
erythrocytes can follow one of two pathways: i) asexual
reproduction for propagation within the human host or, ii)
development of sexual reproductive blood stages (gameto-
cytes) which can infect the mosquito vector when taken
up with a blood meal. While asexual reproduction causes
the clinical symptoms associated with malaria, sexual
reproduction is responsible for inter-host spread of the
parasite [1]. Gametocytes have many characteristics that
differentiate them from asexual forms including, in the
case of Plasmodium falciparum, a much longer life span
and relative metabolic inactivity during their mature
phase, which means that they are relatively resistant to
anti-malarial drugs [2-4]. Artemisinin combination ther-
apy (ACT) is, however, more effective against P. falcip-
arum gametocytes than conventional agents, such as
chloroquine or amodiaquine [5-8]. This increased effect-
iveness largely stems from the ability of ACT to destroy a
wider range of early stage gametocytes, presumably at
their sequestration sites [5,9].
Monitoring gametocyte density in clinical isolates is

necessary to assess the transmission-reducing effects of
anti-malarial drugs or in investigations aiming to quan-
tify the transmission potential of humans living in en-
demic areas [2,10]. On-site detection of gametocytes at
health facilities in malaria-endemic developing countries
would also be beneficial when primaquine is being used
to reduce P. falciparum gametocyte prevalence and thus
transmission potential. Primaquine has potential toxicity,
mainly haemolysis in G6PD-deficient individuals, and its
use should ideally be limited to confirmed P. falciparum
gametocyte carriers [2].
There is, therefore, a compelling argument for clinical

and epidemiological studies to include sensitive and reli-
able methods for the detection of gametocytes. Gameto-
cyte density in infected individuals is often too low to be
detected by standard light microscopy (LM) [11] and a
variety of molecular methods have been developed for
gametocyte detection. These include reverse transcriptase
polymerase chain reaction (RTPCR), quantitative nucleic
acid sequence based analysis (QTNASBA) and reverse
transcriptase loop mediated amplification (RTLAMP)
[4,12-16]. These methods usually target transcripts of the
P. falciparum Pfs25 gene or its homologue in Plasmodium
vivax (Pvs25). However, molecular methods for gameto-
cyte detection are not easily transferable to remote field la-
boratories or health facilities, are prone to contamination,
use expensive equipment and reagents, and require highly
trained personnel.
The aim of the present study was to assess the perform-

ance of a previously developed method for enhanced detec-
tion of gametocytes using quantitative high field gradient
magnetic fractionation (MF) under field conditions in
comparison to LM and RTPCR using samples collected
during an anti-malarial clinical trial [17-19].

Methods
Background methodological considerations
It should be noted that the three methods employed in
the present study quantify gametocytes in different ways:

i) LM quantifies the number of gametocytes per white
blood cell (WBCs) (in the present study in 500
WBC) and extrapolates this value to calculate a
gametocyte density per μL based on the assumption
that 1 μL of blood contains 8,000 WBCs. The
inherent threshold of detection of LM is therefore
16 gametocytes per μL of blood [18,20];

ii) RTPCR uses Pfs25 or Pvs25 copy number as a
measure for gametocyte abundance. As the number
of these transcripts gradually increases while
gametocytes maturate, this estimate may be different
from LM-derived gametocyte counts, based on the
stage distribution gametocytes in a blood sample.
Although previous studies have derived calibration
curves that related Pfs25 abundance with mature
stage V gametocyte density, it can be expected that
field-based estimates vary considerably since blood
samples may contain a wider range of gametocyte
stages [21]. Assuming ideal performance, the
detection threshold of RTPCR is only limited by the
amount of blood subjected to amplification. In the
present study, RNA was extracted from the equivalent
of 50 μL of blood and eluted in 30 μL of RNAse free
water. Four μL of this elution were then subjected to
the amplification reaction. Therefore an equivalent
volume of 6.7 μL of blood was tested by RTPCR,
giving a theoretical detection limit of 0.13 gametocytes
per μL of blood;

iii)MF uses an internal standard (magnetic
microparticles), which is added to the sample at a
known concentration per μL of blood so that the
number of gametocytes counted per microparticle
may be extrapolated to a gametocyte density per μL of
blood. In the present study this known microparticle
concentration was 100 μL and the maximum number
of particles counted was 2,000 so that the expected
detection threshold of MF was 0.05 gametocytes
per μL of blood.

The conversion from one of these measures to another
is not always straightforward, particularly in field sam-
ples containing different stages of gametocytes that may
exhibit different levels of transcript expression and/or
different magnetic susceptibilities. Furthermore, micro-
scopic parasite and gametocyte counts as well as PCR
methods are associated with considerable error [22,23].
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Therefore, field-based estimates for conversion factors be-
tween gametocyte quantification techniques are also likely
to be associated with significant degrees of uncertainty.

Sample collection and study site
This study received ethical approval as part of a larger
clinical trial (Australian New Zealand Clinical Trials
Registry ACTRN12610000913077) assessing the effect of
recommended and novel artemisinin combination therapy
in children with uncomplicated malaria from Madang
Province in Papua New Guinea (PNG) (Medical Research
Advisory Committee, Health Department of Papua New
Guinea, approval 10.39). All research conducted on
humans complied with the Helsinki declariation. Blood
samples were collected at Mugil (n = 62) and Alexishafen
(n = 8) Health Centres on the north coast of PNG near the
town of Madang. Participants were enrolled after informed
consent had been obtained. Children with clinical or la-
boratory evidence of severe malaria according to WHO
severity criteria [24] or with co-morbidities were excluded.
Participating children were aged between 0.5 and five

years and presented either with uncomplicated P. falcip-
arum (minimum parasite density 1,000 μL−1) or P. vivax
(minimum parasite density 250 μL−1) malaria. A total of
70 children were enrolled into this study (56 with P. fal-
ciparum, 14 with P. vivax). After recruitment, all par-
ticipants were randomly assigned to receive treatment
with either artemether-lumefantrine (1.7:10 mg/kg twice
daily for three days) or artemisinin-naphthoquine (20:8 mg/
kg daily for three days). For LM and MF, blood samples
(200 μL) were collected on the day of enrolment (day 0)
and on days 1, 2, 3, 7, 14, 28, and 42. For RTPCR additional
blood samples (200 μL) were collected on days 0, 3, 7, and
28. After collection, these samples were directly trans-
ferred into a 1.5 mL tube containing the RNA preserva-
tion reagent RNAlater® (Life Technologies, Mulgrave, VIC,
Australia).

