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Summary 

In the last two decades, substantial reductions particularly of P. falciparum malaria have been 

achieved world-wide and several countries are now aiming at malaria elimination. A changing malaria 

epidemiology in elimination settings requires adapting control strategies. A major challenge is the 

identification of asymptomatic parasite carriers, which constitute a major reservoir sustaining 

transmission and are often characterized by low parasite densities undetectable by microscopy. Gaps 

in knowledge of basic epidemiological parameters of asymptomatic and submicroscopic malaria 

infections in endemic settings, such as the infection rate or the duration of infection, further complicate 

the planning of control strategies. A second challenge is the control of P. vivax, which has proven 

more resilient to control measures because of its ability to form dormant liver stages. In Papua New 

Guinea (PNG), P. vivax prevalence is among the highest world-wide, but nonetheless P. falciparum 

has been the predominating parasite during the last decades. In recent years both P. falciparum and P. 

vivax have been successfully reduced in PNG and are now equally prevalent.  

In a first project, this thesis aimed to define the extent of submicroscopic malaria infections in PNG 

and Tanzania. Half of P. falciparum infections in both studies and half of P. vivax infections in PNG 

were not detected by microscopy. Applying two novel ultra-sensitive quantitative PCR (qPCR) assays 

to samples from a cross-sectional study in Tanzania revealed that a fifth of P. falciparum infections 

were even not detected using standard PCR. Gametocytes, the parasite stage transmitted from human 

to mosquito, were present in 40% of samples only detected by ultra-sensitive qPCR in Tanzania. A 

pilot study suggested the presence of such ultra-low density infections also in PNG. The extent of 

submicroscopic P. falciparum infections is thus substantially underestimated even using standard 

PCR. These results cast doubt on the usefulness of test-and-treat approaches for malaria elimination, 

which are inherently limited by the sensitivity of the diagnostic used.  

A second project of this thesis comprised a detailed analysis of patterns in P. falciparum and P. vivax 

infection and disease in school-aged children from PNG. Genotyping of P. falciparum and P. vivax 

infections allowed detecting super-infections also in chronically infected parasite carriers. Measuring 

the molecular force of infection (molFOI), i.e. the incidence of new infections in the blood, permitted 

quantifying exposure to P. falciparum and P. vivax on an individual level. Four out of five P. vivax 

infections were attributable to relapsing hypnozoites, stipulating inclusion of liver-clearing drugs in 

malaria interventions in PNG. More than 10-fold differences in molFOI between the participating 

villages demonstrated highly heterogeneous malaria transmission in the study area. Even between 

children from the same village, individual exposure ranged from none to 18 new clones/year for P. 
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falciparum and varied even more for P. vivax. This substantial heterogeneity in malaria transmission 

between neighboring villages, despite almost universal use of insecticide-treated bednets, presents a 

major challenge for future malaria control strategies in PNG. 

In PNG, the age group of children investigated in this thesis (5-10 years) is characterized by 

substantial semi-immunity particularly to P. vivax. Malaria episodes were therefore generally rare and 

more frequently due to P. falciparum despite a lower incidence of new clones compared to P. vivax. 

Higher exposure to P. falciparum reduced the risk of experiencing an episode relative to the number of 

infections received. However, children living in the highest endemic village still carried the main 

burden of P. falciparum episodes due to the higher total number of infections. A concurrent P. vivax 

infection decreased the risk of a P. falciparum episode. Age was associated with increasing protection 

against a P. vivax but not a P. falciparum episode, suggesting that heterogeneous transmission may 

abrogate the classical age trends observed previously for P. falciparum in PNG.  

The large majority of gametocyte carriers in these children were asymptomatic (79% for P. falciparum 

and 92% for P. vivax). Gametocytes of both species occurred less frequently in mixed P. falciparum/ 

P. vivax infections compared to single-single species infections. Treatment of asymptomatic P. 

falciparum and P. vivax infections is required to target the full gametocyte reservoir in PNG.  

Longitudinal tracking of individual parasite clones in two cohort studies in PNG children permitted 

estimating the duration of P. falciparum infections. Infections lasted on average 62 days and 38 days 

in settings of medium and high P. falciparum transmission, respectively. Within each study higher 

exposure was associated with longer infection duration. Infection duration did not change with age. 

Durations of natural P. falciparum infections in PNG children were much shorter than in similarly 

aged children from Ghana, which may reflect evolutionary adaptation of the parasite to a setting with 

differing seasonality. 

In conclusion, this thesis contributed basic and translational research for malaria surveillance: (i) 

Novel ultra-sensitive diagnostic assays for P. falciparum, designed for use on finger-prick blood 

samples, are a valuable tool for malaria surveillance. (ii) Parameters for investigating heterogeneity in 

malaria transmission were validated to inform surveillance response targeted to the local endemicity 

setting. (iii) Detailed data on patterns in malaria infection and disease in PNG children, on P. 

falciparum infection dynamics and on the P. vivax hynozoite reservoir can guide planning of future 

malaria interventions in PNG.       
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Introduction 
 

1.1  A brief overview of malaria epidemiology  

Malaria remains one of the most deadly diseases in developing countries, particularly in sub-

Saharan Africa, despite substantial gains in malaria control within the last two decades. In 2015, 3.2 

billion people remained at risk of malaria and 214 million new cases and 438’000 deaths were 

reported (World Health Organization, 2015a). Largely as a result of the massive roll-out of insecticide 

treated bednets (ITNs) to control the mosquito vector Anopheles spp., malaria incidence fell by 37% 

since the year 2000 (Bhatt et al., 2015; World Health Organization, 2015a). In the same period, the 

number of global malaria deaths per year was reduced by 48% (Bhatt et al., 2015; World Health 

Organization, 2015a). With 67% of malaria deaths reported world-wide, African children under the 

age of five still carry the main burden of malaria morbidity and mortality (Bhatt et al., 2015; World 

Health Organization, 2015a); however, malaria is no longer the leading cause of death in children in 

sub-Saharan Africa (Bhatt et al., 2015; World Health Organization, 2015a). Particularly outside of 

Africa and in countries moving towards malaria elimination, male adolescents or adults replace young 

children and pregnant women as most vulnerable groups owing to their high occupational risk of 

becoming infected (Cotter et al., 2013).   

Five species of the genus Plasmodium cause human malaria: P. falciparum, P. vivax, P. malariae, 

P. ovale and P. knowlesi. In Africa, P. falciparum is the strongly predominating parasite and 

responsible for the bulk of malaria-associated mortality and morbidity (Bhatt et al., 2015; Cameron et 

al., 2015). P. vivax is geographically more widespread (Battle et al., 2015; Gething et al., 2012) and 

less amenable to standard control measures aimed at P. falciparum, and thus considered the ultimately 

more challenging parasite for elimination (Cotter et al., 2013). Although traditionally regarded as the 

“benign” Plasmodium species,  P. vivax accounts for at least half of clinical malaria cases outside of 

Africa (World Health Organization, 2015a) and there is a growing body of evidence that also P. vivax 

can occasionally cause severe morbidity (Anstey et al., 2009; Price et al., 2007). P. malaria and, with 

more limited distribution, P. ovale are found mostly in sub-Saharan Africa and the Southwest Pacific, 

but are infrequently also observed in other parts of Asia and the Americas (Mueller et al., 2007a). P. 

malariae and P. ovale rarely cause clinical symptoms and are not reliably detected by microscopy or 

rapid diagnostic test (RDT), hence their true burden may be underestimated (Mueller et al., 2007a). A 

specific feature of P. vivax and P. ovale is their capability to form dormant liver stages, called 

hypnozoites, which can relapse weeks, months or even years after primary infection and are a major 

source of infection with these species (Robinson et al., 2015; White, 2011). In 2004, zoonotic P. 

knowlesi emerged as the fifth human malaria species and is capable of causing severe disease, 
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however, transmission so far remains restricted to the south-east Asian jungle (Millar and Cox-Singh, 

2015; Singh et al., 2004).             

1.2  Malaria diagnosis 

A variety of strategies and tools exist for clinical diagnosis of malaria and for measuring malaria 

endemicity. In countries currently in the control stage of malaria as well as in malaria-free countries, 

the focus lies on passive monitoring and managing of clinical malaria cases. However, as more and 

more countries have successfully reduced the burden of clinically patent malaria and aim at malaria 

elimination (World Health Organization, 2015a), control strategies will need to shift towards active 

surveillance-response for detection of asymptomatic parasite carriers (Bousema et al., 2014).  

Especially in resource-limited field settings, light microscopy (LM) and malaria RDT are the 

most commonly used tools for differential diagnosis of febrile illness and for generation of malaria 

prevalence data within national control programs. LM examination of giemsa-stained thick and thin 

blood smears allows species differentiation of malaria parasites, and can detect >10 parasites/µl blood 

in when performed by expert microscopists in European reference laboratories (Bejon et al., 2006). In 

field laboratories or when performed by less-trained personnel, however, sensitivity of LM is 

considerably reduced and infections below 200 parasites/µl blood are often undetected 

(Wongsrichanalai et al., 2007). The development of RDTs in the 1990s, which detect one or more of 

the Plasmodium antigens histidine-rich proteins 2 (HRP2), lactate dehydrogenase (pLDH) or aldolase 

by lateral-flow immuno-chromatography, has facilitated routine and point-of-care malaria diagnosis 

also in remote field settings. Stability of RDTs in the field has improved over the last decade and their 

sensitivity now is comparable to that of field microscopy (Bell et al., 2006; World Health 

Organization, 2015b), but especially detection of non-falciparum species remains problematic at 

densities below 200 parasites/µl blood (World Health Organization, 2015b). Higher parasite 

prevalence by RDT over LM in community surveys indicates better performance of RDTs compared 

to LM (Andrade et al., 2010; Fançony et al., 2013; Mwingira et al., 2014), however, the accuracy of 

RDT test results can be compromised by several factors such as residual P. falciparum HRP2 

circulating in the hosts’s blood after parasite clearance (Bell et al., 2005), high expression of pLDH in 

mature P. falciparum gametocytes (Mueller et al., 2007b), and deletion of hrp2 in areas of South 

America (Gamboa et al., 2010).      

Molecular methods based on amplification of parasite DNA or RNA can detect parasite densities 

around or below 1 parasite/µl blood (reviewed in chapter 2) and can reliably discriminate Plasmodium 

species also in mixed-species infections (Mueller et al., 2009). The wider application of molecular 

detection methods in epidemiological studies in recent years allowed estimating the extent of the 

previously undetected submicroscopic malaria infection reservoir (Cheng et al., 2015; Okell et al., 
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2009, 2012). Mathematical modeling predicts that in low-transmission settings, submicroscopic P. 

falciparum infections make up 80% of all malaria infections and contribute 40% of malaria 

transmission (Okell et al., 2012), underlining their relevance for successful control programs. Also for 

P. vivax, submicroscopic infections are particularly prevalent in low-transmission areas and on 

average 67% of infections are not detected by LM (Cheng et al., 2015).  

The majority of molecular methods for malaria diagnosis amplify parasite DNA using polymerase 

chain reaction (PCR) (e.g. Snounou et al., 1993) or loop-mediated isothermal amplification (LAMP) 

(Polley et al., 2010). While PCR-based methods such as nested PCR (nPCR) or quantitative PCR 

(qPCR) surpass LAMP in sensitivity and, in case of qPCR, allow quantification of parasite load in the 

sample (reviewed in chapter 2), they require a more advanced laboratory infrastructure and are thus 

less applicable in the field compared to LAMP. Similarly, methods for detection of parasite RNA such 

as (quantitative) reverse transcription PCR (qRT-PCR) (Wampfler et al., 2013) or nucleic acid 

sequence based amplification (NASBA) (Schoone et al., 2000) reach highest sensitivities but require 

stringent laboratory practices to avoid sample degradation and cross-contamination, and thus only 

have limited application in field settings. Recently, high-volume blood sampling has increased the 

sensitivity of DNA-based methods to that of RNA-based detection, revealing a much larger 

submicroscopic infection reservoir than previously anticipated (Imwong et al., 2015a, 2015b).  

Detection of anti-malarial antibodies in exposed hosts using enzyme-linked immunosorbent assay 

(ELISA) are promising for use in post-elimination settings as they can sensitively assess past exposure 

to malaria (malERA Consultative Group on Diagnoses and Diagnostics, 2011).  

1.3  Gametocyte detection 

Gametocytes are the sexual parasite stage responsible for human-to-mosquito transmission 

(Figure 1). When ingested by a mosquito, male and female gametocytes mature and fuse in the 

mosquito midgut, forming a zygote that develops into an ookinete and subsequently oocyst, which 

eventually gives rises to thousands of mosquito-to-human infective sporozoites. Detection of 

gametocytes is mainly used to (i) investigate in epidemiological studies the transmission potential of 

infections, and (ii) to measure post-treatment gametocyte carriage in clinical trials of anti-malarials to 

evaluate their direct transmission-reducing effect.  

Gametocyte detection by LM is problematic especially for P. vivax. This is because of generally 

low parasite densities in natural P. vivax infections and the morphological resemblance of P. vivax 

gametocytes and late trophozoites, leading to misclassification of scarce P. vivax gametocytemia 

(World Health Organization, 2010a). Despite the distinct crescent shape of P. falciparum mature 

gametocytes (World Health Organization, 2010a), LM is limited in detecting low-density 

gametocytemia also for P. falciparum. Molecular methods for detection of P. vivax and P. falciparum 
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gametocyte-specific RNA by qRT-PCR or quantitative NASBA (QT-NASBA) are at least 50-fold 

more sensitive than LM, and their application in field studies has revealed substantial submicroscopic 

gametocyte carriage for both species (Babiker et al., 1999; Beurskens et al., 2009; Koepfli et al., 

2015a; Ouédraogo et al., 2007, 2010; Schneider et al., 2004; Shekalaghe et al., 2007; Wampfler et al., 

2013). Of the 250 to 300 transcripts that are specifically expressed at different stages of gametocyte 

development in P. falciparum (Lasonder et al., 2002; Silvestrini et al., 2005; Young et al., 2005), the 

most commonly targeted transcript for detection of P. falciparum gametocytes in field studies is the 25 

kDa ookinete surface antigen (pfs25) mRNA. Pfs25 is highly and exclusively expressed in female 

stage V P. falciparum gametocytes (Tao et al., 2014; Young et al., 2005) and its mRNA is relatively 

stable even when blood is collected on filter paper (Jones et al., 2012; Pritsch et al., 2012). Orthologs 

of pfs25 are present in other Plasmodium spp. including P. vivax, which can be targeted for detection 

of species-specific gametocytes (Beurskens et al., 2009; Mens et al., 2006; Wampfler et al., 2013).  

 

 

Figure 1. The Plasmodium life cycle and measures of transmission. Entomology remains 
the gold standard, but molecular parameters are easier assessed in epidemiological studies 
and hence serve as surrogate markers. EIR, entomological inoculation rate; molFOI, molecular 
force of infection (chapter 1.5).  Figure adapted from Boddey and Cowman, 2013. 
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Application of sensitive molecular methods for gametocyte detection has revealed that 

submicroscopic P. falciparum gametocyte densities are sufficient to infect mosquitoes, albeit at lower 

rates than LM-detectable gametocyte densities (Bousema et al., 2012; Churcher et al., 2013; Lin 

Ouédraogo et al., 2016; Ouédraogo et al., 2009; Schneider et al., 2007). Proving the presence of 

infectious gametocytes undetectable even by molecular methods, a recent study in Burkina Faso 

showed that 10% of P. falciparum infections without any molecularly detectable gametocytes resulted 

infected mosquitoes (Lin Ouédraogo et al., 2016). Absence of detectable gametocytes thus does not 

exclude onward transmission of an individual malaria infection to mosquitoes. Nonetheless, 

investigating factors associated with gametocyte carriage in molecular epidemiologic studies allows 

identifying high-risk reservoirs of transmission.   

1.4  Genotyping of malaria infections 

Individual malaria clones can be distinguished in natural infections by genotyping of length-

polymorphic markers. Parasite genotyping is widely applied in malaria research, mainly in clinical 

efficacy trials of new anti-malarials and for molecular monitoring of control interventions. For clinical 

trials in endemic settings, where people are frequently infected and recurrent parasitemia shortly after 

treatment is commonly observed, comparing parasite genotypes in pre- and post-treatment blood 

samples is crucial to distinguish treatment failures from new infections after treatment (Borrmann et 

al., 2008; World Health Organization, 2008).  

For monitoring of malaria control interventions, parasite genotyping allows investigating parasite 

population structure (Al-Hamidhi et al., 2014; Bakhiet et al., 2015; Delgado-Ratto et al., 2014; 

Jennison et al., 2015; Koepfli et al., 2015b) as well as determining the multiplicity of infection (MOI), 

i.e. the number of concurrent clones in a blood sample. MOI has been discussed as a metric for 

measuring transmission, as the number of co-infecting clones is thought to increase with transmission 

intensity (Arnot, 1998; Beck et al., 1997; Ntoumi et al., 1995). MOI has also been explored as 

surrogate marker of anti-malarial immunity because of its age-dependence (Arnot, 1998; Falk et al., 

2006; Felger et al., 1999; Mueller et al., 2012; Smith et al., 1999a). Investigating MOI in field studies 

can therefore potentially help to understand patterns in disease risk. In young children in Tanzania, 

each additional clone increased the risk for symptomatic malaria episodes (Henning et al., 2004), 

whereas in older children high MOI seemed to protect from severe malaria and serves as a proxy for 

exposure (Beck et al., 1997; Genton et al., 2008a; Henning et al., 2004; Manning et al., 2011).  

The most commonly used length-polymorphic markers for genotyping of P. falciparum are the 

genes encoding for the merozoite surface proteins 1 and 2 (msp1 and msp2) and the glutamate-rich 

protein (glurp) (Snounou and Beck, 1998; World Health Organization, 2008). Also for P. vivax, 

fragment 3 of the msp1 gene (msp1F3) is one of the most size polymorphic and widely used markers 
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(Koepfli et al., 2009). Amplification of these markers by nPCR allows highly sensitive discrimination 

of parasite clones, which differ in the number of intra-genic repeats and hence length of the amplified 

PCR product. The adoption of capillary electrophoresis (CE) for sizing of PCR products made 

genotyping of large sample-sets feasible. CE achieves single base pair (bp)-resolution of sizing and 

allows clear discrimination of allelic families (Falk et al., 2006; Koepfli et al., 2009; Schoepflin et al., 

2009).  

Marker diversity is measured by calculating the expected heterozygosity (He),  i.e. the probability 

that two alleles randomly drawn from a population sample are different (Nei Masatoshi, 1987), 

according to 

!" =
$

$ − 1 ∙ 1 − ()*  

where n is the number of samples and pi the frequency of allele i. He increases with endemicity along 

with the number of detected alleles (Schoepflin et al., 2009). In medium- to high-endemic settings, He 

of Pf-msp2, Pf-msp1 and Pv-msp1F3 ranges between 0.9 and 1 at reasonable sample sizes (Koepfli et 

al., 2009, 2011a; Schoepflin et al., 2009), and thus chances that two co-infecting clones carry the same 

allele are usually less than 10%. However, presence of predominant alleles in a population can 

severely decrease the discriminatory power of genotyping markers especially in low-transmission 

settings.  

1.5  Molecular force of infection (molFOI) 

The force of infection (FOI) describes the number of new malaria infections acquired over time, 

i.e. the infection incidence. FOI is challenging to assess in endemic settings with high Plasmodium 

prevalence, where individuals often carry chronic and asymptomatic infections that complicate 

detection of super-infections. FOI can be assessed in treatment-to-reinfection cohorts by measuring the 

time until initially parasite-free participants are re-infected, or by fitting mathematical models to repeat 

cross-sectional prevalence data (Smith et al., 2010). Recently, high-resolution parasite genotyping in 

longitudinal cohorts allowed assessing the molecular force of infection (molFOI), i.e. the number of 

new genetically distinct parasite clones observed in the peripheral blood over time (Koepfli et al., 

2013; Mueller et al., 2012). molFOI can be measured in any longitudinal cohort and in spite of pre-

existing infections in the host. For P. falciparum, molFOI is closely related to the number of infections 

received from mosquitoes, however, cannot provide information about infections that are controlled 

before or within the liver. For P. vivax, clones observed in the blood stream can originate either from 

an infective mosquito bite or a relapsing hynozoite from the liver. P. vivax molFOI is hence referred to 

as force of blood-stage infection (molFOB) (Koepfli et al., 2013).  
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In a cohort study of 1-4 year old children from Papua New Guinea (PNG), P. falciparum and P. 

vivax molFOI/molFOB accurately depicted the risk of infection: they exhibited strong seasonality, were 

dependent on bednet usage and for P. falciparum also on age (Koepfli et al., 2013; Mueller et al., 

2012). P. falciparum molFOI was the strongest predictor of individual risk for a P. falciparum episode 

in these children (Mueller et al., 2012). Higher P. vivax molFOB, compared to P. falciparum molFOI, 

illustrated the higher exposure of young PNG children to diverse P. vivax over P. falciparum parasites 

despite comparable parasite prevalence (Koepfli et al., 2013).  

Due to the high sensitivity of molecular techniques, molFOI may provide a more accurate measure 

of mosquito-to-human transmission (Figure 1) than the traditional gold standard, the entomological 

inoculation rate (EIR), especially in settings of low or heterogeneous transmission (Hay et al., 2000; 

Tusting et al., 2014). Since molFOI can only be determined in longitudinal cohort studies, its wide-

spread application in malaria control programs may be limited; however, it is a valuable parameter for 

validation of more common and easier obtainable parameters such as parasite prevalence.  

1.6  Detectability and dynamics of natural malaria infections   

Infection dynamics describe the course of malaria infections longitudinally and investigate 

influencing factors. The two main parameters of malaria infection dynamics are the acquisition rate of 

new infections (closely related to molFOI/molFOB, chapter 1.5), and the clearance rate of persisting 

infection, which is inversely correlated to the duration of infection (Felger et al., 2012).  

Studying the course of natural malaria infections in endemic settings is complicated by several 

factors. The majority of malaria infections in endemic areas remain asymptomatic and will go 

undetected unless communities are actively screened for parasites, since infected hosts will not seek 

diagnosis and treatment in absence of symptoms. In addition, molecular diagnosis is required for 

identification of submicroscopic carriers (chapter 1.2). In areas of high transmission and frequent 

super-infection, monitoring parasite positivity only cannot provide information on the underlying 

dynamics of clonal infections (Bruce et al., 2000a, 2000b). Super-infecting parasite clones can only be 

identified using parasite genotyping, and longitudinal tracking of clones is further complicated by their 

imperfect detectability. Imperfect detectability of clones has been observed in individual blood-

samples as well as in longitudinal cohorts, in which clones can be intermittently absent before 

reappearing in later blood samples (Bretscher et al., 2010; Daubersies et al., 1996; Farnert et al., 1997; 

Felger et al., 2012; Koepfli et al., 2011b). Imperfect detectability is attributable to periodical 

sequestration of synchronized P. falciparum clones, leading to absence of parasites from the peripheral 

blood at the time of sampling, or fluctuating parasite densities around the detection threshold of PCR. 

The detectability of a clone hence largely depends on its density in the host’s blood, which in turn is 

controlled by the immune system of the host (Doolan et al., 2009). Adjusting for imperfect 
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detectability using mathematical models is therefore crucial for studying the dynamics of natural 

infections in semi-immune inhabitants of endemic areas (Felger et al., 2012; Sama et al., 2005; Smith 

and Vounatsou, 2003; Smith et al., 1999b).  

Investigating the dynamics of natural malaria infections thus requires longitudinal cohort studies 

in endemic settings with repeated sampling, the application of technically advanced molecular 

diagnostics, and sophisticated mathematical analyses. The complexity and cost of such studies likely is 

one of the reasons why, to this date, some of the most detailed data on the course and duration of 

malaria infections derives from treatment of neurosyphilis patients by deliberate malaria infection in 

the pre-antibiotic era (“malaria-therapy”; Collins and Jeffery, 1999a, 1999b; Jeffery and Eyles, 1955). 

Yet opposed to natural infections in endemic settings, in malaria-therapy the exact time of infection as 

well as inoculation material is known. The hospitalized patients were easily accessible to researchers 

and close monitoring of parasitemia was guaranteed. Malaria-therapy patients were usually malaria-

naïve and often treated with sub-curative doses of anti-malarial. In addition, no super-infections 

occurred in this clinical setting, which might alter the course of a pre-existing infection. Therefore, the 

relevance of malaria-therapy data for natural P. falciparum infections in endemic settings is 

questionable. 

 1.7  A unique place for malaria research: Papua New Guinea  

1.7.1  History of malaria control in PNG 

Four of the five human-infecting Plasmodium species are found in the highland and lowland areas 

of Papua New Guinea (PNG), namely P. falciparum, P. vivax, P. ovale and P. malariae (Müller et al., 

2003). Malaria endemicity varies strongly throughout the country, which is mainly due to differences 

in temperature depending on altitude. The principal malaria vector in PNG are mosquitoes of the 

Anopheles punctulatus group, but a variety of other species also contribute to transmission and species 

composition varies across the country (Cooper et al., 2009). In the costal lowlands, transmission is 

perennial with limited seasonal variation, whereas the highlands are low-endemic and characterized by 

sporadic outbreaks of malaria (Betuela et al., 2012a; Müller et al., 2003).  

Malaria control programs in PNG were initially based on indoor residual spraying (IRS) using 

dichloro-diphenyl-trichloroethane (DTT) in the 1960s to 1970s, which was eventually combined with 

mass drug administration using chloroquine (CQ) or amodiaquine (AQ). Cessation of IRS in the 1980s 

lead to a massive resurgence especially of P. falciparum, which replaced P. vivax as the most 

prevalent parasite (Mueller et al., 2005). First CQ-resistant P. falciparum and P. vivax parasites were 

observed in 1976 and the late 1980s, respectively, and by the mid 2000s resistance was frequently 

detected also against combination therapy of CQ or AQ plus sulfadoxine-pyrimethamine (SP) 
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(Karunajeewa et al., 2008; Marfurt et al., 2007). Along with the release of artemisinin-based 

combination therapies (ACT), this emergence of drug-resistance prompted a change of first line 

treatment of uncomplicated malaria in PNG to artemether-lumefantrine (AL), in addition with 

Primaquine (PQ) in case of uncomplicated P. vivax malaria (Papua New Guinea National Department 

of Health, 2009; World Health Organization, 2010). However, PQ causes hemolysis in individuals 

with glucose-6-phosphatase dehydrogenase (G6PD)-deficiency (Alving et al., 1956), for which a 

reliable and affordable point-of-care test is lacking. Futhermore, PQ is not readily available at the 

majority of health facilities in PNG (Pulford et al., 2013) and thus a large proportion of P. vivax 

malaria in PNG is not adequately treated.    

 
Figure 2. Age-standardized malaria prevalence by LM across PNG in 
2008/2009. (A) P. falciparum prevalence. (B) P. vivax prevalence. Relevant study 
sites for this thesis are marked with black stars. Figure modified from Hetzel et al., 
2015. 
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In 2004, a grant by the Global Fund to fight AIDS, Tuberculosis and Malaria allowed to re-

intensify malaria control efforts in PNG, supporting the countrywide distribution of 2.3 million long-

lasting insecticide treated bednets (LLIN) until 2009 (Hetzel et al., 2012). Since 2009, a follow-up 

Global Fund Round 8 grant supports continued free LLIN distribution (Hetzel et al., 2014), which 

resulted in 82% LLIN ownership and 48% LLIN usage by 2011 (Hetzel et al., 2014). As result, 

countrywide prevalence rates by LM dropped to 7% for P. falciparum, 4% P.vivax, 0.3% P. malariae 

and 0.4% P. ovale (Figure 2), which resembles parasite prevalence in the 1970 after massive IRS 

(Hetzel et al., 2015). In Madang province, where LM prevalences are comparable to the countrywide 

mean (7% each P. falciparum and P. vivax), PCR prevalences in the general population were reduced 

from 39% in 2006 to 19% in 2010 for P. falciparum and 32% to 13% for P. vivax (Arnott et al., 2013; 

Koepfli et al., 2015a; Schultz et al., 2010).      

1.7.2  Patterns of malaria infection and disease in PNG  

In settings where P. vivax and P. falciparum are co-endemic, parasite prevalence as well as 

symptomatic malaria episodes peak earlier in life for P. vivax than P. falciparum (Karyana et al., 2008; 

Luxemburger et al., 1996; Maitland et al., 1996; Phimpraphi et al., 2008). Differing mechanisms of 

anti-malarial immunity development, which remain enigmatic despite decades of intense research, 

may account for these differences. Also an increased exposure to P. vivax blood stage infections due to 

recurrent relapses, compared to P. falciparum, is often given as plausible cause (Koepfli et al., 2013; 

Robinson et al., 2015). In PNG children, clinical immunity to P. vivax is acquired rapidly: 

uncomplicated disease peaks in children younger than two years and P.vivax episodes are rarely 

reported in children older than five years (Betuela et al., 2012b; Genton et al., 2008b; Lin et al., 2010; 

Michon et al., 2007). In comparison, the risk of P. falciparum episodes increases during early 

childhood (Lin et al., 2010) and significant reductions are only observed in incidence of high-density 

infections (>5000 parasites/µl) and symptomatic episodes in young teenagers (Michon et al., 2007). 

Asymptomatic infections remain common until adulthood for both species in PNG, yet similar to 

disease patterns, overall P. vivax prevalence peaks at younger ages than P. falciparum prevalence 

(Mueller et al., 2009) (Figure 3). Prevalence patterns of P. malariae and P. ovale resemble those of P. 

falciparum with peak prevalence in older children and young adolescents for both species (Kasehagen 

et al., 2006; Mueller et al., 2007a). 

Because of sympatric transmission of four human Plasmodium spp. in PNG, mixed-species 

infections are common and several studies have tried to address potential effects of species interaction 

within the human host. However, patterns in the distribution of mixed-species infections in PNG are 

not clear, with some studies reporting random (Mehlotra et al., 2000, 2002) or non-random (Mueller et 

al., 2009) occurrence of mixed-species infections. Similarly, it remains unclear how infection with one 

species alters the risk of infection with another (Bruce et al., 2000c; Smith et al., 2001). A preceding 
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infection with P. vivax seemed to reduce the risk for P. falciparum episodes in one study (Smith et al., 

2001), but in contrary, PQ treatment and thus lower subsequent P. vivax carriage decreased the risk for 

P. falciparum episodes in another (Betuela et al., 2012b). A study in young PNG children described an 

increased mortality and risk for coma among severe malaria cases in patients carrying mixed P. 

falciparum/P. vivax infections compared to single-species infections (Manning et al., 2011). The 

effects of changing species composition and decreasing prevalence of mixed-species infections 

alongside successful malaria control programs thus remain difficult to predict.  

 

Figure 3. Age-stratified prevalence of P. falciparum and P. vivax in Madang province, PNG, in 
2010. The study took place at the beginning of the (moderate) dry season, roughly two years after 
LLIN distribution. Figure from Koepfli et al., 2015a. 

 

1.8  The Albinama cohort  

Several longitudinal cohort studies have been conducted in the last decade in different 

geographical settings and age groups in PNG to investigate the molecular epidemiology of 

Plasmodium spp.. This thesis closely revolves around the Albinama cohort, an interventional cohort 

conducted from 2009 to 2010 in Maprik district, East Sepik province (Figure 2), with the primary aim 

to quantify the contribution of P. vivax relapses to infection and disease in 5-10 year old PNG children 

(Robinson et al., 2015). Samples from an interventional cohort performed in 2004 in Mugil area, 

Madang province (“Mugil cohort”, Figure 2) (Michon et al., 2007) were analyzed in comparison to the 

Albinama cohort because of the similar age range of study participants. 

The Albinama cohort comprised an initial randomized radical cure treatment over four weeks with 

CQ and AL plus  PQ or placebo (Table 1), followed by 8 months of close active and passive follow-up 
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(Figure 4) (Robinson et al., 2015). At the beginning of the study, blood-stage parasites were hence 

cleared in all 504 study participants that completed initial treatment. One half of participants retained 

P. vivax hynozoites in the liver that could relapse during the follow-up period, while in the other half 

the liver was cleared of hypnozoites by intense PQ treatment. PQ was administered over four instead 

of two weeks (as recommended by WHO) to assure optimal liver clearance, which had not been 

achieved after two weeks of PQ treatment an earlier cohort in younger PNG children (Betuela et al., 

2012b).  

 

 

 

Figure 4. Albinama cohort study design, follow-up schedule and drug administration schedule. All 
doses of drug treatment were directly observed. Children were actively followed for clinical symptoms in 
two-weekly intervals throughout the study period, and actively monitored for infection every two weeks 
in the first 3 months of follow-up and monthy thereafter. Passive surveillance was provided throughout 
follow-up. PQ arm: Primaquine arm. PL arm: placebo arm. Figure modified from Robinson et al., 2015.  
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The age group covered by the Albinama cohort (5-10 years) complemented a previous 

observational cohort conducted in the same study area in younger children (1-4 years) for which 

detailed molecular epidemiological data exists (Koepfli et al., 2013; Lin et al., 2010; Mueller et al., 

2012). The close active as well as passive surveillance of participants in the Albinama cohort, in 

collaboration with local health centers and health volunteers in all participating villages, allowed 

registering of all malaria episodes during follow-up together with the type of treatment administered. 

The Albinama cohort was the first cohort study in PNG that employed specific sampling of blood for 

molecular detection of gametocytes at all follow-up visits, allowing longitudinal investigation of 

gametocyte dynamics. The Albinama study thus provides a unique framework for comprehensive, 

longitudinal and detailed analysis of molecular parasitological parameters, alongside demographic and 

clinical data for investigation of patterns in malaria infections, transmission and disease.   

 

Table 1. Parasite stage-specific effects of drugs used in the Albinama study. 

Drug 

           Effect on 
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CQ + (+) – + + – 
(Bousema and Drakeley, 2011; 

Pukrittayakamee et al., 2008; Smalley, 
1977; White, 2008) 

AL + + – + + – 

(Bousema and Drakeley, 2011; 
Eastman and Fidock, 2009; Makanga, 

2014; Okell et al., 2008; 
Pukrittayakamee et al., 2008; Sawa et 

al., 2013) 

PQ – – + – + + (Graves et al., 2015; Pukrittayakamee 
et al., 2004, 2008) 

–: no effect, +: effective clearance, (+): partially effective clearance 
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1.9  Aims and objectives of this thesis 

The aim of this thesis was two-fold: Firstly, to evaluate and improve the accuracy and precision of 

molecular methods for detection and genotyping of P. falciparum infections for use in epidemiological 

studies and malaria drug trials. Secondly, to assess patterns in molecular infection parameters of P. 

falciparum and P. vivax, as well as infection and transmission dynamics, in semi-immune PNG 

children to contribute to our understanding of malaria epidemiology and acquisition of anti-malarial 

immunity in PNG. 

The specific objectives of this thesis were as follows:         

Objective 1: Development of new ultra-sensitive assays for detection of P. falciparum infections 

a. To develop DNA-based qPCR assays that circumvent the drawbacks of high-volume sampling 

and RNA-based detection by targeting multi-copy sequences. 

b. To investigate the extent of ultra-low density infections in samples from PNG and in a cross-

sectional study in Tanzania. 

c. To explore the feasibility of sample pooling using ultra-sensitive detection assays.  

Objective 2: Comparative analysis of patterns in P. falciparum and P. vivax infection and disease 

in the Albinama cohort 

a. To determine molecular epidemiological parameters of malaria infection (prevalence, MOI, 

molFOI) using 18S rRNA qPCR, Pv-msp1F3 and Pf-msp2 genotyping. 

b. To quantify heterogeneity in molecular parameters of infection in the study population. 

c. To identify risk factors for malaria infection and symptomatic malaria episodes.  

d. To describe the relationship of molFOI and the incidence of malaria episodes. 

Objective 3: Modeling the dynamics of natural P. falciparum infections in school-aged PNG 

children  

a. To estimate detectability and clearance rates of P. falciparum msp2-clones in the Albinama 

and Mugil cohorts using the triplet model. 

b. To quantify the effect of imperfect detectability on estimates of clone acquisition rates.  

c. To investigate the relationship of surrogate markers of immunity and exposure, i.e. age and 

molFOI, with clone acquisition and clearance rates.  
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Objective 4: Investigating P. vivax and P. falciparum gametocyte carriage after radical cure 

(joint project with Rahel Wampfler, PhD) 

a. To quantify gametocyte carriage in submicroscopic and asymptomatic infections using pfs25 

and pvs25 qRT-PCR in the Albinama cohort. 

b. To assess gametocyte production in P. vivax relapses and new infections by comparison of 

treatment arms. 

c. To compare gametocyte carriage of P. falciparum and P. vivax infections and identify risk 

factors for gametocyte carriage.  

Additional project: Validation of the recommendend genotyping procedures for P. falciparum 

recrudescence typing in clinical trials 

a. To quantify the extent of amplification bias and minority clone detectability in P. falciparum 

msp1, msp2 and glurp PCR.  

b. To assess the effect of PCR multiplexing on amplification bias and minority clone 

detectability. 

c. To evaluate the accuracy of sequential typing versus obligate typing of all three markers for 

recrudescence typing using 44 paired anonymous field samples. 
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SUPPLEMENT 

 

 

S1 Table. Oligonucleotide sequences and qPCR conditions for varATS and TARE-2 assays. 
Primers were purchased from Eurofins. The varATS probe and all qPCR reagents were purchased 
from Applied Biosystems/Life Technologies. 

 varATS TARE-2 
Oligonucleotide sequences 
 Primer-fw (5’-3’) cccatacacaaccaaytgga ctatgttgcacttacatgcayaat 
 Primer-rev (5’-3’) ttcgcacatatctctatgtctatct tgacctaagaagtavaataatgatga 
 Probe (5’-3’) 6-FAM-trttccataaatggt-NFQ-MGB - 
qPCR reaction conditions (final concentration in qPCR mix) 
 Total volume 12 (25)$ 25 (25)$ 
 DNA volume 4 (5)$ 4 (5)$ 

 TaqMan® Gene Expression 
Mastermix 

1x - 

 Power SYBR® Green mix - 1x 
 Primer (each fw & rev) 800 nM 200 nM 
 Probe  400 nM - 
qPCR cycling conditions 
 Pre-incubation 2 min – 50°C 2 min – 50°C 
 Initial denaturation 10 min – 95°C 10 min – 95°C 
 Denaturation 15 sec – 95 °C 15 sec – 95 °C 
 Annealing & Elongation 1 min – 55°C 1 min – 57°C 
 Number of cycles 45 45 
 Melt Curve  - 57-95°C, 0.3°C increment 
Positivity threshold 0.07 0.07 
Standard material for 
quantification 

Plasmid gDNA of parasite dilution row 

Platform  StepOne Plus® Real-Time PCR 
System (Applied Biosystems) 

StepOne Plus® Real-Time PCR 
System (Applied Biosystems) 

$ Brackets: volumes used for sensitivity and specificity tests on parasite culture and for PNG samples. 

 

 

The remaining supplementary files can be downloaded from: 

http://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1001788#sec028 

 

These include:   

S2 Table. STARD checklist for reporting studies of diagnostic accuracy. 

S3 Table. Results of TARE-2, varATS, and 18S rRNA qPCRs on parasite dilution rows. 

S4 Table. Database of light microscopy and qPCR results of the Tanzanian cross-sectional study. 