Gametocyte detection techniques

i) LM: Giemsa-stained thick blood smears were examined
and parasite density quantified independently by two
skilled microscopists with parasites counted against 500
white cells. Discrepancies were adjudicated by a senior
microscopist.

ii) MF: Diluted whole blood was subjected to high field
gradient MF as described elsewhere but a 200 μL
volume was used instead of 400 μL as in previous
studies. [17,18]. Briefly, the 200 μL blood samples
were suspended in 2 mL of MF buffer (PBS
pH = 7.4, 0.5% bovine serum albumin, 2 mM EDTA).
Magnetic particles (Spherotech, Lake Forest, IL,
USA) were added to achieve a total known particle
concentration of 100 particles per μL of blood. The
samples were then magnetically fractionated as
previously described using MACS equipment
(Miltenyi Biotec, Bergisch Gladbach, Germany) [17]
After passage of each sample through the columns,
the columns were washed twice with 1 mL of MF
buffer. Samples were then eluted in 1 mL of MF
buffer and spun briefly to pellet the eluted material
(cells/particles). Slides were prepared using the
entire pellet. Slides prepared after MF were
examined by screening the entire slide for
gametocytes. If a gametocyte was observed,
gametocytaemia was quantitatively assessed
following the methodology described in [17] with
slight modifications, and by counting a maximum
number of 2,000 magnetic particles and the
corresponding number of gametocytes in the
associated fields. It should be noted that it takes only
approximately 5 min to scan every field on an MF
slide for gametocytes using 1,000× magnification, as
the preparations contained very few cells.

iii)RTPCR: Samples collected in the RNA preservation
reagent were transferred to a −80°C freezer as soon
as possible (usually on the same day) after collection.
RNA was extracted from the preserved samples
using the Qiagen RNeasy 96 Plus kit (Qiagen,
Doncaster, VIC, Australia) following manufacturer’s
instructions with slight modifications. The sample
volume subjected to extraction was equivalent to
50 μL of blood. Extracted RNA was eluted into
30 μL of RNAse free water. Four μL from the
elution were subjected to the RTPCR reaction
(equivalent of 6.7 μL of the original blood sample).
Details of the RTPCR assay, including mix
preparation, primer and probe sequences have been
published elsewhere [21]. Each detection experiment
included a duplicate dilution series of plasmids
containing the Pfs25 or Pvs25 target product (104,
103, 102, 101, 5, 100 copies/μL) that was used to
determine standard curves and estimate gametocyte
densities reported as transcript copies/μL. All assays
were run in 384-well plate format on the Roche
LightCycler480® platform.

Data analysis
Data were compared between LM vs MF, LM vs RTPCR
and MF vs RTPCR for the number of sample pairs avail-
able in each of these three groups. Proportions were
compared by McNemar’s exact test. Sensitivity and spe-
cificity were calculated from the numbers of true/false
positives and negatives when each of the methods was
considered to be the reference method. Quantification of
gametocytes by each method was compared using cor-
relation analyses (Pearson), censored regression analyses
(Tobit regression [25]) and Bland-Altman analyses. Since



Table 1 Comparison of sensitivity and specificity of
gametocyte detection between light microscopy (LM),
magnetic fractionation (MF) and reverse transcriptase
polymerase chain reaction (RTPCR)

A1 LM Total A2 Reference

0 1 LM MF

MF 0 266 1 267 Sensitivity 0.99 0.39

1 136 88 224 Specificity 0.66 0.99

Total 402 89 491

B1 LM Total B2 Reference

0 1 LM RTPCR

RTPCR 0 110 3 113 Sensitivity 0.94 0.40

1 75 50 125 Specificity 0.59 0.97

Total 185 53 238

C1 RTPCR Total C2 Reference

0 1 RTPCR MF

MF 0 89 34 123 Sensitivity 0.74 0.77

1 29 99 128 Specificity 0.75 0.72

Total 118 133 251

In each of the three comparisons (A: LM vs MF; B: LM vs RTPCR and C: RTPCR
vs MF) both methods served as reference standard.
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the decadic logarithms of the estimated gametocyte dens-
ities/transcript copy numbers were normally distributed
(confirmed by Kolmogorov-Smirnov tests), these transfor-
mations were used in the analyses.

Results
Observed gametocyte positivity
Paired observations (LM vs MF) were available for 491
blood samples (402 originating from P. falciparum-infected
children and 89 from P. vivax-infected children). From the
subset of samples subjected to RTPCR, 238 paired obser-
vations for LM vs RTPCR (195 from P. falciparum- and 43
from P. vivax-infected children) and 251 paired observa-
tions for MF vs RTPCR (204 from P. falciparum- and 47
from P. vivax-infected children) were available. Since P.
vivax gametocytes are cleared rapidly after treatment, the
number of P. vivax-positive paired observations were very
limited in the present study.
Figure 1 shows the proportions of gametocyte-positive

observations for the three methods. Overall, LM resulted
in approximately 20% gametocyte-positive observations,
whereas MF and RTPCR both resulted in more than two-
fold higher observed gametocyte positivity (LM vs MF:
18.1 vs 45.6%, p < 0.0001; LM vs RTPCR: 22.2 vs 52.5%,
p < 0.0001; MF vs RTPCR: 51.0 vs 53.0%, p = 0.61). As
most blood samples originated from children who had
already received anti-malarial treatment, the proportions
displayed in Figure 1 do not reflect the gametocyte positiv-
ity rate in the population but should be viewed as a meas-
ure of how well the three methods were able to detect
gametocytes. At time of enrolment (prior to treatment)
observed gametocyte prevalence using LM was around
29% (20/70), whereas with both MF and RTPCR an ap-
proximate gametocyte positivity of 86% (60/70 for MF and
RTPCR) was found.
The comparative sensitivity and specificity of each of

the three gametocyte-detection methods are presented
in Table 1. Within each comparison, each method was
Figure 1 Proportion of gametocyte positive observations using LM vs
The analysis is purely concerned with the performance of the three metho
time the sample was taken. (n.s.: not significant; ***p-value <0.001 (McNem
considered as the reference method (e.g., LM is com-
pared to MF once with LM as reference method and
once with MF as reference method). This is necessary
since LM is still considered the ‘gold standard’, yet its
sensitivity for gametocyte detection is inferior to both
MF and RTPCR methods, and analyses of specificity are
not meaningful if LM is used as the only reference
method as the number of ‘false positives’ will be biased.
When LM is compared to MF with LM as the reference

method, sensitivity is very high (99%), indicating that MF
detects nearly all positive cases detected by LM. Specificity
however is low, since LM is inferior to MF in sensitivity to
detect gametocytes and the analysis thus results in a high
number of ‘false positive’ observations. When MF is used
as the reference method in this comparison LM has a very
. MF. (Panel A), LM vs. RTPCR (Panel B) and MF vs. RTPCR (Panel C).
ds and does not take into account the drug used for treatment or
ar’s test).
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low sensitivity (39%). The specificity is very high (99%) in-
dicating that MF indeed identifies nearly all gametocyte
carriers as correctly as LM.
The situation is similar when LM is compared to

RTPCR. Again, with LM as the reference method, RTPCR
sensitivity is high (94%) and specificity is artificially low.
When RTPCR is considered the reference standard, LM
sensitivity is low (40%) whereas specificity is high (97%)
indicating that RTPCR identifies most gametocyte carriers
correctly.
When MF is compared to RTPCR, interchanging the

reference methods has little effect. This indicates that
both of these methods are similarly sensitive and specific
for gametocyte detection, although they only agree with
each other moderately well (~75%).

Observed gametocyte densities
LM reports gametocyte density based on gametocyte
counts relative to leukocyte counts; MF uses an internal
standard in the form of magnetic microspheres [17];
RTPCR derives Pfs25 or Pvs25 copy numbers from a
standard curve. Figure 2 shows the gametocyte abun-
dance observed with the three methods (LM, RTPCR
and MF). The correlations between these measures are
highly significant (Pearson p < 0.0001). LM gametocyte
density estimates ranged from 16 and 9200 μL−1 for P.
falciparum and between 16 and 780 μL−1 for P. vivax.
When comparing the more sensitive methods (MF and

RTPCR) with LM, the data are heavily left-censored and
clustered on the LM limit of detection (LOD) which is
estimated to be 16 μL−1. Therefore, a censored linear re-
gression model (Tobit model) was chosen for regression
between LM and MF, and LM and RTPCR. The coeffi-
cients of determination (R2) from the Tobit regression
were 0.55 and 0.35 for LM vs MF and LM vs RTPCR, re-
spectively, implying only moderate degrees of predict-
ability. For comparison of MF and RTPCR, which are
both similarly sensitive, orthogonal linear regression was
used and R2 was 0.52.
MF gametocyte density estimates were also used to de-

rive a calibration curve between Pfs25/Pvs25 transcript
copy number and gametocyte number (Figure 2C). The
resulting equation to estimate gametocyte density (y)
from transcript copy number (x) was log10y = 0.97log10x-
1.51. In the epidemiologically relevant range (i.e., > 0.1
gametocytes per μL) of blood this corresponds to around
30–40 transcripts per gametocyte. This estimate of tran-
scripts per gametocyte is lower than the one previously
derived from serially diluted gametocyte cultures (~70-
110 transcripts per gametocyte) [21].
Since LM and MF both determine a gametocyte dens-

ity (LM based on a leukocyte count and MF based on a
count of gametocytes vs magnetic particles), the Bland
and Altman method comparison was used to compare
these two methods (Figure 2, Panel A) for those data
pairs that were not left-censored. [26] Bland and Altman
analysis showed no significant trends in the observed
differences between LM and MF over average gameto-
cyte density (Additional file 1), however it revealed that
the logarithms of the MF-based measures of gametocyte
density were biased consistently with a mean of −0.59
against the LM estimates. Therefore, to transform MF
gametocyte density into LM gametocyte density, this
bias was taken into account by adding 0.59 to each loga-
rithmic MF gametocyte density. The resulting corrected
95% confidence levels of agreement between LM and
MF were +/−0.93, meaning that MF and LM estimates
of gametocyte density can be expected to vary not more
than approximately ± ten-fold in 95% of measurements
(Figure 3).

Discussion
The aim of the present study was to assess the perform-
ance of MF compared to that of standard LM and RTPCR
for Pfs25 and Pvs25 for gametocyte detection in a field
study. Based on previous research, it was hypothesized
that MF would generate highly sensitive quantitative gam-
etocyte measurements under field conditions. MF showed
an at least similar ability to detect gametocyte carriers as
the RTPCR method, and both MF and RTPCR detected
significantly more gametocyte-positive samples than LM.
Measures of gametocyte density were strongly associated
between methods and conversions between them could be
derived. However, these conversions are associated with
considerable levels of uncertainty.
The results presented here show that MF was similarly

sensitive in detecting gametocytes as RTPCR conducted
on blood samples directly placed into an RNA preserva-
tion solution at the time of collection. While both MF and
RTPCR detected many (at least two to three-fold) more
gametocyte-positive samples than standard LM, there was
no significant difference in the proportions of gametocyte-
positive samples detected by MF and RTPCR (Figure 1)
indicating equivalent performance. Both MF and RTPCR
showed very high sensitivity (99 and 94%, respectively)
and specificity (99 and 97%, respectively) for gametocyte
detection when compared with LM. When compared to
RTPCR, MF showed similar sensitivity and specificity.
In terms of quantification, MF produced results that

were in agreement with LM observations (Figure 2A).
However, directly calculated gametocyte densities based
on the number of gametocytes per magnetic particle
were consistently lower than the gametocyte density es-
timates by LM. Since this phenomenon was systematic
across the entire range of observed gametocyte densities
(Figure S1), a simple correction for this negative bias
could be applied resulting in a good agreement between
LM gametocyte densities and the corrected MF derived



Figure 2 Relationship between gametocyte abundance measured
by LM, MF and RTPCR. Panel A: LM gametocyte density is plotted vs
MF gametocyte density. The data are heavily left-censored since many
observations cluster at the detection limit of LM. Therefore, a censored
regression (Tobit model [25]) was used instead of standard linear
regression, resulting in the depicted regression line. Panel B: LM
gametocyte density is plotted vs Pfs25 and Pvs25 copy numbers. The
black line is the best fit curve given by the Tobit regression. Panel C:
MF gametocyte density is plotted over RTPCR transcript copy number.
The continuous black line is the best fit by orthogonal regression. The
dashed black line is the reference estimate from serially diluted strain
3D7 gametocyte cultures published by Wampfler et al. [21].
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gametocyte densities. There are several possible explana-
tions for this observed bias. Firstly, it has been shown that
the assumption of 8,000 WBCs per μL of blood may lead
to an overestimate of parasite density (if individuals
have lower WBC counts) [27]. However, automated WBC
counts from children in the present study did not indicate
large deviation from the assumed 8,000 WBC per μL [28].
Another possible explanation is the differential magnetic
susceptibility between magnetic particles and gametocytes.
The magnetic particles used in the present study had a
significantly higher magnetic susceptibility compared to
gametocytes which may lead to a differential capture effi-
ciency of magnetic particles and gametocytes in the MF
columns. Previous studies have shown that the capture ef-
ficiency for gametocytes by MF is approximately 50% [29].
This may lead to a consistent underestimation of gameto-
cyte density by MF. The usage of magnetic particles that
have the same magnetic susceptibility as gametocytes may
reduce this effect.
MF estimates of gametocyte densities were used to de-

rive a log-linear equation to convert transcript copy num-
ber of Pfs25 or Pvs25 into gametocyte densities. The
resulting estimates for the number of transcripts per gam-
etocyte are lower than that in previous studies (less tran-
scripts per gametocyte, Figure 2C), which may be due to
several reasons: i) although the ratio of blood to RNA pres-
ervation reagent and ultimately, the blood volume sub-
jected to the RTPCR reaction, was very similar to that used
in the study by Wampfler et al. [21], even slight differences
in the extraction and amplification protocols may result in
considerable differences in the observed transcript copy
numbers; ii) although the samples were placed in RNA
preservation reagent, several hours could pass before these
samples were transferred from the field to the laboratory
and for frozen storage and this may have led to some RNA
degradation [30]; and, iii) while Wampfler et al. [21] de-
rived the standard curve using serially diluted
laboratory-cultured gametocytes that were synchronous
stage V, the estimate in the present study is based on
much more variable data (field based gametocyte counts
including all identifiable gametocyte maturation stages)