S1 Text. Generation of P. falciparum dilution rows for determining the limit of detection and qPCR 
efficiency. 
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SUPPLEMENT 

 

Figure 1 – figure supplement 

Figure 1 – figure supplement 1: Definition of new infections for calculating molFOB. Definition of 
P. falciparum new infections in two exemplary children is shown. The study design and timelines of 
follow-up are shown in upper panel: enrolment visit (“E”), followed by radical treatment (black bar 
“T”) and 235 days of follow-up. The presence of P. falciparum clones by sampling visit is visualized 
below. Columns represent sampling visits, rows represent P. falciparum msp2 alleles, i.e. distinct P. 
falciparum clones. Grey solid circles, P. falciparum negative sample, grey open circle, missing sample 
due to missed follow-up visit; red circle: sample positive for respective Pf-msp2 allele. New infections 
were defined as a positive sample preceded by two samples negative for this allele (black rectangles), 
excluding missed samples (see Child 2, allele F, days 120-200). The time point of new infections is 
marked by arrows for the two children.  

 

 

Figure 1 – figure supplement 2: P. ovale and P. malariae prevalence by qPCR during follow-up. 
Purple lines, P. ovale; green lines, P. malariae; solid lines, Placebo arm; dashed lines, PQ arm. Open 
circles mark enrolment qPCR prevalence for each species. 
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Supplementary File 1 – Univariate factors 

 

Table 1. Univariate/PQ-adjusted predictors for time to recurrent blood-stage infection with Plasmodium species by qPCR. 

Variable 
P. vivax P. falciparum P. malariae P. ovale 

HR1 CI95 p-value HR1 CI95 p-value HR1 CI95 p-value HR1 CI95 p-value 

PQ treatment 0.27 0.20-0.36 <0.001 0.79 0.57-1.09 0.057 0.60 0.26-1.38 0.233 0.40 0.17-0.96 0.040 

Age 0.94 0.86-1.02 0.155 0.97 0.87-1.08 0.542 0.95 0.73-1.23 0.684 0.90 0.69-1.18 0.447 

LLIN use at enrolment 0.38 0.25-0.58 <0.001 0.44 0.27-0.72 0.001 0.77 0.18-3.28 0.724 0.51 0.15-1.70 0.271 

Hb at enrolment (g/dl) 0.81 0.73-0.89 <0.001 0.76 0.68-0.86 <0.001 0.66 0.50-0.87 0.003 0.78 0.58-1.04 0.087 

Village             

Albinama (ref) 1  
 

1  
 

1  
 

1  
 

Amahup 0.44 0.28-0.69 <0.001 0.55 0.29-1.05 0.068 0.32 0.06-1.67 0.178 2.57 0.27-24.73 0.414 
Balanga 2.23 1.46-3.39 <0.001 2.06 1.15-3.69 0.016 1.34 0.35-5.12 0.665 7.28 0.81-65.11 0.076 
Balif 0.96 0.63-1.50 0.843 0.57 0.29-1.12 0.101 0.21 0.02-1.79 0.153 4.13 0.46-36.92 0.205 
Bolumita 4.92 3.29-7.36 <0.001 6.79 4.15-11.12 <0.001 3.08 1.04-9.11 0.041 22.40 2.88-174.39 0.003 
Numangu 0.91 0.48-1.71 0.765 2.43 1.25-4.73 0.009 1.36 0.26-7.04 0.711 3.60 0.22-57.66 0.365 

Infection status at enrolment (by qPCR) 

Uninfected (ref) 1   1   1   1   
P. vivax 1.34 0.97-1.87 0.079 1.49 0.94-2.37 0.090 1.03 0.23-4.62 0.971 1.97 0.63-6.23 0.246 
P. falciparum 2.52 1.64-3.89 <0.001 3.11 1.77-5.46 <0.001 6.09 1.63-22.82 0.007 2.89 0.69-12.12 0.146 
P. malariae 1.37 0.63-2.98 0.426 1.74 0.68-4.45 0.250 9.81 2.17-44.38 0.003 2.63 0.31-22.63 0.378 
Mixed P.f. or P.v.2 3.39 2.37-4.87 <0.001 5.84 3.75-9.10 <0.001 6.64 2.03-21.72 0.002 5.50 1.79-16.88 0.003 

1 PQ treatment, univariate HR. All other HRs are adjusted only for PQ treatment. HRs were modeled using Cox proportional hazard regression. 
2 Mixed infection including P. falciparum or P. vivax infection in conjunction with one or more other Plasmodium spp. 
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Table 2. Univariate (P. vivax) and univariate/PQ-treatment-adjusted (P. falciparum) predictors 
for Pv- and Pf-molFOB by follow-up interval.  

Variable 
P. vivax P. falciparum 

PQ arm placebo arm Combined arms 
IRR1 CI95 p-value IRR1 CI95 p-value IRR2 CI95 p-value 

PQ treatment n.a.3 n.a. n.a n.a. n.a. n.a. 0.94 0.64-1.39 0.785 
New P. falc. 

infections in 
interval 

1.78 1.18-2.69 0.006 1.52 1.11-2.10 0.010 n.a. n.a n.a 

New P. vivax 
infections in 
interval 

n.a.  n.a n.a. n.a. n.a. n.a. 1.41 1.13-1.75 0.002 

Age 0.79 0.67-0.93 0.004 0.94 0.85-1.04 0.23 0.94 0.82-1.18 0.39 

LLIN at enrol. 0.58 0.32-1.02 0.060 0.50 0.34-0.74 <0.001 0.53 0.31-0.91 0.022 
Haemoglobin  at 

enrol. (g/dl) 
0.90 0.79-1.01 0.081 0.94 0.86-1.03 0.20 0.84 0.77-0.91 <0.001 

Village           
Albinama (ref) - - 

 
- - 

 
- - 

 Amahup 0.02 0.00-0.12 <0.001 0.50 0.30-0.83 0.007 0.52 0.2-1.06 0.072 
Balif 0.93 0.41-2.11 0.874 1.66 1.09-2.52 0.019 1.96 1.06-3.64 0.032 
Balanga 0.25 0.09-0.74 0.013 1.00 0.64-1.56 1.000 0.74 0.36-1.52 0.416 
Bolumita 1.98 1.05-3.78 0.036 3.18 2.19-4.59 <0.001 7.80 4.48-13.55 <0.001 
Numangu 0.46 0.14-1.54 0.213 0.75 0.40-1.44 0.391 2.85 1.45-5.62 0.002 

Study Day           
Day 0-35 (ref) - -     - - 

 Day 36-80 1.46 0.60-3.55 0.410 1.90 1.21-2.75 0.001 2.54 1.45-4.45 0.001 
Day 81-175 1.35 0.61-2.99 0.450 0.81 0.5-1.19 0.285 1.12 0.67-1.88 0.655 
Day >175 0.66 0.26-1.67 0.480 0.56 0.37-0.84 0.005 0.91 0.49-1.71 0.772 

1 P. vivax, stratified by treatment arm. Univariate IRRs were modeled per sampling interval using negative 
binomial generalized estimating equations allowing for repeated visits with log-link and an exchangeable 
correlation structure.  

2 P. falciparum, combined treatment arms. PQ treatment, univariate IRR. All other IRRs are adjusted only for PQ 
treatment. IRRs were modeled per sampling interval using negative binomial generalized estimating equations 
allowing for repeated visits with log-link and an exchangeable correlation structure.  

3 n.a., not applicable. 
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Table 3. Univariate/PQ-treatment-adjusted predictors for time to P. vivax and P. falciparum 
episodes. 

Variable 
P. vivax P. falciparum 

HR1 CI95 p-value HR1 CI95 p-value 

PQ treatment 0.50 0.21-1.56 0.11 1.72 1.01-2.93 0.04 

P. vivax molFOB3 1.07 1.05-1.09 <0.001 n.a. n.a. n.a. 

P. falciparum molFOB3 n.a. n.a. n.a. 1.18 1.15-1.21 <0.001 

Age 0.66 0.50-0.87 0.003 0.95 0.80-1.11 0.50 

LLIN at enrolment 0.88 0.21-3.60 0.86 0.45 0.22-0.96 0.038 

Hb at enrolment  (g/dl) 0.76 0.58-0.99 0.045 0.76 0.63-0.93 0.006 

Village       
Albinama (ref) - - - 1 - - 
Amahup 0.72 0.18-2.78 0.637 0.54 0.15-1.94 0.346 
Balif 1.50 0.45-5.02 0.506 0.96 0.29-3.19 0.949 
Balanga 0.68 0.16-3.02 0.617 1.25 0.47-3.36 0.656 
Bolumita 2.12 0.69-6.53 0.189 3.78 1.61-8.90 0.002 
Numangu 1.13 0.23-5.69 0.876 5.70 2.43-13.30 0.001 

Infection status at enrolment (by qPCR) 
Uninfected (ref) - - - - - - 
P. vivax 2.41 0.94-6.18 0.068 3.21 1.67-6.16 <0.001 
P. falciparum 0.88 0.33-2.36 0.806 1.41 0.72-2.78 0.319 
Mixed P.f. or P.v. 1.38 0.39-4.95 0.620 1.43 0.48-4.27 0.517 
1 PQ treatment, univariate HR. All other HRs are adjusted only for PQ treatment. AHRs were 
modeled using multiple failure Cox proportional hazard regression.  
2 n.a., not applicable 
3 Average molFOB until the time of failure (time-varying covariate).  
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Table 4. Univariate/PQ-treatment-adjusted predictors for odds of P. falciparum clinical 
episodes. 

 

 P. falciparum episode 

Variable OR1 CI95 p-value 
PQ treatment 1.63 0.94-2.83 0.08 

P. vivax qPCR positive2 0.70 0.34-1.45 0.35 

P. falciparum molFOB 1.22 1.14-1.31 <0.001 

Age 0.89 0.76-1.06 0.20 

LLIN at enrolment 0.39 0.18-0.86 0.02 

Haemoglobin (g/dl) 0.97 0.85-1.11 0.68 

Village     
Albinama (ref) - -  Amahup 0.43 0.12-1.55 0.198 
Balif 0.94 0.27-3.31 0.925 
Balanga 1.34 0.46-3.85 0.592 
Bolumita 4.14 1.59-10.74 0.004 
Numangu 5.90 2.34-14.89 <0.001 

Study Day 
Day 0-80 (ref) - -  
Day 81-175 0.87 0.47-1.61 0.649 
Day >175 0.73 0.36-1.47 0.376 

1 PQ treatment, univariate OR. All other ORs are adjusted only for PQ 
treatment. ORs were modeled using a binomial generalized estimating 
equation with logit link function using an exchangeable correlation 
structure.  
2 Determined as P. vivax positive at the same or previous sampling visit. 
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Supplementary File 2 - Multivariable predictors for time to recurrent blood-stage infection with 
Plasmodium species by LM. 

 

Variable 
P. vivax P. falciparum 

AHR1 CI95 p-value AHR1 CI95 p-value 

PQ treatment 0.17 0.11-0.24 <0.001 0.76 0.50-1.17 0.216 

Age 0.85 0.77-0.95 0.004 1.16 1.01-1.33 0.037 

LLIN use at enrolment 0.76 0.45-1.30 0.319 0.56 0.31-1.02 0.056 

Hb at enrolment (g/dl) 0.86 0.76-0.97 0.18 0.78 0.67-0.91 0.002 

Village       

Albinama (ref) 1   1   
Amahup 0.35 0.19-0.63 0.001 1.19 0.44-3.20 0.736 
Balanga 1.49 0.88-2.51 0.139 3.17 1.24-8.12 0.016 
Balif 1.12 0.69-1.84 0.644 1.25 0.45-3.46 0.673 
Bolumita 3.38 1.97-5.82 <0.001 9.07 3.76-21.87 <0.001 
Numangu 0.59 0.25-1.35 0.208 5.93 2.27-15.50 <0.001 

Infection status at enrolment (by qPCR)  
Uninfected (ref) 1   1   
P. vivax 1.49 0.98-2.25 0.062 1.21 0.63-2.35 0.562 
P. falciparum 1.10 0.61-1.99 0.747 1.53 0.74-3.15 0.251 
P. malariae 1.28 0.53-3.11 0.575 0.87 0.25-2.99 0.828 
Mixed P.f. or P.v.2 1.94 1.18-3.21 0.009 2.24 1.18-4.23 0.013 
1 AHRs were modeled using Cox proportional hazard regression.  
2 Mixed infection including P. falciparum or P. vivax infection in conjunction with one or more 
other Plasmodium spp. 
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Supplementary file 3 - Multivariable predictors for P. falciparum and P. vivax density by qPCR 
during follow-up. 

 P. vivax density1 by qPCR  P. falciparum density1 by qPCR  
Variable exp(β)2 CI95 p-value exp(β)2 CI95 p-value 

PQ treatment 1.16 0.85-1.58 0.354 0.66 0.39-1.10 0.112 

Fever (>37.5°C axillary) 0.99 0.57-1.71 0.960 7.38 3.60-15.14 <0.001 

P. falc. molFOB n.a. n.a. n.a. 1.07 1.00-1.15 0.039 

P. vivax qPCR positive n.a. n.a. n.a. 0.45 0.25-0.81 0.008 
P. vivax molFOB 1.03 1.01-1.05 0.006 n.a. n.a. n.a. 
P. falc. qPCR positive 1.11 0.81-1.52 0.529 n.a. n.a. n.a. 
Age 0.90 0.83-0.98 0.016 0.96 0.80-1.14 0.645 
LLIN at enrol. 1.03 0.71-1.49 0.883 0.41 0.15-1.08 0.072 
Hb at enrolment (g/dl) 1.11 1.00-1.22 0.050 0.91 0.74-1.11 0.353 
Village       

Albinama 1   1   
Amahup 1.02 0.56-1.86 0.941 0.83 0.21-3.36 0.796 
Balif 0.99 0.71-1.37 0.933 1.26 0.38-4.14 0.707 
Balanga 0.71 0.49-1.03 0.071 3.35 0.78-14.43 0.104 
Bolumita 0.79 0.57-1.10 0.168 0.76 0.26-2.27 0.629 
Numangu 0.93 0.48-1.81 0.833 0.82 0.23-2.91 0.757 

Month of follow-up 0.77 0.73-0.82 <0.001 0.82 0.71-0.94 0.004 
1 Parasite densities by qPCR were assessed as 18S rRNA copy numbers/µl blood and log10 transformed.  
2 Estimates were obtained using gaussian generalized estimating equations with logit-link allowing for repeated 

visits.  
3 n.a., not applicable 
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Supplementary file 4 - Multivariable predictors of Pv-molFOB (combining primaquine and 
placebo arms) per follow-up interval. This model is similar to that presented in Table 4 in the main 
text but combines the treatment arms for P. vivax. Model predictions from this model were used for 
mapping molFOI in Figure 3B. 

Variable P. vivax (combined) 

  IRR1 CI95 p-value 

PQ treatment 0.27 0.2-0.36 <0.001 

New P. falc. infections in interval2 1.18 0.96-1.45 0.113 

Age 0.92 0.85-1 0.043 
LLIN at enrolment 0.74 0.54-1.01 0.057 
Hb at enrolment (g/dL) 0.9 0.84-0.97 0.007 
Village        

Albinama (ref) 1   		
Amahup 0.34 0.21-0.56 <0.001 
Balif 1.39 0.95-2.03 0.087 
Balanga 0.78 0.51-1.18 0.233 
Bolumita 2.22 1.52-3.23 <0.001 
Numangu 0.64 0.35-1.16 0.138 

Study Day      
Day 0-35 (ref) 1    
Day 36-80 1.81 1.28-2.57 0.001 
Day 81-175 1.01 0.71-1.44 0.945 

Day >175 0.58 0.4-0.85 0.005 

 

1IRRs were modeled per sampling interval using negative binomial generalized estimating equations allowing 
for repeated visits with log-link and an exchangeable correlation structure.  

2 molFOB in the follow-up interval (time-varying covariate).  
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Abstract  

 

BACKGROUND: The duration of natural P. falciparum infections is a fundamental parameter of the 

parasite’s infection dynamics. It is inherently difficult to study in endemic settings because of frequent 

super-infection and imperfect detectability of parasite clones. The effects of age or exposure to new 

infections on the duration of P. falciparum infections are poorly studied. In non-African settings, co-

infection with other Plasmodium species may further influence the dynamics of P. falciparum 

infections. 

 

METHODS: We estimated P. falciparum infection duration and the force of infection (FOI), i.e. the 

acquisition rate of new infections, using the triplet model that allows for imperfect detectability of 

clones. Samples were obtained from two treatment-to-reinfection cohorts in settings of different 

transmission intensity in Papua New Guinea (PNG). Both studies comprised initial clearance of blood-

stage parasites followed by six to eight months of two- to four-weekly blood sampling. P. falciparum 

clones were distinguished by msp2 genotyping.   

 

RESULTS: P. falciparum infection durations in PNG were generally short, and lasted 38 days 

(median, CI95: 34-42) in the high-transmission setting and 62 days (median, CI95: 42-127) in the 

intermediate-transmission setting. In both studies infection durations were longer in the higher 

exposed children. No pronounced trend in infection duration with age was observed. Clone 

detectability was higher in the high-transmission setting (median 78%, CI95: 72-82), despite the higher 

number of concurrent clones compared to the intermediate-transmission setting. Clone detectability at 

intermediate transmission varied with exposure and age and ranged between 49-73%. In the high-

transmission setting, the duration of individual infections almost matched the length of sampling 

intervals. Here, adjusting not only for clone detectability but also infection duration substantially 

increased the FOI estimate.  

 

CONCLUSIONS: P. falciparum infections in PNG children are shorter than those in similarly aged 

Ghanaian children. This may reflect evolutionary adaptation of the parasite to settings of differing 

seasonality, differences in Plasmodium species composition, or differences in parasite diversity 

encountered by the host’s immune system.    
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Introduction  

Asymptomatic, often chronic infections make up the majority of malaria infections and are considered 

the main reservoir sustaining malaria transmission (1), yet surprisingly few studies have investigated a 

fundamental parameter of infection dynamics: the duration of a distinct parasite infection in a host (2–

5).  The persistence of an individual infection can only be monitored by genotyping this parasite clone 

as frequent super-infections prohibit determining infection duration by microscopy or diagnostic PCR. 

Unlike P. vivax, P. falciparum has no dormant liver stage that could re-activate after clearance of a 

primary infection. Therefore prolonging the duration of an infection is a pivotal strategy to maximize 

transmission success for P. falciparum. To permit persistence in the host despite immunological 

recognition, P. falciparum switches the major parasite antigen displayed on the infected erythrocyte 

surface by mutually exclusive expression of highly diverse var-genes (6). The duration of an untreated 

P. falciparum infection in the human host thus depends on the host’s anti-malarial acquired immunity 

counterbalanced by the parasite’s ability to evade this immune response (7).  

Some of the most detailed data on the course and duration of P. falciparum infections derive from 

treatment of neurosyphilis patients after deliberate malaria infection in the pre-antibiotic era (8–10). 

Parasitemia lasted on average 211 days and rarely exceeded one year (8,10,11). However, the 

relevance of this data for natural P. falciparum infections in endemic settings is questionable, as hosts 

were usually malaria-naïve, received one highly controlled infection and were often treated with sub-

curative treatment doses. In contrast, people living in endemic countries are frequently super-infected, 

acquire semi-immunity to malaria with repeated exposure to diverse parasites (12) and only seek 

treatment following symptoms. Naturally clearing malaria infections are thus rarely detected in 

endemic settings and their dynamics are challenging to study.  