Figure 3 Corrected Bland and Altman comparison between LM
and MF. The 95% confidence levels of agreement were +/−0.93
(dotted lines in the graph).
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so that a lower estimated transcript copy number per
gametocyte is expectable.
The present study shows that MF can be a valuable tool

in determining gametocyte positivity and density under
field conditions in malaria studies. Although MF is slower
when conducted on batches of samples, it has the advan-
tage over RTPCR that it can be directly applied in the field
without much additional equipment or expertise and with-
out concerns regarding contamination or appropriate sam-
ple storage. Direct identification of gametocyte carriers, is
important if targeted primaquine treatment of P. falcip-
arum gametocyte carriers is considered to reduce trans-
mission of P. falciparum. In order to minimize the risk of
primaquine toxicity, MF could be used to confirm gameto-
cyte carriage even if the health centre is remote and with
limited electricity [5,31,32]. Furthermore, since symptom-
atic vivax malaria is less frequent in countries such as
PNG, MF can be used to improve recruitment rates of
eligible patients with gametocytes into epidemiological
follow-up studies or primaquine dose escalating trials aim-
ing to identify optimal dosing schedules.
The present study provides evidence that MF is a feas-

ible methodology for field-based gametocyte detection
that can be applied even in larger scale studies. With an
appropriate set-up, four to six samples could conveni-
ently be processed by one person in an hour with results
being available for all samples after approximately 1.5 hr.
Conclusions
The present study shows that magnetic fractionation is a
very good alternative method for on-site gametocyte detec-
tion under field conditions. The method has, as previously
shown under laboratory conditions, similar sensitivity to
RTPCR and can be used to derive quantitative gametocyte
densities for both P. falciparum and P. vivax.
Additional file

Additional file 1: Bland and Altman comparison between LM and
MF. A consistent negative bias of −0.59 between MF and LM was
observed and corrected for (shown in Figure 3 in the main text).
The red horizontal line denotes ‘0 bias’.
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Abstract

Background: In northern Papua New Guinea (PNG), most Plasmodium falciparum isolates proved resistant to
chloroquine (CQ) in vitro between 2005 and 2007, and there was near-fixation of pfcrt K76T, pfdhfr C59R/S108N and
pfmdr1 N86Y. To determine whether the subsequent introduction of artemisinin combination therapy (ACT) and reduced
CQ-sulphadoxine-pyrimethamine pressure had attenuated parasite drug susceptibility and resistance-associated mutations,
these parameters were re-assessed between 2011 and 2013.

Methods: A validated fluorescence-based assay was used to assess growth inhibition of 52 P. falciparum isolates from
children in a clinical trial in Madang Province. Responses to CQ, lumefantrine, piperaquine, naphthoquine, pyronaridine,
artesunate, dihydroartemisinin, artemether were assessed. Molecular resistance markers were detected using a multiplex
PCR ligase detection reaction fluorescent microsphere assay.

Results: CQ resistance (in vitro concentration required for 50% parasite growth inhibition (IC50) >100 nM) was present
in 19% of isolates. All piperaquine and naphthoquine IC50s were <100 nM and those for lumefantrine, pyronaridine
and the artemisinin derivatives were in low nM ranges. Factor analysis of IC50s showed three groupings (lumefantrine;
CQ, piperaquine, naphthoquine; pyronaridine, dihydroartemisinin, artemether, artesunate). Most isolates (96%) were
monoclonal pfcrt K76T (SVMNT) mutants and most (86%) contained pfmdr1 N86Y (YYSND). No wild-type pfdhfr was found
but most isolates contained wild-type (SAKAA) pfdhps. Compared with 2005–2007, the geometric mean (95% CI) CQ IC50
was lower (87 (71–107) vs 167 (141–197) nM) and there had been no change in the prevalence of pfcrt K76T or pfmdr1
mutations. There were fewer isolates of the pfdhps (SAKAA) wild-type (60 vs 100%) and pfdhfr mutations persisted.

Conclusions: Reflecting less drug pressure, in vitro CQ sensitivity appears to be improving in Madang Province despite
continued near-fixation of pfcrt K76T and pfmdr1 mutations. Temporal changes in IC50s for other anti-malarial drugs were
inconsistent but susceptibility was preserved. Retention or increases in pfdhfr and pfdhps mutations reflect continued use
of sulphadoxine-pyrimethamine in the study area including through paediatric intermittent preventive treatment. The
susceptibility of local isolates to lumefantrine may be unrelated to those of other ACT partner drugs.

Trial registration: Australian New Zealand Clinical Trials Registry ACTRN12610000913077.
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Background
Resistance of Plasmodium falciparum to anti-malarial drugs
in Papua New Guinea (PNG) began with chloroquine (CQ)
in the 1970s [1] and has since extended to amodiaquine [2]
and sulphadoxine-pyrimethamine (SP) [3]. Because of this
trend, together with efficacy data from a large-scale, multi-
arm, treatment trial conducted in coastal PNG from 2005
to 2007 [4] and World Health Organization management
guidelines at the time [5], artemisinin combination therapy
(ACT) was introduced nationally as recommended therapy
for uncomplicated malaria in 2010 [6]. Artemether (AM)
plus lumefantrine (LM) is currently first-line and dihydroar-
temisinin (DHA) plus piperaquine (PQ) second-line treat-
ment in PNG, but artemisinin plus naphthoquine (NQ) is
also available in the private sector [7]. Resistance to artemi-
sinin derivatives has, however, emerged in recent years in
Southeast Asia [8], and is a concern for countries such as
PNG in which ACT is now widely used.
Regular testing using economical, robust and sensitive

in vitro anti-malarial drug susceptibility assays is an inte-
gral part of the surveillance for parasite resistance [9].
Of the different methods currently available, those based
on fluorescence measurements of parasite growth using
inexpensive intercalating DNA stains such as Sybr Green
and Pico Green have proved efficient and inexpensive
without loss of sensitivity [10,11]. Additional insight into
mechanisms of resistance is provided by detection of
single nucleotide polymorphisms in parasite genes deter-
mining drug response [12], including mutations in the P.
falciparum CQ transporter (pfcrt), multidrug resistance
1 (pfmdr1), dihydrofolate reductase (pfdhfr), and dihy-
dropteroate synthetase (pfdhps) genes.
The most recent parasite drug resistance data from