Differentiation of parasite clones by genotyping is required for studying individual malaria infections 

in endemic settings where super-infections are common. However, several factors can impede the 

detection of parasite clones in peripheral blood samples: (i), technical problems associated with 

genotyping PCR limit the capability to amplify minority clones (Messerli & Hofmann et al., 

submitted); (ii), biological features of P. falciparum sometimes prevent detection of a parasite clone, 

e.g. when sequestration of late-stage parasites in deep organs leads to periodical absence of 

synchronized clones from the peripheral circulation; (iii), fluctuating parasite densities may 

occasionally fall below the limit of detection of PCR; or (iv), the small volume sampled may simply 

not contain a parasite of the minority clone if parasite densities are low. Detectability of P. falciparum 

clones is hence imperfect especially in semi-immune individuals who are able to control parasite 

densities (13). In a longitudinal cohort in Northern Ghana detectability decreased from 60% in young 

children to less than 20% in individuals >60 years of age (4). The declining detectability mirrored the 

decrease of parasite densities with age (4,14). Adjusting for imperfect detectability using mathematical 
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models is thus crucial to obtain accurate estimates of acquisition or clearance rates of natural P. 

falciparum infections (3,4,15,16).  

The effect of natural acquired immunity on acquisition or clearance rates themselves is not well 

understood. In absence of a direct and individual measure of anti-malarial immunity, age is often 

utilized as surrogate marker. However, the study of age trends in infection duration requires intensive 

monitoring of asymptomatic carriers of all ages over extended periods of time, in combination with in-

depth molecular analysis of samples, and is thus rarely done. One suitable dataset exists, in which P. 

falciparum high-resolution genotyping was used in a cohort in Northern Ghana covering the whole age 

range (17). To study the effect of acquired immunity on P. falciparum infection duration, this data has 

been analyzed with more and more complex models (15,3,14,4). Using the “triplet” model approach, 

average infection duration over all ages was estimated at 168 days.  Age-trends in infection duration 

were non-monotonic with longest infections observed in children aged 5-9 years (216 days), 

suggesting that no simple linear relation of acquired immunity and P. falciparum infection duration 

exists (4).  

Data on the durations of non-African P. falciparum infections is scarce. Outside of Africa, P. 

falciparum often co-exists with other malaria species, which may interact and alter the course of an 

infection (18,19). The few studies assessing P. falciparum infection durations in Puerto Rico (20), 

West Papua (2) or Papua New Guinea (21) are based on blood-slide positivity, and only one dataset 

comprises molecular analysis of clonal infections with simple adjustment for imperfect detectability 

(22). 

Durations of natural infections are much needed parameters to inform models of malaria transmission. 

It is crucial to investigate this parameter in different endemic settings, and importantly in areas with 

different seasonal patterns. To fill this gap in knowledge, the dynamics of natural P. falciparum 

infections were investigated in two cohorts of children from Papua New Guinea (PNG), for which 

detailed clinical as well as molecular parasitological data was collected (23,24). Detectability-adjusted 

infection duration and clone acquisition rates (i.e. the force of infection, FOI) were determined using 

the triplet model. To explore the effect of frequent super-infection on P. falciparum infection 

durations, children were stratified by individual exposure to P. falciparum (25) (chapter 3). Individual 

exposure, besides age, can further serve as proxy for acquired immunity particularly in settings of 

heterogeneous transmission where age may not be a suitable surrogate marker (chapter 3). 
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Methods 

Field studies 

Samples derived from two cohort studies conducted in areas of medium to high perennial transmission 

along the North Coast of PNG (23,24). The study design was comparable in that both cohorts 

comprised an initial anti-malarial treatment and regular active as well as close passive follow-up. 

Details of treatment regimens and study design can be found elsewhere (23,24). Briefly, the first 

cohort comprised 206 children aged 5-14 years from Mugil area/Madang province who were treated 

with artesunate monotherapy in June 2004 and subsequently followed for 6 months. Finger-prick 

blood samples were collected in monthly intervals. The second cohort was performed in Maprik 

area/East Sepik province, and comprised 504 children aged 5-10 years who received either blood-stage 

or blood-plus-liver-stage radical cure in August to September 2009 and were followed for 8 months. 

Finger-prick blood samples were collected in 2-weekly intervals in the first three months of follow-up 

and monthly thereafter. The two cohorts are further referred to as the “Mugil” and “Maprik” cohorts. 

In both studies, finger-prick blood samples were collected from children that presented to the 

collaborating health centers or field team showing signs and symptoms of malaria. Scientific approval 

and ethical clearance was obtained from the PNG Medical Research Advisory Council, plus the Walter 

and Eliza Hall Institute and the Veteran’s Affairs Medical Center, Cleveland, Ohio, the PNG IMR 

Institutional Review Board and the ethics committee of Basel, Switzerland. 

 

Laboratory methods 

Blood slides of all samples were examined for P. falciparum parasites using light microscopy and 

molecular methods as described previously (23,24). For molecular detection DNA was extracted from 

all blood samples using the QIAamp 96 DNA Blood kit (Qiagen; Mugil cohort) or the FavorPrep™ 

96-well genomic DNA extraction kit (Favorgen; Maprik cohort). All samples were screened for the 

presence of P. falciparum using either PCR-ligase detection reaction fluorescent microsphere assay 

(PCR-LDR-FMA (26); Mugil cohort) or quantitative PCR (qPCR (27,28); Maprik cohort). In all 

samples positive for P. falciparum by any method, individual parasite clones were distinguished by 

amplifying the length-polymorphic merozoite surface protein 2 (msp2) marker in nested PCR followed 

by high-resolution capillary electrophoresis (29,30). Electropherograms were analyzed using 

GeneMapper® software v3.7 (Applied Biosystems). 

 

Estimating individual exposure 

Individual exposure was calculated for each child from the number of new P. falciparum clones 

detected during follow-up divided by the individual time at risk (25) (chapter 3). A new infection was 

defined as an msp2 allele not present in the two preceding genotyping-positive samples collected 

during active or passive surveillance without further allowing for imperfect detectability or clearance 

of clones (chapter 3). 
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Estimating clone detectability. infection duration and FOI  

In order to estimate clonal detectability and compute detectability-adjusted FOI and clearance rates, 

the “triplet model” approach was used (4) (details presented in Supplement S1 Text).  Briefly, 

presence and absence of each allele per child was recorded as a string of “1” (genotype present), “0” 

(genotype not present) or “?” (sample missing). To preserve the time intervals of sampling, data from 

unscheduled samples collected during passive case detection were merged to the closest active follow-

up visit. A sliding window of three consecutive samples was passed along the string of 1’s , 0’s and 

?’s, so that each sample could appear at any position in a triplet. Triplet patterns starting with a 

positive detection were counted. Estimates of detectability “S” and detectability-adjusted clearance 

rate per timestep ”M” were computed using a Bayesian Markov chain Monte Carlo (MCMC) 

algorithm in WinBugs/JAGS software, assuming a Markov process for clearance and assuming the 

probability of re-infection with the same genotype within the same interval to be close to zero. Raw 

allele-specific incidence rates were calculated by dividing the number of gains (pattern “01”, i.e. 

negative at t1 and positive at t2) by the number at risk for infection at time t0 (patterns “00” and “01“), 

adjusted for M and S, and summed over alleles to obtain an detectability-adjusted incidence per time 

step “Λ“. Lastly, M and Λ were transformed from transition probabilities to a continuous-time 

clearance rate “µ” and continuous-time aquisition rate “λ”, i.e. FOI, with respect to the sampling 

interval used in the specific studies. In the Maprik cohort, sampling intervals differed between the first 

three months (2-weekly) and later five months (4-weekly) of the study, and thus an averaged interval 

timestep of 19.4 days was used.  

To ensure that parameters reflected natural infections and were not biased by anti-malarial treatment, 

we excluded triplets that comprised an anti-malarial treatment. In a pilot sensitivity analysis, this 

strategy was compared to the full dataset and a restricted dataset excluding all triplets from children 

that received anti-malarial treatment. Estimates of detectability and infection duration were 

comparable using both exclusion strategies (Supplement S2 Table). Estimates of infection duration 

using the restricted datasets were longer than estimates obtained using the full dataset (Supplement S2 

Table). Since the first strategy (excluding only those triplets that comprised treatment) allowed 

retaining more datapoints, this strategy was used for all further analyses. 

 

 

Results 

Comparing P. falciparum transmission between cohorts   

P. falciparum transmission was higher in the Mugil cohort, performed 2004, than in the Maprik 

cohort, performed five years later. P. falciparum PCR prevalence at baseline, i.e. before the initial 

treatment, was 67% in Mugil and 24% in Maprik (Table 1). P. falciparum was the most common 

infection in Mugil but not in Maprik, where P. vivax was twice as prevalent (48%, Table 1). After the  
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respective initial anti-malarial treatment regimen (23,24), re-infection with P. falciparum occurred 

faster in the Mugil cohort (median time-to-reinfection: 55 days (23)) than in the Maprik cohort 

(median time to re-infection: >225 days (24)). In Mugil all but 31 (15%) of 206 children were re-

infected during follow-up, as opposed to Maprik where more than two thirds of children (346/504) 

were not re-infected until the end of the study.  

P. falciparum density by LM was 100-fold lower in Mugil versus Maprik (Table 1). In contrast, 

multiplicity of infection (MOI), i.e. the numbers of concurrent clones per sample, as well as the 

incidence of new clones in the blood were higher in Mugil than in Maprik (Table 1).  

 

Table 1. Comparison of Plasmodium parasitological parameters between cohorts. 

 

Mugil cohort 
n=206 
(CI95) 

Maprik cohort 
n=504 
(CI95) 

p-value1 

Enrolment parameters    

P. falciparum PCR prevalence (%) 67 (61-74)  24 (20-28) < 0.001 

P. vivax PCR prevalence (%) 34 (28-41) 48 (43-52) 0.001 

Parameters assessed during followup    

P. falciparum GMPD2 by LM  12 (10-14)  1418 (1043-1928)  <0.001 

Mean P. falciparum MOI3 (clones/sample) 1.6 (1.6-1.7)  1.3 (1.3-1.4)  <0.001 

Proportion of single-clone infections (%) 57 (54-60) 76 (72-80) <0.001 

Mean exposure (number of new clones/year4) 6.4 (5.8-7.0) 4.1 (3.6-4.6) <0.001 
1 p-values were calculated using Chi2 test for differences in prevalence or proportions, and using Mann-

Whitney -U test for differences in means.  
2 GMPD: geometric mean parasite density 
3 MOI, multiplicity of infection. Only P. falciparum-positive samples were included in calculation of the mean. 
4 Individual exposure calculated as the number of new clones/year observed in the blood stream (see methods). 

Mean was calculated including only children that were re-infected.  
 

 

Triplet counts per study 

Due to the higher number of P. falciparum infections in Mugil compared to Maprik, three times more 

triplets starting with a positive detection were counted in Mugil (Table 2). In addition, intermittent 

missed follow-visits were much more frequent in Maprik and 34% of triplets in the Maprik cohort 

included a missing sample (Table 2), leading to higher uncertainty of estimates obtained for this 

cohort.   
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Table 2. Triplet counts1 by study. 

 Mugil cohort Maprik cohort 
Triplet Counts % of triplets Counts % of triplets 
+ + X2 525 44.7 91 31.9 
+ – + 61 5.2 22 7.7 
+ – – 462 39.4 75 26.3 
+ – ? 78 6.6 28 9.8 
+ ? + 14 1.2 20 7.0 
+ ? – 34 2.9 49 17.2 
Total 1174 100 285 100 

1 Only triplets starting with a positive detection were counted. 
2 X: any of +, –, or ? 

 

 

Detectability of P. falciparum clones 

Overall, clone detectability was 78% (CI95: 72-82) in Mugil and only 57% (CI95: 43-70) in Maprik 

(Table 3). The effects of age and exposure, as surrogate markers of immunity, on clone detectability 

were investigated by forming age groups and groups of low and high exposure to P. falciparum within 

the two studies (Table 4). Age and exposure were not correlated in either study (Supplement S3 

Figure, Gaussian generalized linear regression p > 0.05). 
 

Table 3. Triplet model estimates by study. 

Parameter Unit 
Mugil cohort 
Median (CI95) 

Maprik cohort 
Median (CI95) 

Detectability S %  78  (72-82)  57  (43-70) 

Adjusted acquisition rate λ infections/year  14.4  (13.2-15.9)  3.3  (2.7-4.2) 

Infection duration µ-1 Days  38  (34-42)  62  (42-127) 

 

 

In Maprik, where transmission was intermediate, clone detectability was lower in high-exposed 

children (50%, CI95: 37-66) compared to low-exposed children (73%, CI95: 49-90, Figure 1A). Clone 

detectability was slightly higher in older than in younger children in Maprik (49%, CI95: 32-71; versus 

61%, CI95: 44-76, Figure 1A). Detectability declined with decreasing proportion of single-clone 

infections and with increasing MOI (Figure 1B&C). Clone detectability in Maprik was therefore lower 

the more concurrent clones were present.  

In contrast, in the high-transmission setting of Mugil, detectability was equal in all subgroups despite 

variations in MOI and the proportion of single-clone infections (Figure 2A-C). In both studies, 

differences in parasite density between age and exposure groups were not pronounced, although in 

some cases significant (Figures 1D, 2D).  
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Figure 1. P. falciparum clone detectability and molecular parameters of infection by age 
or exposure group in the Maprik cohort. (A) Median detectability with 95% CI. (B) MOI by 
msp2 genotyping; mean MOI is shown as black diamond. (C) Proportion of single clone 
infections among P. falciparum-positive samples by msp2 genotyping. (D) Parasite density by 
LM. p-values were calculated using Mann-Whitney-U test (B, D) and Chi2 test (C). 
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Figure2.  P. falciparum clone detectability and molecular parameters of infection by age or 
exposure group in the Mugil cohort. (A) Median detectability with 95% CI. (B) MOI by msp2 
genotyping; mean MOI is shown as black diamond. (C) Proportion of single clone infections 
among P. falciparum-positive samples by msp2 genotyping. (D) Parasite density by LM. p-
values were calculated using Mann-Whitney-U test (B, D) and Chi2 test (C).  
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Table 4. Characteristics of age groups and groups of low and high exposure by study.  

 
Mean  

(±StDev) 
Number 

of children 
Number  

of triplets1 
Mugil cohort2    

Young 7.9  (±0.9) years 91 479 
Old 10.5 (±1.2) years 115 695 
Low-exposed 3.4 (±1.1) new clones/year 903 363 
High-exposed 9.6 (±3.2) new clones/year 853 749 

Maprik cohort2    
Young 6.2 (±0.7) years 245 127 
Old 8.9 (±0.9) years 259 158 
Low-exposed 2.2 (±0.7) new clones/year 1013 88 
High-exposed 7.6 (±3.0) new clones/year 573 190 

1 Only triplets starting with a positive detection were counted. 
2 Median age and median exposure per study were used as cutoff value to form groups of equal size. 
3 Children remaining uninfected throughout follow-up were not included in the exposure categories. 

 

 

Duration of infection 

In Mugil (high transmission), infections persisted on average only 38 days (CI95: 34-42, Table 3). In 

Maprik (intermediate transmission), infections were slightly longer and lasted on average 62 days 

(CI95: 42-127). The difference between studies was mainly due to long infection durations in highly 

exposed children in Maprik (98 days, CI95: 51-713; Figure 3A), while infections in the low-exposed 

children in Maprik were as short as in children from Mugil (37 days, CI95: 25-68). A longer duration 

of infection in higher exposed children was also observed in Mugil, but the difference was less 

pronounced compared to Maprik (low-exposed, 32 days, CI95: 27-39; high-exposed, 42 days, CI95: 37-

49, Figure 3B). No pronounced trend in the duration of infection was observed between age groups 

(Figure 3). 

 

Estimating FOI 

Modeling the FOI, i.e. the acquisition rate of new infections, by adjusting for clone detectability and 

infection duration revealed a much larger difference in transmission between the two cohorts than 

anticipated based on means of individual exposure (Table 2, Table 3). Median modeled FOI was 14.4 

infections/year (CI95: 13.2-15.9) in Mugil compared to 3.3 infections/year in Maprik (CI95: 2.7-4.2).   
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Figure 3. P. falciparum infection duration in the Maprik (A) and Mugil  
(B) cohorts. Median infection duration in days is shown by age group (left 
panel) and in low- versus high-exposed children (right panel). Error bars 
represent 95% CIs.  

 

 

Discussion  

This study contributed novel insights into the dynamic of non-African natural P. falciparum 

infections. In two cohort studies performed in PNG in settings of different transmission intensity, P. 

falciparum infection durations were significantly shorter than durations estimated using the same 

methodology in a previous cohort study in Ghana (31). Averaged over all ages, infections in the 

Ghanaian cohort lasted 168 days and even 216 days in 5-9 year-old children. In that cohort, sampling 

was performed in two-monthly intervals and clone detectability was much lower (40% in 5-9 year old 

children). Such large differences in the infection duration may reflect biological differences between 

African and PNG parasite populations, which face different environmental challenges. In Ghana, the 
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6-months long dry season is characterized by a virtually complete absence of rain (31), whereas 

seasonality is less pronounced in PNG and intermittent rainfall is frequent even in the dry season (32). 

While persistent chronic infections are thus required to re-initiate transmission after the dry season in 

many African settings (33), malaria transmission is perennial in PNG with seasonal fluctuations (32) 

and hence the selective pressure on the parasite population to maintain long-lasting chronic infections 

may be lower in PNG. 

In addition, co-infection with other Plasmodium species, mainly with P. vivax, occurs frequently in 

PNG but less so in Africa and may have an impact on the duration of P. falciparum infections. While 

parasite density and the risk for malaria episodes are altered in mixed P. falciparum/P. vivax infections 

(chapter 3), we found no clear indication that differences in P. vivax carriage influenced P. falciparum 

infection durations (Supplement S4 Text). In Mugil, none of the assessed parameters of P. falciparum 

infection dynamics varied with P. vivax carriage (Supplement S4 Text). In Maprik, P. vivax carriage 

and exposure to P. falciparum were correlated, which prohibited investigating the effect of P. vivax 

carriage alone on infection duration (Supplement S4 Text).  

Lastly, differences in parasite diversity between P. falciparum populations from Africa and PNG may 

contribute to the observed differences in infection duration. Recent analyses found a lower P. 

falciparum var-gene diversity in PNG compared to African populations (34,35), contrary to an earlier 

study describing equal var-gene repertoires (36).  The ability of the parasite to switch to a var-gene 

variant previously not encountered by the host’s immune system may hence be reduced in PNG 

compared to Africa, leading to earlier clearance.  

The effect of acquired immunity on the duration of malaria infections is poorly understood, partly 

because a direct measure of protection is lacking. Age is widely used as surrogate marker (12) 

although a composite measure of age and exposure would more accurately reflect cumulative past 

exposure of an individual and hence immunity. No pronounced difference in infection duration was 

observed between age groups in the two PNG cohorts. Although the age range covered in both cohorts 

may be too small to detect significant age patterns, previous analyses demonstrated lower risk of P. 

falciparum episodes and high-density infections (23) as well as higher prevalence and titers of 

protective antibodies in children older than 9 years in the Mugil cohort (37–39). These data indicate 

that significant differences in immunity exist between the two age groups in the Mugil cohort. 

However, these differences did not have an impact on the duration of P. falciparum infections.   

Longer infection duration observed in high-exposed compared to low-exposed children within both 

studies is therefore probably attributable to the interaction of concurrent clones and frequent super-

infection, rather than differences in anti-malarial immunity. In contrast, an overall shorter infection 

duration was observed in Mugil (high transmission) compared to Maprik (intermediate transmission). 

This suggests that differences in immunity may play a role when drawing comparisons between 
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studies, where differences in immunity are supposedly larger than within a cohort. It is conceivable 

that children from Mugil, probably characterized by more advanced immunity owing to higher 

transmission, are better equipped to control several concurrent clones than children from Maprik, 

leading to shorter infection durations despite higher transmission.    

In the Ghanaian cohort, clone detectability as well as parasite densities decreased with age (31). In 

PNG, detectability was not strongly related to overall parasite density but rather inversely correlated to 

MOI. This effect was stronger in intermediate-transmission Maprik than in high-transmission Mugil. 

One possible explanation may be a more advanced anti-malarial immunity of children in the Mugil 

cohort, who were almost constantly infected. As result they might be better able to control the density 

of superinfecting clones and to prevent expansion of a dominant clone in an already populated host, 

which is supported by the overall lower parasite densities (Figure 2D). Anti-malarial immunity in 

children from Maprik, in contrast, may still be incomplete and permit high density clones that could 

suppress minority clones. Concurrent clones may thus be more in numerical equilibrium and therefore 

easier detectable in children of the Mugil cohort compared to children from Maprik, despite the overall 

lower densities and higher MOI in Mugil.   

When FOI was modeled including adjustments for clone detectability and clearance rate, it became 

evident that accurately estimating FOI is complex when sampling intervals approach the duration of 

infection. Median infection duration in Mugil was only 38 days and sampling was performed in 

monthly intervals. This suggests that a large proportion of infections in Mugil were only present in the 

host at one sampling visit, where they may or may not be detected. In contrast, sampling in Maprik 

was performed in two-weekly to monthly intervals and infections lasted on average 62 days. Infections 

were thus present in the host at up to four sampling visits in Maprik and were more likely to be 

detected compared to the Mugil cohort. As result, modeled FOI differed more drastically between 

studies than was anticipated based on the mean individual exposure, which does not take into account 

infection duration.   

Because the primary objective of this analysis was assessing the duration of natural infections, we 

excluded triplets that included anti-malarial treatment when a child was symptomatic. Since malaria 

episodes are often caused by a new infection (40), we thereby selectively removed samples with a 

recent new P. falciparum infection. As result, the true FOI is likely even higher than the modeled FOI 

in both studies. Because more malaria episodes occurred in the Mugil compared to the Maprik cohort 

(23,24), this bias is expected to be more pronounced in Mugil. The true differences in exposure to new 

infections between the two studies may thus have been even larger than described by the modeled 

FOI.  
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SUPPLEMENT 

 

Supplement S1 Text:  

Estimation of force of infection and clearance rates allowing for imperfect detectability 

 
Analysis of the genotypes of malaria parasites in sequential blood samples collected several weeks 

apart from the same infected host, can be used to estimate the force of infection (FOI) of the parasite. 

Such data can also be used to estimate how long parasites persist if they are not treated. A significant 

complication is that even PCR does not detect all infections (1). This means that, when serial samples 

from the same host are considered, disappearance of a specific genotype in the second sample of a pair 

(a “loss” corresponding to a (+ −) pattern) can be either the result of imperfect detection of a persisting 

clone, or of clearance. Similarly, a “gain” (− +) can be the result of acquisition of parasites of the 

specific genotype, or of imperfect detection in the first sample of the pair.  

The mathematics is best illustrated by the case of exchangeable genotypes, i.e. the rates of clearance of 

each genotype are the same and each genotype is equally detectible. In applications where this 

assumption does not hold, analyses can be carried out stratified by genotype or host characteristics. To 

estimate the rates of clearance allowing for the proportion of clones that are detected, sequences of at 

least three samples need to be considered. The following text is an expanded version of the original 

exposition of this method (2). 

Clearance and detectability 

To estimate the clearance rates and the detectability, a simple analytical approach is to group the data 

into “triplets” comprising sequences of three samples starting with each one that typed positive for 

each specific genotype, so that the total number of triplets is equal to the sum over all genotypes of the 

positive typings. These are then categorized according to the typing result and the presence of data for 

the second and third samples into categories (Figure 1 and Table 1). 

The analysis estimates both the detectability and the probability that an infection existing at the start is 

cleared during the interval between the first sample (t=1) and the second sample (t=2) assuming a 

Markov process for clearance (2), and assuming the probability of reinfection within the same interval 

to be close to zero. The typing results at t=2 depend on probability, (M) , of clearance of an infection 

during any single interval and on the proportion of true infections detected in any given sample (S), as 

indicated in Table 1. In the case that the sample at t=2 is negative, the samples at t=3 are informative 

about whether a negative sample at t=2 was a true, or false negative. This method classifies pairs or 

triplets commencing with a positive sample into four categories (numbered 1-4 in Table 1 and Figure 
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1A), depending on the existence of data from samples at time t=2 and t=3. The likelihood of each of 

these 4 patterns, equivalent to the probability that it will be observed, conditional on the availability of 

the required typing data, is given in Table 1.  

The original method (2) (Figure 1) analyses only the minimal dataset required to make the problem 

identifiable, counting only the pairs or triplets where samples are available at t=2, and distinguishing 

between cases where only pairs of samples (t=1 and t=2) are available from those where full triplets 

are available (t=1, t=2 and t=3). When the second sample is positive, the status at t=3 is not 

considered. The approach can be extended to incorporate information from all triplets with data from 

t=3, or from more complicated sample sets, including sequences of 4 or more samples and sequences 

with missing data. One such example is the case when the data at t=2 is missing (Figure S1B), but a 

sample at t=3 has been typed. Positivity at t=3 is then also indicative of persistence, and thus the t=3 

provides some additional information about M and S. In the case that complete data are available from 

longer sample sets, the method is equivalent to that of Sama (3). The challenge of extending the 

methodology to analysis of longer series with complex patterns of missing data remains to be 

addressed.  

Table 1. Patterns of infection detected by genotyping in sequences starting with positive samples, 
and their likelihoods 
K First sample Second sample Third sample Likelihood 
1 + + -, +, or missing !" = 1 − & ' 
2 + - + !( = 1 − & ( 1 − ' ' 
3 + - - !) = 1 −	!( − !" 
4 + - Missing !+ = 1 −	!" 
5 + Missing + !, = 1 − & (' 
6 + Missing - !- = 1 −	!, 
 

The values of M and S can be estimated by maximum likelihood from the overall likelihood 

constructed by multiplying the likelihoods for all the observed triplets, or equivalently from the log 

likelihood:  

./! = /0./!0

+

01"

 

 

where /0 is the frequency of triplet pattern k (Table 1). Alternatively, a Bayesian Markov chain Monte 

Carlo (MCMC) algorithm can be employed using WinBugs or JAGS software assigning uniform 

priors to both M and S (see Appendix below). The decision points in Figure 1 then correspond to 

stochastic nodes with the probabilities for each branch proportional to the likelihoods from Table 1. 

The MCMC approach has the advantage of providing interval estimates for the parameters, and also 

allows the uncertainty in the estimation of M and S to be propagated in further calculations (e.g. bias-

adjustments in estimates of FOI, see below). 
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Figure 1. Classification of triplets, illustrated as branching process. The circles represent 
stochastic notes, the squares represent branching where the frequencies depend on whether samples 
are available, and thus do not provide information about infection dynamics. (A) Analysis including 
only pairs and triplets with data at t=2. (B) Analysis including triplets with missing data at t=2.  

 

Infection/Acquisition probability 

The acquisition probability for each genotype is estimated from the data of sequential pairs of samples, 

where the sequence starts with a sample that typed negative. The naïve estimate of the average number 

of infections acquired in each interval for genotype, i, is then: 

Λ′4 =
/5	6

/5	5 	+ 	/5	6
 

	

where /5	6 is the total number of “gains” (− +) divided by the total intervals at risk, which is 

computed from sum of the number of “gains”, /5	6 , and /5	5 , the number of (− −) pairs for the 

genotype. This is a biased estimate of the true probability that there is a new infection during the 

interval,  Λ4, because of imperfect detection, which might affect either the first or second sample of the 

pair. The bias depends on M, S, and also on 84, the true point prevalence of the genotype (i.e. the 

proportion of hosts infected by it on average at a single time point) (Table 2).  

 
Table 2. Patterns of infections in sequences starting with samples testing negative for a specific 
genotype (i), and their probabilities of occurrence. 
 

K 
True 

pattern 
(T) 

Probability that 
this pattern 

occurs 

Probability that 
the first sample 
tests negative 

Probability that 
this pattern occurs 

and the first 
sample tests 

negative (Pr(T)) 

Probability (− −) 
is observed  

Pr(− − ¦T=k) if 
the first sample 
tests negative 

Probability (− +) 
is observed  

Pr(− +¦T=k) if 
the first sample 
tests negative 

1 - (1 – pi)(1 – Λi) 1 (1 – pi)(1 – Λi) 1 0 
2 + (1 – pi)Λi 1 (1 – pi)Λi 1 – S S 
3 + - piM 1 – S piM(1 – S) 1 0 
4 + + pi (1 – M ) 1 – S pi (1 – M ) (1 – S) 1 – S S 
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The overall probability that the observed pattern for genotype i in any sequential pair of samples is     

(− −) is obtained as: 

9: −	− = 9: T 9: −	− ¦T = k  

i.e. 

9: −	− = 1 − 84 1 − Λ4 + 1 − ' 1 − 84 >4 + 1 − ' 84& + 84 1 − & 1 − ' (, 

 

and the overall probability that the observed pattern is (- +) is: 

9: −	+ = 9: T 9: −	+ ¦T = k  

i.e.	

9: − 	+ = ' 1 − 84 >4 + 84 1 − & (1 − ')'. 

 

In the large sample case, the observed proportion of intervals during which an infection appears to be 

acquired is then the ratio: 

Λ′4 =
9: −	+

9: −	− + 9: −	+
	

which is therefore equivalent to: 

 

Λ′4 =
'>4 − '84 >4 − 1 − ' 1 − &

1 − '84
 

and,	

Λ′4 =
'>4 − 8′4 >4 − 1 − ' 1 − &

1 − 8′4
	

 

where:	8′4 = '84, is the point prediction of the observed prevalence which is estimated by: 

8′4 =
/6

/5 	+ 	/6
 

/5 is the total number of samples testing negative for the genotype, and /6 is the total testing positive.  

Solving for Λ4 and substituting the field-based estimates, provides a formula for the bias adjusted 

estimate of Λ4 as a function of 8′4 and of the estimated detectability, ', and clearance probability, & .  

 

>4 =
ΛA4 − 8′4 ΛA4 + 1 − ' 1 − &

' − 8′4
 

 

This is a correction to the formula originally published in 1999 (2). 
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The ratio, >4 ΛA4 which measures the bias in the crude estimate of the number of new infections, is 

highly sensitive to '. If detection is perfect, it has a value of 1.0, corresponding to no bias. At low 

values of ', >4 can be substantially higher than ΛA4	especially if & is high, corresponding to long 

survey intervals or rapid turnover of infections (Figure 2).  Within the ranges observed in field studies 

in Tanzania and Ghana (2,3) the ratio of >4 ΛA4 is a non-monotonic function of ' but remains fairly 

close to unity (implying only modest levels of bias). The bias is very insensitive to 8′4 over a wide 

range of prevalence values. In general, since the analysis is applied to genotype specific data, 8′4 is 

expected to be low. 

 

 

                                   & = 0.5 

  

                 

   >4 ΛA4        

& = 0.2 

                     & = 0.1  

                     & = 0.05  

 

 

 

Figure 2. Bias in estimated FOI. The quantity plotted is the ratio of the true value to the unadjusted 
estimate in each case for 8′4 = 0.002	. The horizontal dashed line corresponds to the case of no bias.  
 

 

Conversion to rates 

& and >4 are estimates of transition probabilities, and are therefore specific for the interval length used 

in any specific study. These must be converted to rates in continuous time if they are to be compared 

across studies with different interval durations. The continuous time analogues correspond to the 

reversible catalytic model (4,5). This provides expressions for transition probabilities as functions of 

the rates:   

>4 =
F4

F4 + GH
1 − IJ8 − F4 + GH K 	



Chapter 4: Dynamics of natural P. falciparum infections in PNG  
 

108 
Working manuscript 

and: 

	& =
GH

F4 + GH
1 − IJ8 − F4 + GH K 	

 

where t is the duration of the inter-survey interval, G is the estimate of the clearance rate, and F4 is the 

estimate of the genotype specific FOI. Rearrangement of these formulae and solving for GH and F4 

gives: 

GH =
−&./ 1 − >4 + &

>4 + & K	
 

 

and:  

F4 =
>4
&
GH 

 

The overall FOI is estimated as the sum of the individual F4	values. Although we use a common value 

of & across all genotypes, this analysis leads to slightly different values of GH. The mean of these 

calculated allele-specific values is reported as the clearance rate, G. The reported average duration of 

infection in days is then proportional to the reciprocal of this value, 1/G.  

 

Interval estimation  

Estimation of FOI, clearance rates, and detectability can be carried out by Maximum Likelihood, or 

alternatively by Bayesian MCMC. The latter has the advantage that it provides sampling-based 

interval estimates for all the parameters, potentially allowing for the uncertainties at each stage of the 

algorithm. Code for MCMC estimation is appended.  
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WinBugs/JAGS code for estimating &, S, F4, GH. 

 

# IMPLEMENTATION OF THE MODEL OF FIGURE S1A WITH DETERMINISTIC 
ESTIMATION OF THE FORCE OF INFECTION 
model {   
#ESTIMATION OF M AND S 
  L1<- (1-M)*S 
  L2<- (1-M)*(1-M)*(1-S)*S  
  L3<- 1 - L1- L2 
  L4<- 1 - L1 
 
#   
  pr2<- L2/(L2+L3) 
  s1total <- n11+n101+n100+n10 
  s2total <- n101+n100 
 
# binomial sampling of stochastic nodes 1, 2 
  n11  ~ dbin(L1,s1total) 
  n101 ~ dbin(pr2,s2total) 
 
# uniform prior for M and S  
  M ~ dunif(0,1)  
  S ~ dunif(0,1)  
 
#ESTIMATION OF FORCE OF INFECTION AND BIAS ADJUSTMENT  
 for (i in 1:NumberOfGenotypes) 
   { 
   L[i] <- (lambdaPrime[i] - p[i]*(lambdaPrime[i] + (1-M)*(1-S)))/(S - 
p[i]) 
   p[i] <- n1[i]/n[i]  
   lambdaPrime[i] <- n01[i]/n0[i] 
 
# transform to continuous time 
   muDaily[i]<- -M*log(1-(L[i]+ M))/((L[i]+M)*t) 
   lambdaDaily[i]<- -L[i]*log(1 - (L[i]+M))/((L[i]+M)*t) 
 } 
 
#summaries over all genotypes 
ClearanceDaily<-mean(muDaily[]) 
FOIDaily<-sum(lambdaDaily[]) 
} 
 
 
# TEST DATA 
 
list(NumberOfGenotypes=7, n11=211, n101=61, n100=209,n10=71,t=14) 
 
n0[]  n01[] n[] n1[] 
560 11 3000 53 
560 18 3000 57 
560 10 3000 43 
560 9 3000 23 



Chapter 4: Dynamics of natural P. falciparum infections in PNG  
 

110 
Working manuscript 

560 11 3000 56 
560 15 3000 72 
560 5 3000 15 
END 
 
# EXAMPLE INITIAL VALUES (1 CHAIN) 
list( 
M = 0.1440881879701678, 
S = 0.4112187770372916, 
logitlambdaPrime = c( 
-4.207892579282936,-4.168605593430168,-3.965568672495186,-
4.388163834738868,-3.892549139358283, 
-3.908037902822194,-5.066532048318275), 
logitlambdaPrimebar = -3.823480945836294, 
logitp = c( 
-4.086307570550217,-4.004132629521775,-4.390522771059175,-
4.994397880509394,-3.750283683731104, 
-3.892052972624451,-5.191441694450187), 
logitpbar = -4.172449215059147, 
tau = 2.818547930754359, 
taup = 2.08985431148514) 

 
# IMPLEMENTATION OF THE MODEL OF FIGURE S1B WITH STOCHASTIC ESTIMATION OF 
THE FORCE OF INFECTION 
model {   
#ESTIMATION OF M AND S 
  L1<- (1-M)*S 
  L2<- (1-M)*(1-M)*(1-S)*S  
  L3<- 1 - L1- L2 
  L4<- 1 - L1 
  L5<- (1-M)*(1-M)*S 
  L6<- 1 - L5 
#   
  pr2<- L2/(L2+L3) 
  pr3<- L5/(L5+L6) 
  s1total <- n11+n101+n100+n10 
  s2total <- n101+n100 
  s3total <- n1_1+n1_0 
 
# binomial sampling of stochastic nodes 1, 2 and 3 
  n11  ~ dbin(L1,s1total) 
  n101 ~ dbin(pr2,s2total) 
  n1_1 ~ dbin(pr3,s3total) 
 
# uniform prior for M and S  
  M ~ dunif(0,1)  
  S ~ dunif(0,1)  
 
#ESTIMATION OF FORCE OF INFECTION AND BIAS ADJUSTMENT  
 for (i in 1:NumberOfGenotypes) 
   { 
   L[i]<- (lambdaPrime[i] - p[i]*(lambdaPrime[i] + (1-M)*(1-S)))/(S - p[i]) 
   n1[i]~dbin(p[i],n[i])  
   n01[i]~dbin(lambdaPrime[i],n0[i])  



Chapter 4: Dynamics of natural P. falciparum infections in PNG  
 

111 
Working manuscript 

 
# random effects for genotype specific prevalence and incidence 
   lambdaPrime[i]<- 1/(1+exp(-logitlambdaPrime[i])) 
   logitlambdaPrime[i]~dnorm(logitlambdaPrimebar,tau) 
   p[i]<- 1/(1+exp(-logitp[i])) 
   logitp[i]~dnorm(logitpbar,taup) 
 
# transform to continuous time 
   muDaily[i]<- -M*log(1-(L[i]+ M))/((L[i]+M)*t) 
   lambdaDaily[i]<- -L[i]*log(1 - (L[i]+M))/((L[i]+M)*t) 
 } 
 
#priors for metaparameters of random effects 
logitlambdaPrimebar~dnorm(0,1.0E-2) 
tau~dunif(0,10) 
logitpbar~dnorm(0,1.0E-2) 
taup~dunif(0,10) 
 
#summaries over all genotypes 
ClearanceDaily<-mean(muDaily[]) 
FOIDaily<-sum(lambdaDaily[]) 
} 
 
 
# TEST DATA 
 
list(NumberOfGenotypes=7, n11=211, n101=61, 
n100=209,n10=71,n1_0=30,n1_1=10,t=14) 
 
n0[]  n01[] n[] n1[] 
560 11 3000 53 
560 18 3000 57 
560 10 3000 43 
560 9 3000 23 
560 11 3000 56 
560 15 3000 72 
560 5 3000 15 
END 
 
# EXAMPLE INITIAL VALUES (1 CHAIN) 
 
list( 
M = 0.2938271930359447, 
S = 0.5093814682038473, 
logitlambdaPrime = c( 
-3.562748062328747,-3.678312884623953,-3.841609547868719,-
4.561559522968858,-3.54204822963872, 
-3.543603660614651,-4.123941440039693), 
logitlambdaPrimebar = -3.637727825838637, 
logitp = c( 
-4.164460955662759,-4.017057261011612,-4.191668882209104,-
4.558031283327824,-3.778424732596439, 
-3.785125363187561,-4.934854572547822), 
logitpbar = -4.653282454126015, 
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tau = 2.097024953285597, 
taup = 2.599193884837493) 
 
 
# M,S, ClearanceDaily and FOIDaily are the main parameters of interest. 
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Supplement S2 Table: 

 

Table S2. Comparison of strategies to account for anti-malarial treatment in the Maprik cohort.  