PNG were collected as part of the comparative interven-
tion trial conducted in coastal Madang and East Sepik
Provinces between 2005 and 2007 [13,14]. Most of the
isolates tested proved resistant to CQ in vitro but not to
other ACT partner drugs or to the artemisinin derivatives
themselves [13]. Consistent with this finding and previous
heavy 4-aminoquinoline/SP use, there was near-fixation of
pfcrt K76T, pfdhfr C59R and S108N, and pfmdr1 N86Y
alleles, while multiple mutations were frequent [14].
To determine whether there has been any recent change

in P. falciparum drug resistance in the north coastal PNG
area, the in vitro susceptibility of local P. falciparum
isolates collected between 2011 and 2013 to artemisinin
derivatives and ACT partner drugs were re-assessed, and
the prevalence of drug resistance markers in the same
parasite strains re-examined.

Methods
Study sites, patients and ethical approval
Venous blood samples were obtained from 52 children
aged six months to five years with an uncomplicated P.
falciparum mono-infection at a parasitaemia >0.5% who
were recruited at Mugil (n = 43) and Alexishafen (n = 9)
health centres in Madang Province to a randomized,
comparative, efficacy trial of the ACT AM-LM and
artemisinin-NQ (Australian New Zealand Clinical Trials
Registry ACTRN12610000913077) [15]. The study received
ethical approval from the Medical Research Advisory Com-
mittee of the PNG Department of Health (MRAC #10.39).
In all cases, informed consent was obtained from the
parents or legal guardians before recruitment and blood
sampling.

Drug susceptibility assays
A Sybr Green fluorescence assay was used to assess drug
susceptibility. All assays were carried out at the PNG
Institute of Medical Research in Madang. The method-
ology used, a modified version of that first described by
Smilkstein et al. [11], has been previously validated against
tritium hypoxanthine incorporation, Pf lactate dehydro-
genase (PfLDH), light microscopic schizont maturation,
and flow cytometry-based drug susceptibility assays using
the laboratory-adapted parasite strains 3D7, E8B and
W2 [16]. For the present series of experiments, the 3D7
strain was used as reference with a mean CQ in vitro
concentration required for 50% parasite growth inhib-
ition (IC50) value of 14.3 nM. This compares with IC50

values of 18–20 nM for tritiated hypoxanthine isotopic
assay and 23–33 nM for PfLDH assay using this strain
in our laboratories at Fremantle Hospital in Australia
(unpublished observations).
The anti-malarial compounds used in this assay were

purchased from Sigma-Aldrich, St Louis, MI, USA (CQ
diphosphate), Santa Cruz Biotechnologies, Santa Cruz,
CA, USA (pyronaridine (PY) tetraphosphate), Hubei On-
ward Bio Development Co Ltd, Enshi City, Hubei, China
(DHA, artesunate (AS), AM, LM) or kindly donated by
Mangalam Pty Ltd, Bangalore, India (PQ phosphate and
NQ phosphate). Solutions of 10 mM concentration were
prepared for each drug in an appropriate solvent (CQ,
PQ and PY in deionized water; AM in methanol; NQ in
50% v/v ethanol; LM in 1:1:1 v/v linoleic acid/Tween 80/
ethanol; DHA in 70% v/v ethanol; AS in ethanol). These
solutions were further diluted to a stock 1 mM concen-
tration in deionized water. After sterile filtration, stock
solutions were aliquoted into airtight microcentrifuge
tubes and stored at −20°C. A fresh aliquot was used for
each assay.
Red blood cells from slide-positive children were washed

three times in standard RPMI 1640-based malaria cell cul-
ture medium [17] and, if necessary, diluted to 0.5-1.0%
parasitaemia with red blood cells from a malaria-naïve
donor of blood type O Rhesus negative. The culture
medium consisted of RPMI 1640 HEPES (Sigma Aldrich,
St Louis, MO) supplemented with 92.6 mg/L L-glutamine



Figure 1 50% inhibitory concentrations (IC50) for the anti-malarial
compounds investigated in the present study. Chloroquine (CQ),
piperaquine (PQ), naphthoquine (NQ), pyronaridine (PY), lumefantrine
(LM), dihydroartemisinin (DHA), artesunate (AS) artemether (AM).
Panel A shows the logarithmic means and 95% CIs and Panel B shows
measurements for single isolates.
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(Sigma Aldrich, St Louis, MO), 500 μg/L gentamicin
(Sigma Aldrich, St Louis, MO), 50 mg/L hypoxanthine
(Sigma Aldrich, St Louis, MO) and 0.5% w/v Albumax II
lipid rich BSA (Life Technologies, Mulgrave, Victoria,
Australia) [16]. Drug dilutions were set up in 96-well
plates in triplicate, with eight dilutions for each drug. The
haematocrit was set at 1% and the liquid volume per well
was 200 μL. The assay plates were incubated for 48 hr in a
candle jar using the method of Trager and Jensen [18],
after which 50 μL of a red cell lysis buffer/Sybr green
(Invitrogen, Carlsbad, CA, USA) mixture were added to
each well. The plate was incubated for 15 min in the dark.
Fluorescence was read on a microplate reader (Fluostar
Optima, BMG Labtec, Offenburg, Germany) equipped
with a 484 nm excitation filter and a 520 nm absorbance
filter.

Molecular analysis
Parasite isolates where tested for genetic markers asso-
ciated with drug resistance using a multiplex polymer-
ase chain reaction ligase detection reaction fluorescent
microsphere assay (PCR-LDR-FMA) assay as previously
described [14,19]. In brief, PCR-LDR-FMA was per-
formed using established primer sequences to detect
single nucleotide polymorphisms in the known resistance
loci of pfdhfr (codons 51, 58, 108, 164), pfdhps (codons
436–437, 540, 581, 613), pfcrt (codons 72–76) and pfmdr1
(codons 86, 184, 1034, 1042, 1246). Fluorescent prod-
ucts were detected using a Bio-Plex analyzer (Bio-Rad,
Hercules, CA, USA). Data analysis was conducted as
described previously [20,21].

Data analysis
Concentrations of anti-malarial drugs for each isolate and
anti-malarial were log-transformed and the fluorescence
values were normalized such that the smallest value in
each dataset represented 0 and the largest value (drug-
free control) unity. The dose–response curve Y = 100/
(1 + 10k (logIC50-logX)) was then fitted to each dataset,
where Y corresponds to the percentage of growth at drug
concentration X, and k is the Hill slope. For calculations
of means and 95% confidence intervals (CI) as well as for
analysis of associations between pairs of different anti-
malarial drugs, the log10 IC50 values were used as these
were normally distributed by Kolmogorov-Smirnov test.
Associations between IC50 values were determined using
Pearson’s correlation coefficient, and significant pairwise
correlations (P < 0.05) were considered moderate for
0.3 ≤ r ≤0.50 or strong for r >0.5.
Factor analysis was conducted after testing the cross-

correlation matrix for sphericity using Bartlett’s Test and
using the Kaiser-Maier-Olkin statistic to determine the
appropriateness of the data for this analysis. The distri-
bution of the Eigenvalues of the cross-correlation matrix
indicated that factoring into two components was the
most appropriate approach. Since it was hypothesized
that the underlying factors relate to the mechanisms of
drug action and are thus related to each other, a non-
orthogonal (direct-oblimin) rotation was applied to the
solution.

Results
In vitro drug susceptibility measurements
From a total of 416 drug assays (52 isolates and 8 drugs),
379 (91.1%) provided a valid dose–response curve that
could be used for analysis. Numbers of successful assays
per drug were 47 (NQ), 44 (LM), 50 (DHA), 50 (AS), 48
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(AT), 45 (PY), 47 (PQ) and 48 (CQ). The growth responses
of the parasite isolates to the panel of anti-malarial drugs
used in the present study are summarized in Figure 1. CQ
resistance (IC50 > 100 nM [22,23]) was present in nine out
of 48 isolates (19%). For alternative resistance thresholds
of 87 nM, 70 nM and 25 nM as recommended by other
authors [24-26], the percentages of resistant strains were
26, 42 and 88%, respectively. Although there is no recom-
mended threshold for PQ or NQ, 100 nM has been
suggested for PQ and may also be appropriate for NQ [27].
All isolates had an IC50 value for PQ and NQ <100 nM, but
two strains had IC50 values that were close to this value
(85 nM for PQ in one case and 96 nM for NQ in the
other). Logarithmic mean IC50 values and their 95% CIs
were 87 (71–107) nM for CQ, 21.0 (16.9-26.1) nM for PQ,
4.2 (3.1-5.8) nM for NQ, 8.0 (6.0-10.6) nM for PY, 1.5
(1.1-2.1) nM for LM, 5.2 (4.2-6.5) nM for DHA, 6.1
(4.9-7.6) nM for AS and 5.7 (4.2-7.9) nM for AM.
Table 1 shows the cross-correlation analysis for each

pair of anti-malarial drugs. The strongest correlations
were observed between the IC50 values for i) CQ, PQ,
NQ, and PY (0.31 < r < 0.55) with an exception being that
between CQ and PY (P > 0.05), and ii) between DHA,
AM, AS, and PY (0.45 < r < 0.66) with an exception being
Table 1 Cross-correlation (Pearson’s r) between growth inhib
paired IC50s analysed

Chloroquine Naphthoquine Piperaquine

Naphthoquine

r 0.35*

P 0.020

n 45

Piperaquine

r 0.44** 0.55**

P 0.002 <0.001

n 45 44

Pyronaridine

r 0.19 0.49** 0.31*

P 0.23 0.001 0.042

n 43 44 43

Lumefantrine

r −0.08 0.21 −0.03

P 0.62 0.18 0.86

n 42 42 42

Dihydro-artemisinin

r 0.27 0.20 0.33*

P 0.065 0.18 0.026

n 48 47 47

Artesunate

r 0.28 0.38** 0.27

P 0.060 0.009 0.067

n 47 46 47

Artemether

r 0.24 0.37* 0.29*

P 0.11 0.012 0.048

n 46 46 46

The data were log-transformed before analysis. The symbols * and ** indicate P < 0
that between PY and AM (P > 0.05). The IC50 values for
LM showed no significant correlations with those of
any of the other drugs. Factor analysis indicated two
underlying components, which may explain most of the
variation in drug responses (see Figure 2). Within this
two-component space, the eight drugs clustered into
three distinct groups (LM on its own; CQ, PQ and NQ;
PY, DHA, AM, and AS).

Drug resistance markers and their association with
in vitro drug susceptibility
Most isolates (96%) were monoclonal pfcrt K76T mutants
of haplotype SVMNT (codons 72 to 76). One isolate
contained a mix of CVMNK (wild-type) and SVMNT
(mutant). In only one isolate was CVMNK (wild-type)
detected as the only clone. This isolate exhibited an
IC50 of 12.1 nM against CQ, which was the lowest in
IC50 for CQ found in the study. The polyclonal
CVMNK/SVMNT isolate exhibited a CQ IC50 of 30.0
nM, which was also amongst the lowest values deter-
mined in the present study.
Two mutant haplotypes of pfmdr1 were identified, the

most prevalent being the YYSND type associated with
CQ resistance (86% of isolates, N86Y mutation). The
ition to anti-malarial drugs where n is the number of

Pyronaridine Lumefantrine Dihydro-artemisinin Artesunate

0.13

0.40

42

0.47** 0.11

0.001 0.48

45 44

0.45** 0.24 0.66**

0.002 0.12 <0.001

45 44 49

0.29 0.04 0.49** 0.64**

0.053 0.78 <0.001 <0.001

45 44 48 48

.05 and P < 0.01, respectively.



Figure 2 Factor analysis of IC50 values. Kaiser-Maier-Olkin (KMO)
statistics and Bartlett’s Test for sphericity indicated the appropriateness
of the data for factor analysis (KMO statistic: 0.62, Bartlett’s test
p-value: <0.0001). The distribution of the Eigenvalues indicated that a
separation into two components was most appropriate. Within the
two-component space, three distinct clusters of drugs were
observed (1: lumefantrine (LM) 2: chloroquine (CQ), piperaquine
(PQ), naphthoquine (NQ); 3: pyronaridine (PY), artesunate (AS),
dihydroartemisinin (DHA), artemether (AM)).
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NFSND haplotype was found in 5% of isolates (Y184F
mutation). The wild-type NYSND occurred in only 9%
of isolates. The presence of NYSND was associated with
reduced CQ IC50 values (P < 0.05, see Table 2).
No wild-type pfdhfr was found in the isolates studied.

All isolates carried the C59R mutation and the S108N
mutation (with absence of mutation at codons 51 and
164, Figure 3). Among them, 13% of isolates were
polyclonal with the S108T mutation detected as well
(haplotype NRTI). The SAKAA wild-type haplotype of the
pfdhps gene was found as the only haplotype in 60% of all
isolates and in a further 9% in polyclonal infections. The
SGKAA and the SGEAA mutant haplotypes occurred in 9
and 14% as monoclonal infections, respectively, and in a
further 9% of polyclonal infections. An additional haplo-
type FGEAA was found in 6% of infections, mixed with
the SGEAA haplotype.