 Full dataset 

Strategy 1 
Exclusion of children 

that received anti-
malarial treatment 

Strategy 2 
Exclusion of triplets 
that comprised anti-
malarial treatment 

Number of children 504 374 504 

Number of triplets1    

Total 351 230 285 

+ + X2 100 79 91 

+ – + 23 18 22 

+ – – 120 53 75 

+ – ? 36 26 28 

+ ? + 20 17 20 

+ ? – 52 37 49 

 Median (CI95) Median (CI95) Median (CI95) 

Detectability S 55 (41-68) 58 (44-72) 57 (43-70) 
Adjusted acquisition rate λ 

(infections/year) 3.8 (3.1-4.8)  2.8 (2.2-3.6)3 3.3 (2.7-4.2)3 

Infection duration µ-1 (days) 47 (35-80) 69 (45-176) 62 (42-127) 
 

1 Only triplets starting with a positive detection are counted. 
2 X: any of +, –, or ? 
3 Exclusion of children that received anti-malarial treatment, or exclusion of triplets that comprised anti-malarial 

treatment introduces bias towards lower acquisition rates since highly exposed children, or time points of new 
infections, are selectively removed. Lower acquisition rates compared to the full dataset are therefore to be 
expected. 
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Supplement S3 Figure: 

 
S3 Figure: Age and exposure are not correlated in the Mugil and Maprik cohorts. 
Gaussian generalized linear regression revealed no significant associations between age and 
exposure (Mugil p=0.376; Maprik p=0.452)  
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Supplement S4 Text: 
 
 

Investigating the effect of P. vivax co-infection on P. falciparum infection duration 
 

 
. 

 

Figure 1. P. vivax co-infection and exposure to P. falciparum are highly correlated in the Maprik 
cohort but not the Mugil cohort. Exposure to P. falciparum is plotted against P. vivax carriage per 
child. Individual exposure to P. falciparum was calculated as described in the methods section (y-
axis). P. vivax carriage was calculated as the proportion of P. vivax qPCR-positive samples in all 
samples collected per child (x-axis). The median P. vivax carriage per study was used to define the 
cutoff between groups of low and high P. vivax carriage. Association of P. vivax carriage and exposure 
to P. falciparum was assessed using Gaussian generalized linear models. A significant association was 
found for the Maprik cohort (β = 5.95 [CI95: 4.59 - 7.31], p<0.001), but not the Mugil cohort (β = -0.81 
[CI95: -4.05 - 2.42], p=0.622). 
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Table 1. The apparent effect of P. vivax carriage on P. falciparum infection durations in the 
Maprik cohort is likely an artifact caused by the correlation of P. vivax carriage with exposure 
to P. falciparum. Differing P. vivax carriage has no effect on P. falciparum infection durations in the 
Mugil cohort. In the Maprik cohort, patterns in triplet model outcomes between groups of low and 
high P. vivax carriage match those between P. falciparum exposure categories. The median P. vivax 
carriage per study was used to define the cutoff between groups of low and high P. vivax carriage. 

 

 
Detectability S 

(%) 
Median (CI95) 

Infection duration µ-1 
(days) 

Median (CI95) 

Adjusted acquisition 
rate (λ) 

Median (CI95) 

Mugil cohort    
P. vivax carriage    

Low  79 (72-85) 41 (36-48) 14.7 (13.2-16.7) 
High  76 (67-83) 34 (29-41) 14.2 (12.4-16,6) 

P. falciparum exposure    
Low  79 (72-85) 32 (27-39) 9.6 (8.2-11.5) 
High 76 (67-83) 42 (37-49) 22.5 (20.2-25.3) 

Maprik cohort    
P. vivax carriage    

Low  63 (44-80) 48 (32-103) 1.8 (1.4-2.6) 
High 51 (36-69) 88 (46-660) 10.6 (7.9-14.1) 

P. falciparum exposure    
Low  73 (49-90) 37 (25-68) 4.1 (3.1-6.1) 
High 50 (37-66) 98 (51-713) 28.9 (21.6-38.8) 
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SUPPLEMENT 

S1 TEXT 
 

Evaluation of the multivariate analysis (GEE models) of P. vivax  and P. falciparum. 
 

A   B  
Figure S1.1 Density distribution of P. vivax. (A) Pv blood-stage densities by genomic 18S rRNA copies/µl 
(log10). (B) Pv gametocytes densities by pvs25 transcript copies/µl (log10). Log10 transformations of 
copies/µl show normal distribution.  

 

A   B  
Figure S1.2 Density distribution of P. facliparum. (A) Pf blood-stage densities by genomic 18S rRNA 
copies/µl (log10). (B) Pf gametocytes densities by pfs25 transcript copies/µl (log10). Log10 transformations of 
copies/µl show almost normal distribution.  

 

A B  

Figure S1.3 Scatterplot of Pv (A) and Pf (B) blood-stage vs. gametocyte density (log10). 
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Supplementary Figure S1 

  

Figure S1. Gametocyte and overall parasite density in submicroscopic and LM-positive Pv (top) and Pf 
(bottom) infections. A. and C. Pv and Pf gametocyte densities were expressed as log10 of pvs25 and pfs25 
transcripts/µl. B. and D. Pv and Pf parasite densities were expressed as log10 of Pv- and Pf-18S rRNA gene 
copies/µl. C. and E. Pv and Pf normalized gametocyte densities. Densities were normalized by division of 
pvs25 and pfs25 transcripts/µl by Pv- or Pf-18S rRNA genomic copies/µl, respectively. 
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Supplementary Figure S2 

 

Figure S2. Gametocyte and parasite density in symptomatic and asymptomatic Pv (top) and Pf (bottom) 
infections. A. and C. Pv and Pf gametocyte densities were expressed as log10 of pvs25 and pfs25 transcripts/µl.  
B. and D. Pv and Pf parasite densities were expressed as log10 of Pv- and Pf-18S rRNA gene copies/µl. C. and E. 
Pv and Pf normalized gametocyte densities. Densities were normalized by division of pvs25 and pfs25 
transcripts/µl by Pv- or Pf-18S rRNA genomic copies/µl, respectively. 
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Supplementary Figure S3 

 

Figure S3. Gametocyte positivity and density in subsequent (i.e. not first) Pv (top) and Pf (bottom) 
infections after treatment with blood-stage anti-malarials alone (Placebo) or blood-stage anti-malarials 
plus Primaquine (PQ). A. and C. Proportion of Pv and Pf gametocyte carriers among subsequent infections by 
treatment arm. Figures within the bars indicate absolute numbers of gametocyte-positive subsequent infections 
following treatment. Error bars indicate 95% confidence intervals by Chi2 distribution. B. and E. Normalized Pv 
and Pf gametocyte densities in subsequent infections by treatment arm. Normalization was done by dividing 
pvs25 or pfs25 transcript numbers/µl by Pv- or Pf-18S rRNA copy numbers/µl. C. and F. Absolute Pv and Pf 
gametocyte densities in subsequent infections by treatment arm. Densities are expressed as log10 of pvs25 and 
pfs25 transcripts/µl. 
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General Discussion 
 

The central theme of this thesis was the molecular epidemiology and infection dynamics of 

submicroscopic and asymptomatic P. falciparum infections, whose relevance for malaria elimination 

has received much attention recently (Bousema et al., 2014; Okell et al., 2012). This chapter focuses 

on the translational research aspects of this thesis and their significance of for planning of intervention 

and surveillance strategies for malaria elimination. It further discusses limitations of this thesis and 

gives directions for future research. 

7.1 Relevance of submicroscopic and asymptomatic infections for malaria control  

Accurate estimates of malaria transmission are imperative to inform malaria control programs; 

however, the surveillance strategy used and choice of diagnostics have a major impact on the accuracy 

of the obtained estimate. Monitoring of clinical malaria cases at health facilities is easier implemented 

than active screening of large populations, but it ignores asymptomatic infections that play a major 

role in sustaining transmission (Bousema et al., 2012a; Bousema et al., 2014; Cheng et al., 2015; 

Churcher et al., 2013; Okell et al., 2009, 2012). In our study population, P. falciparum was the most 

frequent species detected in clinical cases although asymptomatic infections with P. vivax were much 

more common than with P. falciparum (chapter 3). Monitoring of clinical cases only, even if based on 

active case detection like in the Albinama cohort, thus has severe shortcomings to reflect species 

composition of the asymptomatic reservoir in settings where several species co-exist. This is because 

immunity is developed at different rate to different species (chapter 3) (Karyana et al., 2008; Koepfli 

et al., 2013; Lin et al., 2010; Maitland et al., 1996; Michon et al., 2007; Phimpraphi et al., 2008). 

Little evidence exists on the proportion of infections that remain purely asymptomatic until 

naturally cleared by the immune system and that would thus completely evade clinical surveillance. 

Longitudinal tracking of P. falciparum and P. vivax clones in the Albinama cohort allowed estimating 

the infection rate and the proportion of purely asymptomatic infections. Within eight months after the 

initial treatment, 40% and 20% of children were re-infected with P. vivax and P. falciparum¸ 

respectively, without ever presenting any symptoms, as opposed to 20% of children who became 

symptomatic (chapter 3). The majority of clones detected in samples from symptomatic malaria 

episodes were not detected previously in the same child, suggesting a recent new infection as cause for 

the episode (Figure 1). Assuming that each episode was caused by a single infecting clone, only 4% of 

849 P. vivax and 20% of 342 P. falciparum genetically distinct new infections proceeded to 

symptomatic disease. Asymptomatic infections hence make up the vast majority particularly of P. 
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vivax malaria in semi-immune school-aged PNG children, with even larger proportions to be expected 

in adults (Kasehagen et al., 2006; Koepfli et al., 2015).  

 
Figure 1. Proportion of P. falciparum and P. vivax asymptomatic clones versus clones detected in episodes 
in the Albinama study. Asymptomatic clones are defined as detected only in asymptomatic samples but not in 
an episode sample of a child. The majority of clones observed in episode samples were new infections not 
observed in the preceding samples from the same child (“new infections”). Some clones observed in episodes 
had been detected before in the same child (“persisting clones”). The proportion of asymptomatic clones versus 
clones in episodes is visualized by age group.  

 

Although long debated, it is now clear that the long-term health and societal consequences of 

chronic, asymptomatic malaria infections outweigh their potential benefits for the human host (Chen et 

al., 2016; Greenwood, 1987) such as conferring anti-malarial immunity and mitigating the severity of 

super-infections (Smith et al., 1999). Indeed, we found indications that higher exposure to P. 

falciparum conferred some protection against symptomatic P. falciparum malaria in the Albinama 

cohort; however, this did not outweigh the risks associated with frequent infection. Children living in 

the highest endemic villages still carried the main burden of disease (chapter 3). Our results therefore 

support the need for treatment of asymptomatic infections, which is increasingly appreciated as a 

cornerstone of successful malaria elimination strategies (Bousema et al., 2014; malERA Consultative 

Group on Diagnoses and Diagnostics, 2011). 

Mass drug administration (MDA) includes treatment of all asymptomatic carriers and, if high 

coverage can be achieved, may serve as a valuable elimination tool despite fears of accelerating the 

development of drug resistance (Newby et al., 2015). A variety of test-and-treat strategies are being 

evaluated to mitigate the risks of MDA (Sturrock et al., 2013), however, are intrinsically limited by the 

sensitivity of the diagnostic test used to detect low-density malaria infections (Cook et al., 2015a; 

Mosha et al., 2013; Tiono et al., 2013). RDTs are often used in test-and-treat interventions and have a 

limit of detection comparable to LM, which fails to detect half of P. falciparum infections and two 

thirds of P. vivax infections world-wide (Bousema et al., 2014; Cheng et al., 2015; Okell et al., 2009, 
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2012). Also in our cross-sectional study in high-endemic Rufiji/Tanzania, as well as in the medium-

endemic Albinama cohort in PNG, more than half of infections with P. falciparum (and P. vivax) were 

not detected by LM (chapters 2 and 3). In Rufiji, application of two ultra-sensitive qPCR assays 

uncovered a much larger extent of submicroscopic infections than previously anticipated, as almost a 

third (48/169) of submicroscopic infections were only identified by ultra-sensitive PCR but not 

standard PCR (chapter 2). Similar observations of ultra-low density infections were made for P. 

falciparum and P. vivax infections along the Thai/Myanmar border, Cambodia and Vietnam using 

high-volume blood sampling-ultra sensitive PCR (Imwong et al., 2014, 2015a, 2015b). The extent of 

asymptomatic malaria is therefore underestimated even by standard PCR, and consequentially even 

more so by RDT or LM. This casts further doubt on the usefulness of test-and-treat approaches for 

malaria elimination. Whether even more malaria infections would be found if sensitivity of detection 

increased further, and which level of sensitivity is required for sensible diagnosis of parasitemia in 

test-and-treat interventions remains to be investigated.  

The relevance of detecting and treating ultra-low density infections is questionable since 

transmission to mosquitoes occurs less frequently at low density of blood-stage parasites (Ross et al., 

2006) or gametocytes (Churcher et al., 2013) compared to high-density infections. However, until 

more is known on the fate of ultra-low density infections in the human host, aiming for the most 

sensitive detection method available seems prudent if accurate estimates of parasite prevalence are 

required.  

In their current setup, the two ultra-sensitive assays for detection of P. falciparum are mainly 

applicable for monitoring parasite prevalence in random community samples or cross sectional 

surveys in a central core facility with the required equipment. Because PCR requires DNA extraction 

and temperature cycling it is currently not applicable for point-of-care (POC) diagnosis. However, the 

rapid development of microfluidic devices (Tay et al., 2016) may soon enable field-based PCR using 

lab-on-a-chip or battery-operated devices (Nair et al., 2016) if the need for DNA extraction can be 

overcome. Alternatively, isothermal amplification methods such as LAMP seem easier field-

applicable (Cook et al., 2015b; Oriero et al., 2015), although concerns exist on the specificity and 

false-positivity rate of LAMP (Felger/Antunes-Moniz, personal communication). Other strategies aim 

at improving performance of RDT by concentration of the sample material (Pereira et al., 2015). In 

light of this variety of approaches, achieving sensitive POC malaria diagnosis seems feasible within 

the near future. These may have major implications on the design of malaria elimination strategies 

particularly in areas where emerging drug resistance renders MDA the undesired strategy towards 

screen-and-treat campaigns. 
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7.2 Evaluating heterogeneity in transmission for targeting of interventions  

Heterogeneity in malaria transmission is observed on global (Gething et al., 2011, 2012), 

regional, and local scale down to the household level in areas of unstable transmission as well as in 

high-endemic areas (Bejon et al., 2014; Gaudart et al., 2006; Hu et al., 2016; Rosas-Aguirre et al., 

2015; Sissoko et al., 2015). Different factors such as presence of water bodies and mosquito breeding 

sites, vegetation, climate, altitude, human behavioral factors, housing structure and genetic factors 

influence local malaria transmission and exposure of the individual to mosquito bites (Bousema et al., 

2012b). This heterogeneity is recognized as a major challenge to malaria control, but vice versa also 

appreciated as opportunity to maximize intervention effectiveness. This can be achieved by specific 

targeting of interventions to pockets of highest transmission that may fuel malaria transmission in a 

wider area (Bousema et al., 2012b). While theoretically promising, the evidence base comparing 

spatially targeted interventions to untargeted community-based approaches is thin. A recent cluster-

randomized controlled trial in Kenya evaluated the effects of focally targeted larviciding, LLIN 

distribution, IRS, and focal mass drug administration against the standard national malaria control 

policy and found no sustained effect on P. falciparum prevalence outside the spatial limits of the 

targeted areas (Bousema et al., 2016). Also mathematical modeling suggests that effects of vector 

control measures are higher when interventions are spatially distributed over large areas (Lutambi et 

al., 2014), and that drug campaigns are less effective when selectively targeted to high-transmission 

areas compared to untargeted approaches (Gerardin et al., 2016).  

The Albinama cohort study took place in the East Sepik/PNG approximately 2 years after a 

nationwide distribution of LLINs (Hetzel et al., 2012). P. falciparum and P. vivax transmission varied 

drastically between villages in spite of the fact that the participating children spent on average more 

than 90% of nights protected by a LLIN in all villages (chapter 3). Similar micro-geographical 

heterogeneity in malaria transmission has been described in several other studies conducted before the 

countrywide distribution of LLINs in various areas in PNG (Cattani et al., 1986; Genton et al., 1995; 

Mueller et al., 2009; Müller et al., 2003). A main challenge is explaining why this heterogeneity in 

malaria transmission can persist despite the high coverage with LLINs, and requires identifying the 

underlying patterns of human behavioral factors and vector characteristics such as species 

composition, biting behavior or vectorial capacity. This data is crucial to inform future planning of 

control strategies in PNG, which will need to address the micro-geographical differences in malaria 

transmission in absence of high-resolution data for most areas of PNG. Based on the geographical 

patterns observed in children in the Albinama cohort, where high episode incidence marked villages 

with highest transmission, reactive case detection (RCD) may be a promising approach to target 

geographically heterogeneous malaria in PNG. In RCD, clinical malaria cases presenting to a health 

facility trigger active screening of individuals living in a pre-defined radius around the origin of the 

index case and treatment of all parasite carriers. RCD has shown promising results in Zambia and 
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Swaziland (Larsen et al., 2015; Sturrock et al., 2013), but in contrast, effectiveness of RCD was 

limited in settings where exposure does not occur within the community (Hustedt et al., 2016; Littrell 

et al., 2013).  

Parasite prevalence is the most widely accepted metric to measure malaria transmission in cross-

sectional studies (Gething et al., 2011, 2012; Tusting et al., 2014), which are the most commonly 

performed type of study within malaria control programs. Other parameters such as the multiplicity of 

infection (MOI) or the proportion of single clone infections are based on parasite genotyping, and 

realistically reflect differences in malaria transmission between countries or after anti-malarial 

interventions (Anderson et al., 2000; Ibara-Okabande et al., 2012; Nkhoma et al., 2013). The 

usefulness of these three cross-sectional parameters for assessing small-scale variations in malaria 

transmission was validated in the Albinama cohort using Pf-molFOI and Pv-molFOB (after PQ 

treatment) as a longitudinal, molecular gold standard of transmission from mosquitoes. By village, P. 

falciparum parasite prevalence by PCR correlated almost perfectly with Pf-molFOI (Figure 2). Also for 

P. vivax, prevalence showed the best correlation with Pv-molFOB by village (after PQ treatment), but 

generally correlations were weaker than for P. falciparum due to the contribution of relapses that 

dampened variations in cross-sectional parameters between villages (Figure 2). Parasite prevalence by 

PCR, the easiest obtainable molecular metric in cross-sectional studies, therefore closely reflects 

small-scale variations in transmission and can be used for identifying pockets of high transmission and 

investigating the underlying factors of transmission heterogeneity.  

 

 
Figure 2. Correlation of surrogate markers of transmission by village. Prevalence, MOI and the 
proportion of single-clone infections can be assessed in cross-sectional studies. Measuring molFOI/molFOB 
requires longitudinal studies but provides more accurate estimates of transmission.  
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7.3  PQ treatment in malaria control: risks and benefits  

PQ treatment is currently advocated for two applications in malaria control: (i) for clearance of P. 

vivax and P. ovale hypnozoites and prevention of relapse, for which a 14-day administration schedule 

á 0.25 mg/kg is required (WHO, 2015); and (ii) for reduction of post-treatment P. falciparum 

gametocyte carriage using a single dose of PQ along with ACT (White, 2013; World Health 

Organization, 2015). Clinical use of PQ is severely limited due to its hemolytic effect in individuals 

with reduced activity of the red blood cell glucose-6-phosphatase dehydrogenase (G6PD) (Alving et 

al., 1956), which affects up to 30% of the population in malaria-endemic areas in Africa (Howes et al., 

2012). In PNG, the prevalence of G6PD-deficiency varies throughout the country and ranges from 1% 

along the south coast to 15% in the East Sepik (Howes et al., 2012).  

Treatment of confirmed P. vivax and P. ovale malaria in G6PD-normal patients with ACT plus 

PQ is now recommended at all endemicity levels by WHO, acknowledging a previous underestimation 

of malaria morbidity attributable to relapses (WHO, 2015). Results from the Albinama cohort support 

the validity of this revised recommendation. Our results even suggest mass drug administration of PQ 

in areas such as PNG, where the fast-relapsing tropical strain of P. vivax is endemic and relapses 

account for four out of five P. vivax infections; and where the majority of the population carries 

dormant hypnozoites (Robinson et al., 2015). The detailed investigation of patterns in malaria 

infection and disease the Albinama cohort (chapter 3) showed that frequent relapses remain the main 

source of P. vivax morbidity in 5-10 year old, semi-immune children in PNG. At this age, children in 

the East Sepik have acquired substantial clinical immunity to P. vivax over years of exposure with at 

least 5 (chapter 3, in 5-10 year old children) to 14 (Koepfli et al., 2013; in 1-4 year old children) 

genetically distinct blood-stage infections per year. Due to the genetic diversity of these past P. vivax 

infections, it is conceivable that semi-immune children in PNG may be equally able to control new P. 

vivax infections from infective bites and relapsing infections. This is because relapses are not always 

genetically identical to the primary infection but can also be meiotic siblings (Bright et al., 2014).  