Comparison of the present findings with those of similar
surveillance in 2005–2007
The geometric mean and 95% CIs for parasite isolates
obtained from children with uncomplicated malaria in a
study carried out in Madang and East Sepik Provinces
between 2005 and 2007, as well as the present drug
susceptibility data, are shown in Table 3 [13]. The
method used in the earlier study was the PfLDH assay
[28]. The IC50 values were lower for the present isolates
than those obtained an average of six years earlier for
CQ, NQ and LM, but higher for PQ and DHA.
The P. falciparum polymorphisms associated with anti-

malarial drug resistance for the isolates obtained between
2005 and 2007 [14], as well as those of the present study,
are shown graphically in Figure 3. There had been no
change in the near-fixation of pfcrt K76T in the six years
between studies and the prevalence of pfmdr1 mutations
was also similar. The NRTI haplotype was not reported in
the previous study using the same methodology [14]
but it was detected by the present genotyping. The
pfdhps wild-type gene (SAKAA) was found as the only
haplotype in 60% of all isolates and in a further 9% of
polyclonal infections, a lower prevalence than the ~100%
reported previously [14].

Discussion
The present data demonstrate that there have been
changes in the drug resistance characteristics of parasite
isolates collected between 2005–2007 and 2011–2013
from areas of north coastal PNG with intense malaria
transmission. Although a different methodology was used
to assess in vitro sensitivity in the present study, and
notwithstanding limitations in assigning thresholds for
in vitro drug sensitivity [29], more strains appeared CQ-
sensitive than in 2005–2007 [13,14] despite the majority
retaining the mutant pfcrt K76T allele over time. There
were also apparent temporal reductions in the IC50s of
LM and NQ, while those for PQ and DHA increased
albeit still within relatively low nM ranges. The proportion
of parasites carrying the wild-type pfdhps gene had fallen
over time and more mutations had appeared in pfdhps in
the 2011–2013 isolates, consistent with continued use of
SP in the study area. Factor analysis suggested that the
in vitro susceptibilities of PNG P. falciparum strains to
LM and PY may be unrelated to those of other long
half-life ACT partner drugs, with the IC50 of PY clustering
with those of the artemisinin derivatives. Interpretation of
the present and previous data needs to take into account
several factors. These comprise i) temporal changes in
anti-malarial drug use in the study areas, ii) potential
effects of the introduction of non-pharmacological
strategies to reduce malaria transmission, and iii) differ-
ences in assay methodology between 2005–2007 and
2011–2013.
Recommendations regarding replacement of regimens

based on CQ and SP by ACT for treatment of uncompli-
cated malaria in PNG children were implemented in
2010 [6], but translation of this policy into practice has
been slow. In addition, the use of CQ and SP as first-line
intermittent preventive therapy (IPT) in pregnancy has
continued, and an IPT trial in infants involving SP was
conducted in the Mugil area (from where most of the



Table 2 Associations between Plasmodium falciparum genetic mutations and IC50 values for chloroquine (CQ),
piperaquine (PQ), naphthoquine (NQ), pyronaridine (PY), lumefantrine (LM), dihydroartemisinin (DHA), artesunate (AS)
artemether (AM)

pfcrt Wild-type (CVMNK) Mixed Mutant

CQ 12 (n = 1) 30 (n = 1) 96 (79–117) (n = 39)

NQ 5.9 (n = 1) 0.6 (n = 1) 4.3 (3.9-5.9) (n = 37)

PQ 13.0 (n = 1) 11.4 (n = 1) 21.3 (16.8-27.0) (n = 39)

PY 32.5 (n = 1) 2.2 (n = 1) 7.4 (5.5-9.8) (n = 36)

LM 17.8 (n = 1) 2.0 (n = 1) 1.5 (1.0-2.0) (n = 34)

DHA 6.6 (n = 1) 3.8 (n = 1) 5.0 (3.0-6.4) (n = 40)

AS 6.6 (n = 1)) 2.1 (n = 1) 5.4 (3.7-8.0) (n = 38)

AM 6.4 (n = 1) 3.3 (n = 1) 6.3 (5.0-7.8) (n = 39)

dhps Wild-type (SAKAA) Mixed Mutant

CQ 84 (59–118) (n = 17) 192 (39–944) (n = 3) 72 (41–124) (n = 8)

NQ 4.6 (2.4-8.8) (n = 16) 7.2 (3.1-16.4) (n = 3) 3.4 (1.7-6.8) (n = 8)

PQ 18.6 (12.4-27.9) (n = 17) 31.9 (19.7-51.7) (n = 3) 17.8 (9.2-34.2) (n = 8)

PY 8.0 (4.7-13.6) (n = 17) 9.0 (3.1-26.3) (n = 3) 7.3 (2.8-18.9) (n = 7)

LM 2.1 (1.0-4.4) (n = 16) 1.5 (1.5-1.6) (n = 3) 1.3 (0.9-2.0) (n = 6)

DHA 4.5 (3.0-6.7) (n = 17) 7.6 (0.8-72.6) (n = 3) 7.0 (3.2-15.1) (n = 8)

AS 6.2 (4.2-9.2) (n = 17) 8.0 (5.6-11.5) (n = 3) 6.9 (2.8-16.9) (n = 8)

AM 6.2 (4.2-9.2) (n = 17) 6.9 (4.7 -10.2) (n = 3) 5.7 (3.4-9.4) (n = 8)

dhfr Wild-type (NCSI) Mixed# Mutant

CQ - 161 (22–1195) (n = 3) 89 (71–112) (n = 33)

NQ - 4.7 (2.0-10.1) (n = 3) 4.1 (2.8-5.9) (n = 32)

PQ - 17.39 (2.7-113.3) (n = 3) 20.5 (15.9-26.5) (n = 34)

PY - 3.9 (0.6-27.4) (n = 3) 7.7 (5.5-10.7) (n = 32)

LM - 1.2 (0.5-2.7) (n = 3) 1.6 (1.0-2.4) (n = 30)

DHA - 8.0 (0.8-72.3) (n = 3) 4.9 (3.7-6.5) (n = 34)

AS - 7.4 (4.1-13.4) (n = 3) 5.7 (3.8-8.5) (n = 33)

AM - 7.5 (2.2-26) (n = 3) 6.2 (4.8-7.9) (n = 34)

pfmdr1 Wild-type (NYSND) Mixed Mutant

CQ - 39 (12–125) (n = 3) 96 (77–122) (n = 33)*

NQ - 1.5 (1.5-1.5) (n = 2) 4.4 (3.1-6.2) (n = 32)

PQ - 11.5 (6.6-20.1) (n = 3) 20.9 (16.2-27.1) (n = 34)