Our results therefore emphasize the necessity of PQ treatment for reducing P. vivax infection and 

morbidity in PNG. Currently, the absence of a reliable and affordable RDT for G6PD deficiency 

testing as well as the poor quality of PQ available in the public as well private sector in PNG (Hetzel 

et al., 2014) are the main obstacles preventing effective treatment of the P. vivax hynozoite reservoir. 

However, new RDTs for point-of-care diagnosis of G6PD deficiency are currently being tested in field 

settings (Adu-Gyasi et al., 2015; Kim et al., 2011; Ley et al., 2015) that could be used to mitigate the 

risk of hemolysis caused by PQ treatment in health facilities or during MDA campaigns. Tafenoquine, 

an 8-aminoquilone with better efficacy than PQ, can be given as single dose and is currently being 

tested in phase 3 trials (Rajapakse et al., 2015).  In contrast to the 14-day PQ treatment regimen 

required for effective clearance of P. vivax hynozoites, the arrival of Tafenoquine would therefore 

drastically simplify the implementation of MDA using hypnozoite-clearing drugs.      
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Reducing the prevalence of P. vivax in areas where it is co-endemic with other Plasmodium 

species may have secondary effects particularly on P. falciparum infections due to altered within-host 

cross-species interactions. P. falciparum and P. vivax seem to mutually reduce prevalence of the other 

species and P. vivax infections seem to lower the risk of P. falciparum clinical disease (Mayxay et al., 

2004). Also in the Albinama cohort we observed that a concurrent P. vivax infection was associated 

with reduced P. falciparum parasite densities (chapter 3), a reduced risk for P. falciparum episodes 

(chapter 3) and reduced P. falciparum gametocyte carriage (chapter 5; similar to Koepfli et al., 2015). 

It can therefore be hypothesized that by reducing P. vivax infections in the population using intensified 

PQ treatment, P. falciparum-associated malaria episodes and P. falciparum gametocyte carriage may 

temporarily and transiently increase. However, with the drastic decline in prevalence of both species in 

PNG, mixed P. falciparum/P. vivax infections have already become highly infrequent (Hetzel et al., 

2015; Koepfli et al., 2015) and their relevance for control is thus likely to wane even more in the 

future. 

In contrast to its importance for P. vivax control, the use of PQ as gametocidal drug in treatment 

of P. falciparum malaria has to be critically reviewed. Currently, PQ is the only licensed drug for 

clearance of mature P. falciparum gametocytes, which can circulate in the blood for three to six weeks 

after clearance of asexual stages by commonly used anti-malarial drugs and thus may be transmitted to 

mosquitoes (Bousema and Drakeley, 2011; Karl et al., 2015). In Ugandan children with uncomplicated 

malaria, a single dose of PQ (at 0.4 or 0.75 mg/kg) co-administered with artemether-lumefantrine 

(AL) shortened mean post-treatment gametocyte carriage from 12 to 6 days compared to AL alone 

(Eziefula et al., 2014). However, mathematical modeling suggests that due to the short half-life of PQ, 

administrating PQ together with blood-stage treatment does not effectively reduce infectivity 

(Lawpoolsri et al., 2009). This is because no residual PQ will be present at days 7-10 after the clinical 

episode, when gametocytes that were already sequestered in the bone marrow at the time of blood-

stage treatment will be released into the blood stream (Lawpoolsri et al., 2009).  

The long maturation time of P. falciparum gametocytes is the reason why gametocyte carriage in 

symptomatic infections is often attributed not to the illness-causing infection, but rather a pre-existing 

chronic infection (Karl et al., 2016; Nacher et al., 2002; Price et al., 1999; von Seidlein et al., 2001; 

Sowunmi et al., 2004). Also in the Albinama cohort, fever was not associated with higher P. 

falciparum gametocyte positivity or density, and 79% of P. falciparum gametocyte detections 

occurred in asymptomatic infections (chapter 5). Our results therefore emphasize that single-dose PQ 

treatment of P. falciparum episodes alone is unlikely to accomplish interruption of transmission of P. 

falciparum, unless the asymptomatic reservoir is targeted simultaneously. Single-dose PQ treatment of 

P. falciparum episodes can only achieve a population-wide reduction in P. falciparum transmission if 

coverage is high and in areas where malaria infectious are predominantly symptomatic (World Health 

Organization, 2015). The impact of single-dose PQ for interruption of transmission is therefore 



Chapter 7: General Discussion 
 

166 

questionable particularly in low-transmission settings, where a large proportion of infections are 

asymptomatic (Okell et al., 2009). A recent trial in asymptomatic Ugandan children showed that 

gametocyte carriage was significantly shorter after treatment with AL plus PQ compared to AL alone; 

however, in that trial infectivity to mosquitoes was very low even after AL-only treatment (Gonçalves 

et al., 2016). This suggests that ACT treatment of asymptomatic, often low-density infections may in 

itself be sufficient to reduce gametocyte densities to sub-transmissive levels, and that the benefit of 

adding PQ to ACT treatment of asymptomatic P. falciparum malaria may be marginal. Similar 

conclusions were reached using mathematical modeling of MDA campaigns, which described that 

adding PQ to MDA with AL or dihydroartemisinin-piperaquine only conferred a small additional 

reduction in parasite prevalence in the population compared to MDA without PQ (Gerardin et al., 

2015). 

7.4  Limitations of this thesis and outlook 

7.4.1   Effects of length-dependent fragment competition during genotyping PCR 

One of the main objectives of this thesis was the determination of P. falciparum and P. vivax 

molFOI/molFOB in the Albinama cohort. Estimates of molFOI/molFOB were calculated by longitudinally 

tracking parasite clones defined by genotyping of length-polymorphic markers. However, in a later 

validation we found that length-polymorphic markers are subject to severe amplification bias during 

PCR with shorter fragments outperforming larger fragments (chapter 6). Competition between 

templates of different length was strongest between alleles of the same family and when nPCR was 

multiplexed (chapter 6). Genotyping of P. falciparum in the Albinama cohort used marker Pf-msp2 

with multiplex nPCR, which in light of our validation was suboptimal for detection of minority clones. 

Marker Pv-msp1F3 for genotyping of P. vivax infections in the Albinama cohort possesses only one 

allelic family, leading to direct competition of all alleles. Allele sizes of Pv-msp1 (147-445bp) were 

comparable to Pf-msp2 (206-619bp), and hence the amplification bias during Pv-msp1F3 nPCR is 

likely similar or even more severe compared to Pf-msp2 nPCR, for which two allelic families exist. 

Amplification of Pv-msp1F3 in a multiplex pPCR with alternative marker Pv-MS16 may have further 

aggravated bias during PCR. However, our validation showed that template competition was almost 

completely abrogated between Pf-msp2 alleles of different families when nPCRs were performed as 

simplex PCRs (chapter 6). This indicates that all alleles were amplified during pPCR and that template 

competition occurs mainly during extensive re-amplification in nPCR. Also an earlier analysis of Pf-

msp2 and Pv-msp1F3 clone detectability using the same PCR protocols found similar minority clone 

detectability for both markers (Pf-msp2, 79%; Pv-msp1F3, 73%; Koepfli et al., 2011). P. vivax 

infections were generally characterized by lower parasite density and higher number of concurrent 

clones compared to P. falciparum infections in the Albinama cohort (chapter 3), which may have led 

to lower P. vivax minority clone detectability relative to P. falciparum.  
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However, the fact that molFOI/molFOB are obtained from a longitudinal sequence of samples may 

reduce the impact of bias during PCR on estimates of molFOI/molFOB. Clone composition in chronic 

infections likely varies between subsequent samples, with some infections being cleared and others 

newly establishing themselves in the blood stream. Furthermore, fluctuations in clonal density during 

the course of an infection may lead to detection of different majority clones in consecutive samples, 

even if overall the same clones are present. When several consecutive samples are concerned, failure 

to detect an infecting clone may be attributable more to the frequency of sampling versus infection 

duration (chapter 4). In addition, the discriminatory power of the genotyping marker due to dominant 

alleles (>20% of allele detections as observed for Pf-msp2 and Pv-msp1F3 in the Albinama cohort) 

may have a more substantial effect on molFOI/molFOB estimates than bias during PCR, as re-infections 

with the same genotype will go undetected.   

Nonetheless, in light of the pitfalls of length polymorphic markers, research should be intensified 

on alternative genotyping methods based on single-nucleotide-polymorphisms such as barcoding 

(Galinsky et al., 2015), high-resolution melt curve analysis (Daniels et al., 2015) or next-generation 

sequencing (Campino et al., 2011). Next-generation sequencing-based methods are particularly 

promising because they allow high-throughput parallel genotyping of several markers in hundreds of 

samples. In large surveillance studies, drug resistance markers could possibly be included along with 

genotyping markers without an increase in cost. However, the relative limit of detection of minority 

clones using deep sequencing remains to be validated, especially when amplification reactions are 

multiplexed. 

7.4.2   Detection of ultra-low density P. vivax infections 

Due to the characteristic lower density of P. vivax compared to P. falciparum infections, ultra-

sensitive assays for reliable detection of low-density P. vivax infections would be of great use for both 

surveillance as well as monitoring of intervention efficiency. Identification of multi-copy sequences in 

the P. vivax genome suitable for qPCR design, similar to the TARE-2 and varATS assays developed 

for P. falciparum (chapter 2), was not successful within the framework of this thesis. No telomeric 

repeat structures have been described for P. vivax (Carlton et al., 2008), and no repeats were found by 

searching the P. vivax telomeres of strain Sal1 (http://plasmodb.org) and the recently available P01 

isolate (http://www.genedb.org/ Homepage/PvivaxP01) using repeat finder software. Vir/pir genes, 

ortholog to P. falciparum var genes, are a multi-gene family with 346 members that are grouped into 

12 clusters based on amino acid sequence homology (Lopez et al., 2013; Merino et al., 2006; del 

Portillo et al., 2001). Although the presence of a conserved transmembrane domain has been described 

(Carlton et al., 2008), DNA sequences of vir/pir genes exhibited only little conservation between 

clusters, thereby impeding the design of primers that amplify several clusters. Also within clusters, 

vir/pir DNA sequences were too variable even for degenerate primer design. Other multi-gene families 
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exist in P. vivax, but comprise less than 56 members (Tachibana et al., 2012) with low DNA sequence 

conservation.  

Similar to P. falciparum, targeting P. vivax mitochondrial DNA may increase PCR sensitivity 

(Putaporntip et al., 2011). Indeed, this strategy seemed promising in initial experiments, but was not 

pursued further due to time constraints. Finally, RNA-based detection of highly abundant 18S rRNA 

transcripts in P. vivax infections may be a valuable alternative to DNA based detection. Due to the 

lower parasite densities and thus lower abundancy of P. vivax 18S rRNA transcripts compared to P. 

falciparum, this strategy may be less prone to cross-contamination between samples, which is one of 

the major drawbacks of P. falciparum RNA-based detection (Wampfler et al., 2013). Nonetheless, 

RNA-based detection requires more elaborate sampling strategy, extraction method, sample handling 

and storage compared to DNA-based detection. The design of a robust, ultra-sensitive assay for 

detection of P. vivax, preferentially DNA-based, therefore remains a major challenge for future 

research.   

 

 

 

 

 

  



Chapter 7: General Discussion 
 

169 

References 

Adu-Gyasi, D., Asante, K.P., Newton, S., Dosoo, D., Amoako, S., Adjei, G., Amoako, N., Ankrah, L., Tchum, 
S.K., Mahama, E., et al. (2015). Evaluation of the diagnostic accuracy of CareStart G6PD deficiency Rapid 
Diagnostic Test (RDT) in a malaria endemic area in Ghana, Africa. PloS One 10, e0125796. 

Alving, A.S., Carson, P.E., Flanagan, C.L., and Ickes, C.E. (1956). Enzymatic deficiency in primaquine-sensitive 
erythrocytes. Science 124, 484–485. 

Anderson, T.J., Haubold, B., Williams, J.T., Estrada-Franco, J.G., Richardson, L., Mollinedo, R., Bockarie, M., 
Mokili, J., Mharakurwa, S., French, N., et al. (2000). Microsatellite markers reveal a spectrum of population 
structures in the malaria parasite Plasmodium falciparum. Mol. Biol. Evol. 17, 1467–1482. 

Babiker, H.A., Gadalla, A.A.H., and Ranford-Cartwright, L.C. (2013). The role of asymptomatic P. falciparum 
parasitaemia in the evolution of anti-malarial drug resistance in areas of seasonal transmission. Drug Resist. 
Updat. 16, 1–9. 

Bejon, P., Williams, T.N., Nyundo, C., Hay, S.I., Benz, D., Gething, P.W., Otiende, M., Peshu, J., Bashraheil, 
M., Greenhouse, B., et al. (2014). A micro-epidemiological analysis of febrile malaria in Coastal Kenya 
showing hotspots within hotspots. eLife 3, e02130. 

Bousema, T., and Drakeley, C. (2011). Epidemiology and infectivity of Plasmodium falciparum and Plasmodium 
vivax gametocytes in relation to malaria control and elimination. Clin. Microbiol. Rev. 24, 377–410. 

Bousema, T., Dinglasan, R.R., Morlais, I., Gouagna, L.C., van Warmerdam, T., Awono-Ambene, P.H., Bonnet, 
S., Diallo, M., Coulibaly, M., Tchuinkam, T., et al. (2012a). Mosquito feeding assays to determine the 
infectiousness of naturally infected Plasmodium falciparum gametocyte carriers. PloS One 7, e42821. 

Bousema, T., Griffin, J.T., Sauerwein, R.W., Smith, D.L., Churcher, T.S., Takken, W., Ghani, A., Drakeley, C., 
and Gosling, R. (2012b). Hitting hotspots: spatial targeting of malaria for control and elimination. PLoS Med. 
9, e1001165. 

Bousema, T., Okell, L., Felger, I., and Drakeley, C. (2014). Asymptomatic malaria infections: detectability, 
transmissibility and public health relevance. Nat. Rev. Microbiol. 12, 833–840. 

Bousema, T., Stresman, G., Baidjoe, A.Y., Bradley, J., Knight, P., Stone, W., Osoti, V., Makori, E., Owaga, C., 
Odongo, W., et al. (2016). The Impact of Hotspot-Targeted Interventions on Malaria Transmission in 
Rachuonyo South District in the Western Kenyan Highlands: A Cluster-Randomized Controlled Trial. PLOS 
Med 13, e1001993. 

Bright, A.T., Manary, M.J., Tewhey, R., Arango, E.M., Wang, T., Schork, N.J., Yanow, S.K., and Winzeler, 
E.A. (2014). A high resolution case study of a patient with recurrent Plasmodium vivax infections shows that 
relapses were caused by meiotic siblings. PLoS Negl. Trop. Dis. 8, e2882. 

Campino, S., Auburn, S., Kivinen, K., Zongo, I., Ouedraogo, J.-B., Mangano, V., Djimde, A., Doumbo, O.K., 
Kiara, S.M., Nzila, A., et al. (2011). Population genetic analysis of Plasmodium falciparum parasites using a 
customized Illumina GoldenGate genotyping assay. PloS One 6, e20251. 

Carlton, J.M., Adams, J.H., Silva, J.C., Bidwell, S.L., Lorenzi, H., Caler, E., Crabtree, J., Angiuoli, S.V., 
Merino, E.F., Amedeo, P., et al. (2008). Comparative genomics of the neglected human malaria parasite 
Plasmodium vivax. Nature 455, 757–763. 

Cattani, J.A., Moir, J.S., Gibson, F.D., Ginny, M., Paino, J., Davidson, W., and Alpers, M.P. (1986). Small-area 
variations in the epidemiology of malaria in Madang Province. P. N. G. Med. J. 29, 11–17. 

Chen, I., Clarke, S.E., Gosling, R., Hamainza, B., Killeen, G., Magill, A., O’Meara, W., Price, R.N., and Riley, 
E.M. (2016). “Asymptomatic” Malaria: A Chronic and Debilitating Infection That Should Be Treated. PLOS 
Med 13, e1001942. 

Cheng, Q., Cunningham, J., and Gatton, M.L. (2015). Systematic review of sub-microscopic P. vivax infections: 
prevalence and determining factors. PLoS Negl. Trop. Dis. 9, e3413. 

Churcher, T.S., Bousema, T., Walker, M., Drakeley, C., Schneider, P., Ouédraogo, A.L., and Basáñez, M.-G. 
(2013). Predicting mosquito infection from Plasmodium falciparum gametocyte density and estimating the 
reservoir of infection. eLife 2, e00626. 

Cook, J., Xu, W., Msellem, M., Vonk, M., Bergström, B., Gosling, R., Al-Mafazy, A.-W., McElroy, P., Molteni, 
F., Abass, A.K., et al. (2015a). Mass screening and treatment on the basis of results of a Plasmodium 



Chapter 7: General Discussion 
 

170 

falciparum-specific rapid diagnostic test did not reduce malaria incidence in Zanzibar. J. Infect. Dis. 211, 
1476–1483. 

Cook, J., Aydin-Schmidt, B., González, I.J., Bell, D., Edlund, E., Nassor, M.H., Msellem, M., Ali, A., Abass, 
A.K., Mårtensson, A., et al. (2015b). Loop-mediated isothermal amplification (LAMP) for point-of-care 
detection of asymptomatic low-density malaria parasite carriers in Zanzibar. Malar. J. 14, 43. 

Cotter, C., Sturrock, H.J.W., Hsiang, M.S., Liu, J., Phillips, A.A., Hwang, J., Gueye, C.S., Fullman, N., Gosling, 
R.D., and Feachem, R.G.A. (2013). The changing epidemiology of malaria elimination: new strategies for 
new challenges. Lancet Lond. Engl. 382, 900–911. 

Daniels, R., Hamilton, E.J., Durfee, K., Ndiaye, D., Wirth, D.F., Hartl, D.L., and Volkman, S.K. (2015). 
Methods to Increase the Sensitivity of High Resolution Melting Single Nucleotide Polymorphism 
Genotyping in Malaria. J. Vis. Exp. JoVE e52839. 

Eziefula, A.C., Bousema, T., Yeung, S., Kamya, M., Owaraganise, A., Gabagaya, G., Bradley, J., Grignard, L., 
Lanke, K.H.W., Wanzira, H., et al. (2014). Single dose primaquine for clearance of Plasmodium falciparum 
gametocytes in children with uncomplicated malaria in Uganda: a randomised, controlled, double-blind, 
dose-ranging trial. Lancet Infect. Dis. 14, 130–139. 

Felger, I., Maire, M., Bretscher, M.T., Falk, N., Tiaden, A., Sama, W., Beck, H.-P., Owusu-Agyei, S., and Smith, 
T.A. (2012). The dynamics of natural Plasmodium falciparum infections. PloS One 7, e45542. 

Galinsky, K., Valim, C., Salmier, A., de Thoisy, B., Musset, L., Legrand, E., Faust, A., Baniecki, M.L., Ndiaye, 
D., Daniels, R.F., et al. (2015). COIL: a methodology for evaluating malarial complexity of infection using 
likelihood from single nucleotide polymorphism data. Malar. J. 14, 4. 