PY - 2.2 (0.0-217.1) (n = 2) 7.8 (5.7-10.9) (n = 32)

LM - 0.8 (0.2-2.8) (n = 3) 1.7 (1.1-2.5) (n = 30)

DHA - 4.7 (2.9-7.6) (n = 3) 5.1 (3.8-6.8) (n = 34)

AS - 3.8 (0.5-30.6) (n = 3) 5.8 (3.9-8.7) (n = 33)

AM - 5.9 (2.5-13.6) (n = 3) 6.4 (5.0-8.2) (n = 34)

Values are given as geometric mean (95% confidence interval [where applicable]) with (number of paired observations).
*P < 0.05 by Mann–Whitney U test; #‘Mixed’ corresponds to a mix of NRNI and NRTI, since no wild types were found.
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present isolates were collected) between 2006 and 2010
[30]. Therefore, CQ-SP drug pressure had been reduced,
but not eliminated, over a period of two to three years
leading up to isolate collection in the study area.
The dynamics governing repopulation by CQ-sensitive

strains in areas in which CQ treatment pressure has been
removed completely are not well understood, but the
time-scale is probably approaching a decade [24,31,32].
The fact that the present isolates were collected after a
short period of incomplete removal of CQ-SP pressure is
reflected in the present molecular analyses which showed
no reduction or an increase in parasites carrying genetic
markers that correlate with CQ-SP resistance. However,
CQ resistance mutations are frequently found in isolates



Figure 3 Prevalence of drug resistance-associated gene
mutations in parasite isolates from north coastal PNG. Numbers
in parentheses denote the number of samples that resulted in
interpretable genotyping results. Panel A shows data collected in
the present study and panel B shows data collected between 2005
and 2007 [14]. Percentages of wild-type genotypes (■), mutants (□)
and mixed infections (grey square) are shown.

Table 3 Comparison of IC50 values determined using the
PfLDH assay in 2006 in the same population and the Sybr
Green assays in 2012

2005-2007 2011-2013 P-value

Drug n IC50 n IC50

Chloroquine 63 167 (141–197) 48 87 (71–106) <0.001

Piperaquine 57 11.7 (10.2-13.4) 47 21.1 (17–26) <0.001

Naphthoquine 41 7.0 (5.5-8.8) 44 4.2 (3.1-5.8) 0.015

Lumefantrine 25 2.4 (1.8-3.1) 47 1.5 (1.1-2.1) 0.075

Dihydroartemisinin 30 2.1 (1.5-2.9) 50 5.2 (4.2-6.5) <0.001

Data are geometric mean and (95% CI) and P-values are two-tailed from
Student’s t-test.
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that show in vitro susceptibility [24,25,33], and there is
also evidence that CQ IC50 values can fall relatively
quickly (within a few years) after reduction in drug
pressure [34,35].
The introduction of long-lasting insecticide-impregnated

bed nets (LLINs), such as was started on a large scale in
PNG in 2004 [36], could theoretically also attenuate drug
pressure by reducing malaria transmission. The evidence
for this effect on molecular resistance markers in studies
from sub-Saharan Africa is conflicting [37,38]. However,
these studies were relatively short-term compared with the
time needed for re-establishment of full sensitivity after
drug withdrawal [24,31,32] and no in vitro susceptibility
data were presented. It remains possible that increasing
LLIN use in coastal PNG between 2005–2007 and
2011–2013, together with the partial replacement of
CQ-SP by ACT, both contributed to the lower IC50 for
CQ in the present study.
There is no accepted standardized protocol for deter-

mining in vitro anti-malarial drug susceptibilities and the
results may differ according to the methodology employed.
There is evidence that the PfLDH assay generates higher
IC50 values than other methodologies including the Sybr
Green assay used in the present study [16,39,40]. However,
the reported differences are typically modest (typically
10–30 nM across a range of IC50 values, as seen with our
own data for the 3D7 strain) compared with the substan-
tial reduction in CQ IC50 observed between 2005–2007
and 2011–2013. The increase in PQ IC50 over time in
north coastal PNG might appear paradoxical given than
CQ and PQ susceptibility have both been considered to
reflect pfcrt mutations [41]. Nevertheless, not all studies
show this relationship [42], while the PQ IC50 values in
both time periods were both well below the conventional
100 nM cut-point for resistance in all but one isolate in
the present study. The small temporal increase in DHA
IC50 may also be of no clinical significance given that the
IC50 value in all isolates was in the very low nM range.
Standard drug susceptibility assays do not detect early
stage artemisinin resistance defined by a slow parasite
clearance time for which there is now a molecular marker
[43], but the isolates were obtained between 2011 and
2013 from patients in a clinical trial [15] in which there
was no evidence of longer parasite clearance times after
AM-LM than in the equivalent trial conducted from 2005
to 2007 [4].
Several studies have shown moderate to strong corre-

lations between in vitro parasite responses to CQ and
PY [44,45] while in others, including the present study,
there has been no such association [46,47]. The future of
PY-containing ACT is uncertain because of hepatotox-
icity [48]. However, it does not appear to exhibit cross-
resistance with CQ in the present parasite isolates, which
would be an advantage if PY-based ACT became available
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for repeated use in PNG. The present data confirm the
moderate associations between CQ, PQ and NQ which
were also observed previously in north coastal PNG
[13]. Although the IC50s for the latter two compounds
are relatively low, their significant association with CQ
susceptibility may have implications for the longevity of
ACT formulations incorporating them. The lack of cluster-
ing of LM susceptibility with other longer half-life anti-
malarial drugs suggests that it may have an independent
mechanism of action. As has been done by other groups
[49-51], we included the three artemisinin drugs in com-
mon clinical use, even though DHA is the active metabolite
of both AS and AM in vivo, since there is evidence that
their activity against P. falciparum in vitro is not uniform
[52]. Consistent with this latter observation, the association
between AM and DHA was only moderate while those
between AS and both AM and DHA were the strongest
observed.

Conclusion
Although the prevalence of molecular markers of anti-
malarial drug resistance has not fallen in north coastal
PNG over the six years between the present study and a
previous cross-sectional survey, CQ susceptibility has
increased even allowing for different methods of in vitro
parasite drug sensitivity testing. This may reflect attenu-
ation of drug pressure through changes in national treat-
ment policy and the roll-out of LLINs in the study areas.
Although there are no parasite strains showing definite
in vitro resistance to PQ and NQ, the association of PQ
and CQ IC50s suggests that future susceptibility testing
should include these ACT partner drugs which are cur-
rently available in PNG as alternatives to LM. Since LM
drug susceptibility appears independent of other available
and potential ACT partner drugs, the use of AM-LM as
first-line treatment of uncomplicated malaria in PNG may
not lead to clinically significant cross-resistance.
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