Gaudart, J., Poudiougou, B., Dicko, A., Ranque, S., Toure, O., Sagara, I., Diallo, M., Diawara, S., Ouattara, A., 
Diakite, M., et al. (2006). Space-time clustering of childhood malaria at the household level: a dynamic 
cohort in a Mali village. BMC Public Health 6, 286. 

Genton, B., al-Yaman, F., Beck, H.P., Hii, J., Mellor, S., Narara, A., Gibson, N., Smith, T., and Alpers, M.P. 
(1995). The epidemiology of malaria in the Wosera area, East Sepik Province, Papua New Guinea, in 
preparation for vaccine trials. I. Malariometric indices and immunity. Ann. Trop. Med. Parasitol. 89, 359–
376. 

Gerardin, J., Eckhoff, P., and Wenger, E.A. (2015). Mass campaigns with anti-malarial drugs: a modelling 
comparison of artemether-lumefantrine and DHA-piperaquine with and without primaquine as tools for 
malaria control and elimination. BMC Infect. Dis. 15, 144. 

Gerardin, J., Bever, C.A., Hamainza, B., Miller, J.M., Eckhoff, P.A., and Wenger, E.A. (2016). Optimal 
Population-Level Infection Detection Strategies for Malaria Control and Elimination in a Spatial Model of 
Malaria Transmission. PLOS Comput Biol 12, e1004707. 

Gething, P.W., Patil, A.P., Smith, D.L., Guerra, C.A., Elyazar, I.R., Johnston, G.L., Tatem, A.J., and Hay, S.I. 
(2011). A new world malaria map: Plasmodium falciparum endemicity in 2010. Malar. J. 10, 378. 

Gething, P.W., Elyazar, I.R.F., Moyes, C.L., Smith, D.L., Battle, K.E., Guerra, C.A., Patil, A.P., Tatem, A.J., 
Howes, R.E., Myers, M.F., et al. (2012). A long neglected world malaria map: Plasmodium vivax endemicity 
in 2010. PLoS Negl. Trop. Dis. 6, e1814. 

Gonçalves, B.P., Tiono, A.B., Ouédraogo, A., Guelbéogo, W.M., Bradley, J., Nebie, I., Siaka, D., Lanke, K., 
Eziefula, A.C., Diarra, A., et al. (2016). Single low dose primaquine to reduce gametocyte carriage and 
Plasmodium falciparum transmission after artemether-lumefantrine in children with asymptomatic infection: 
a randomised, double-blind, placebo-controlled trial. BMC Med. 14, 40. 

Greenwood, B.M. (1987). Asymptomatic malaria infections--do they matter? Parasitol. Today Pers. Ed 3, 206–
214. 

Hetzel, M.W., Gideon, G., Lote, N., Makita, L., Siba, P.M., and Mueller, I. (2012). Ownership and usage of 
mosquito nets after four years of large-scale free distribution in Papua New Guinea. Malar. J. 11, 192. 

Hetzel, M.W., Page-Sharp, M., Bala, N., Pulford, J., Betuela, I., Davis, T.M.E., and Lavu, E.K. (2014). Quality 
of Anti-malarial Drugs and Antibiotics in Papua New Guinea: A Survey of the Health Facility Supply Chain. 
PLOS ONE 9, e96810. 



Chapter 7: General Discussion 
 

171 

Hetzel, M.W., Morris, H., Tarongka, N., Barnadas, C., Pulford, J., Makita, L., Siba, P.M., and Mueller, I. (2015). 
Prevalence of malaria across Papua New Guinea after initial roll-out of insecticide-treated mosquito nets. 
Trop. Med. Int. Health TM IH 20, 1745–1755. 

Howes, R.E., Piel, F.B., Patil, A.P., Nyangiri, O.A., Gething, P.W., Dewi, M., Hogg, M.M., Battle, K.E., Padilla, 
C.D., Baird, J.K., et al. (2012). G6PD Deficiency Prevalence and Estimates of Affected Populations in 
Malaria Endemic Countries: A Geostatistical Model-Based Map. PLOS Med 9, e1001339. 

Hu, Y., Zhou, G., Ruan, Y., Lee, M.-C., Xu, X., Deng, S., Bai, Y., Zhang, J., Morris, J., Liu, H., et al. (2016). 
Seasonal dynamics and microgeographical spatial heterogeneity of malaria along the China-Myanmar border. 
Acta Trop. 157, 12–19. 

Hustedt, J., Canavati, S.E., Rang, C., Ashton, R.A., Khim, N., Berne, L., Kim, S., Sovannaroth, S., Ly, P., 
Ménard, D., et al. (2016). Reactive case-detection of malaria in Pailin Province, Western Cambodia: lessons 
from a year-long evaluation in a pre-elimination setting. Malar. J. 15, 132. 

Ibara-Okabande, R., Koukouikila-Koussounda, F., Ndounga, M., Vouvoungui, J., Malonga, V., Casimiro, P.N., 
Ibara, J.R., Sidibe, A., and Ntoumi, F. (2012). Reduction of multiplicity of infections but no change in msp2 
genetic diversity in Plasmodium falciparum isolates from Congolese children after introduction of 
artemisinin-combination therapy. Malar. J. 11, 410. 

Imwong, M., Hanchana, S., Malleret, B., Rénia, L., Day, N.P.J., Dondorp, A., Nosten, F., Snounou, G., and 
White, N.J. (2014). High-throughput ultrasensitive molecular techniques for quantifying low-density malaria 
parasitemias. J. Clin. Microbiol. 52, 3303–3309. 

Imwong, M., Stepniewska, K., Tripura, R., Peto, T.J., Lwin, K.M., Vihokhern, B., Wongsaen, K., von Seidlein, 
L., Dhorda, M., Snounou, G., et al. (2015a). Numerical Distributions of Parasite Densities During 
Asymptomatic Malaria. J. Infect. Dis. 

Imwong, M., Nguyen, T.N., Tripura, R., Peto, T.J., Lee, S.J., Lwin, K.M., Suangkanarat, P., Jeeyapant, A., 
Vihokhern, B., Wongsaen, K., et al. (2015b). The epidemiology of subclinical malaria infections in South-
East Asia: findings from cross-sectional surveys in Thailand-Myanmar border areas, Cambodia, and 
Vietnam. Malar. J. 14, 381. 

Karl, S., Laman, M., Moore, B.R., Benjamin, J., Koleala, T., Ibam, C., Kasian, B., Siba, P.M., Waltmann, A., 
Mueller, I., et al. (2015). Gametocyte Clearance Kinetics Determined by Quantitative Magnetic Fractionation 
in Melanesian Children with Uncomplicated Malaria Treated with Artemisinin Combination Therapy. 
Antimicrob. Agents Chemother. 59, 4489–4496. 

Karl, S., Laman, M., Moore, B.R., Benjamin, J.M., Salib, M., Lorry, L., Maripal, S., Siba, P., Robinson, L.J., 
Mueller, I., et al. (2016). Risk factors for Plasmodium falciparum and Plasmodium vivax gametocyte carriage 
in Papua New Guinean children with uncomplicated malaria. Acta Trop. 

Karyana, M., Burdarm, L., Yeung, S., Kenangalem, E., Wariker, N., Maristela, R., Umana, K.G., Vemuri, R., 
Okoseray, M.J., Penttinen, P.M., et al. (2008). Malaria morbidity in Papua Indonesia, an area with multidrug 
resistant Plasmodium vivax and Plasmodium falciparum. Malar. J. 7, 148. 

Kasehagen, L.J., Mueller, I., McNamara, D.T., Bockarie, M.J., Kiniboro, B., Rare, L., Lorry, K., Kastens, W., 
Reeder, J.C., Kazura, J.W., et al. (2006). Changing patterns of Plasmodium blood-stage infections in the 
Wosera region of Papua New Guinea monitored by light microscopy and high throughput PCR diagnosis. 
Am. J. Trop. Med. Hyg. 75, 588–596. 

Kim, S., Nguon, C., Guillard, B., Duong, S., Chy, S., Sum, S., Nhem, S., Bouchier, C., Tichit, M., Christophel, 
E., et al. (2011). Performance of the CareStartTM G6PD deficiency screening test, a point-of-care diagnostic 
for primaquine therapy screening. PloS One 6, e28357. 

Koepfli, C., Schoepflin, S., Bretscher, M., Lin, E., Kiniboro, B., Zimmerman, P.A., Siba, P., Smith, T.A., 
Mueller, I., and Felger, I. (2011). How much remains undetected? Probability of molecular detection of 
human Plasmodia in the field. PloS One 6, e19010. 

Koepfli, C., Colborn, K.L., Kiniboro, B., Lin, E., Speed, T.P., Siba, P.M., Felger, I., and Mueller, I. (2013). A 
high force of plasmodium vivax blood-stage infection drives the rapid acquisition of immunity in papua new 
guinean children. PLoS Negl. Trop. Dis. 7, e2403. 

Koepfli, C., Robinson, L.J., Rarau, P., Salib, M., Sambale, N., Wampfler, R., Betuela, I., Nuitragool, W., Barry, 
A.E., Siba, P., et al. (2015). Blood-Stage Parasitaemia and Age Determine Plasmodium falciparum and P. 
vivax Gametocytaemia in Papua New Guinea. PloS One 10, e0126747. 



Chapter 7: General Discussion 
 

172 

Larsen, D.A., Chisha, Z., Winters, B., Mwanza, M., Kamuliwo, M., Mbwili, C., Hawela, M., Hamainza, B., 
Chirwa, J., Craig, A.S., et al. (2015). Malaria surveillance in low-transmission areas of Zambia using reactive 
case detection. Malar. J. 14, 465. 

Lawpoolsri, S., Klein, E.Y., Singhasivanon, P., Yimsamran, S., Thanyavanich, N., Maneeboonyang, W., 
Hungerford, L.L., Maguire, J.H., and Smith, D.L. (2009). Optimally timing primaquine treatment to reduce 
Plasmodium falciparum transmission in low endemicity Thai-Myanmar border populations. Malar. J. 8, 159. 

Ley, B., Luter, N., Espino, F.E., Devine, A., Kalnoky, M., Lubell, Y., Thriemer, K., Baird, J.K., Poirot, E., 
Conan, N., et al. (2015). The challenges of introducing routine G6PD testing into radical cure: a workshop 
report. Malar. J. 14, 377. 

Lin, E., Kiniboro, B., Gray, L., Dobbie, S., Robinson, L., Laumaea, A., Schöpflin, S., Stanisic, D., Betuela, I., 
Blood-Zikursh, M., et al. (2010). Differential Patterns of Infection and Disease with P. falciparum and P. 
vivax in Young Papua New Guinean Children. PLOS ONE 5, e9047. 

Littrell, M., Sow, G.D., Ngom, A., Ba, M., Mboup, B.M., Dieye, Y., Mutombo, B., Earle, D., and Steketee, R.W. 
(2013). Case investigation and reactive case detection for malaria elimination in northern Senegal. Malar. J. 
12, 331. 

Lopez, F.J., Bernabeu, M., Fernandez-Becerra, C., and del Portillo, H.A. (2013). A new computational approach 
redefines the subtelomeric vir superfamily of Plasmodium vivax. BMC Genomics 14, 8. 

Lutambi, A.M., Chitnis, N., Briët, O.J.T., Smith, T.A., and Penny, M.A. (2014). Clustering of vector control 
interventions has important consequences for their effectiveness: a modelling study. PloS One 9, e97065. 

Maitland, K., Williams, T.N., Bennett, S., Newbold, C.I., Peto, T.E., Viji, J., Timothy, R., Clegg, J.B., 
Weatherall, D.J., and Bowden, D.K. (1996). The interaction between Plasmodium falciparum and P. vivax in 
children on Espiritu Santo island, Vanuatu. Trans. R. Soc. Trop. Med. Hyg. 90, 614–620. 

malERA Consultative Group on Diagnoses and Diagnostics (2011). A research agenda for malaria eradication: 
diagnoses and diagnostics. PLoS Med. 8, e1000396. 

Mayxay, M., Pukrittayakamee, S., Newton, P.N., and White, N.J. (2004). Mixed-species malaria infections in 
humans. Trends Parasitol. 20, 233–240. 

Merino, E.F., Fernandez-Becerra, C., Durham, A.M., Ferreira, J.E., Tumilasci, V.F., d’Arc-Neves, J., da Silva-
Nunes, M., Ferreira, M.U., Wickramarachchi, T., Udagama-Randeniya, P., et al. (2006). Multi-character 
population study of the vir subtelomeric multigene superfamily of Plasmodium vivax, a major human malaria 
parasite. Mol. Biochem. Parasitol. 149, 10–16. 

Michon, P., Cole-Tobian, J.L., Dabod, E., Schoepflin, S., Igu, J., Susapu, M., Tarongka, N., Zimmerman, P.A., 
Reeder, J.C., Beeson, J.G., et al. (2007). The risk of malarial infections and disease in Papua New Guinean 
children. Am. J. Trop. Med. Hyg. 76, 997–1008. 

Mosha, J.F., Sturrock, H.J., Greenhouse, B., Greenwood, B., Sutherland, C.J., Gadalla, N., Atwal, S., Drakeley, 
C., Kibiki, G., Bousema, T., et al. (2013). Epidemiology of subpatent Plasmodium falciparum infection: 
implications for detection of hotspots with imperfect diagnostics. Malar. J. 12, 221. 

Mueller, I., Widmer, S., Michel, D., Maraga, S., McNamara, D.T., Kiniboro, B., Sie, A., Smith, T.A., and 
Zimmerman, P.A. (2009). High sensitivity detection of Plasmodium species reveals positive correlations 
between infections of different species, shifts in age distribution and reduced local variation in Papua New 
Guinea. Malar. J. 8, 41. 

Müller, I., Bockarie, M., Alpers, M., and Smith, T. (2003). The epidemiology of malaria in Papua New Guinea. 
Trends Parasitol. 19, 253–259. 

Nacher, M., Singhasivanon, P., Silachamroon, U., Treeprasertsuk, S., Tosukhowong, T., Vannaphan, S., Gay, F., 
Mazier, D., and Looareesuwan, S. (2002). Decreased hemoglobin concentrations, hyperparasitemia, and 
severe malaria are associated with increased Plasmodium falciparum gametocyte carriage. J. Parasitol. 88, 
97–101. 

Nair, C.B., Manjula, J., Subramani, P.A., Nagendrappa, P.B., Manoj, M.N., Malpani, S., Pullela, P.K., Subbarao, 
P.V., Ramamoorthy, S., and Ghosh, S.K. (2016). Differential Diagnosis of Malaria on Truelab Uno®, a 
Portable, Real-Time, MicroPCR Device for Point-Of-Care Applications. PloS One 11, e0146961. 



Chapter 7: General Discussion 
 

173 

Newby, G., Hwang, J., Koita, K., Chen, I., Greenwood, B., von Seidlein, L., Shanks, G.D., Slutsker, L., Kachur, 
S.P., Wegbreit, J., et al. (2015). Review of mass drug administration for malaria and its operational 
challenges. Am. J. Trop. Med. Hyg. 93, 125–134. 

Nkhoma, S.C., Nair, S., Al-Saai, S., Ashley, E., McGready, R., Phyo, A.P., Nosten, F., and Anderson, T.J.C. 
(2013). Population genetic correlates of declining transmission in a human pathogen. Mol. Ecol. 22, 273–
285. 

Okell, L.C., Ghani, A.C., Lyons, E., and Drakeley, C.J. (2009). Submicroscopic infection in Plasmodium 
falciparum-endemic populations: a systematic review and meta-analysis. J. Infect. Dis. 200, 1509–1517. 

Okell, L.C., Bousema, T., Griffin, J.T., Ouédraogo, A.L., Ghani, A.C., and Drakeley, C.J. (2012). Factors 
determining the occurrence of submicroscopic malaria infections and their relevance for control. Nat. 
Commun. 3, 1237. 

Oriero, E.C., Jacobs, J., Van Geertruyden, J.-P., Nwakanma, D., and D’Alessandro, U. (2015). Molecular-based 
isothermal tests for field diagnosis of malaria and their potential contribution to malaria elimination. J. 
Antimicrob. Chemother. 70, 2–13. 

Pereira, D.Y., Chiu, R.Y.T., Zhang, S.C.L., Wu, B.M., and Kamei, D.T. (2015). Single-step, paper-based 
concentration and detection of a malaria biomarker. Anal. Chim. Acta 882, 83–89. 

Phimpraphi, W., Paul, R.E., Yimsamran, S., Puangsa-art, S., Thanyavanich, N., Maneeboonyang, W., 
Prommongkol, S., Sornklom, S., Chaimungkun, W., Chavez, I.F., et al. (2008). Longitudinal study of 
Plasmodium falciparum and Plasmodium vivax in a Karen population in Thailand. Malar. J. 7, 99. 

del Portillo, H.A., Fernandez-Becerra, C., Bowman, S., Oliver, K., Preuss, M., Sanchez, C.P., Schneider, N.K., 
Villalobos, J.M., Rajandream, M.A., Harris, D., et al. (2001). A superfamily of variant genes encoded in the 
subtelomeric region of Plasmodium vivax. Nature 410, 839–842. 

Price, R., Nosten, F., Simpson, J.A., Luxemburger, C., Phaipun, L., ter Kuile, F., van Vugt, M., 
Chongsuphajaisiddhi, T., and White, N.J. (1999). Risk factors for gametocyte carriage in uncomplicated 
falciparum malaria. Am. J. Trop. Med. Hyg. 60, 1019–1023. 

Putaporntip, C., Buppan, P., and Jongwutiwes, S. (2011). Improved performance with saliva and urine as 
alternative DNA sources for malaria diagnosis by mitochondrial DNA-based PCR assays. Clin. Microbiol. 
Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 17, 1484–1491. 

Rajapakse, S., Rodrigo, C., and Fernando, S.D. (2015). Tafenoquine for preventing relapse in people with 
Plasmodium vivax malaria. Cochrane Database Syst. Rev. 4, CD010458. 

Robinson, L.J., Wampfler, R., Betuela, I., Karl, S., White, M.T., Li Wai Suen, C.S.N., Hofmann, N.E., Kinboro, 
B., Waltmann, A., Brewster, J., et al. (2015). Strategies for understanding and reducing the Plasmodium 
vivax and Plasmodium ovale hypnozoite reservoir in Papua New Guinean children: a randomised placebo-
controlled trial and mathematical model. PLoS Med. 12, e1001891. 

Rosas-Aguirre, A., Speybroeck, N., Llanos-Cuentas, A., Rosanas-Urgell, A., Carrasco-Escobar, G., Rodriguez, 
H., Gamboa, D., Contreras-Mancilla, J., Alava, F., Soares, I.S., et al. (2015). Hotspots of Malaria 
Transmission in the Peruvian Amazon: Rapid Assessment through a Parasitological and Serological Survey. 
PloS One 10, e0137458. 

Ross, A., Killeen, G., and Smith, T. (2006). Relationships between host infectivity to mosquitoes and asexual 
parasite density in Plasmodium falciparum. Am. J. Trop. Med. Hyg. 75, 32–37. 

von Seidlein, L., Drakeley, C., Greenwood, B., Walraven, G., and Targett, G. (2001). Risk factors for 
gametocyte carriage in Gambian children. Am. J. Trop. Med. Hyg. 65, 523–527. 

Sissoko, M.S., van den Hoogen, L.L., Samake, Y., Tapily, A., Diarra, A.Z., Coulibaly, M., Bouare, M., Gaudart, 
J., Knight, P., Sauerwein, R.W., et al. (2015). Spatial Patterns of Plasmodium falciparum Clinical Incidence, 
Asymptomatic Parasite Carriage and Anopheles Density in Two Villages in Mali. Am. J. Trop. Med. Hyg. 
93, 790–797. 

Smith, T., Felger, I., Tanner, M., and Beck, H.P. (1999). Premunition in Plasmodium falciparum infection: 
insights from the epidemiology of multiple infections. Trans. R. Soc. Trop. Med. Hyg. 93 Suppl 1, 59–64. 

Sowunmi, A., Fateye, B.A., Adedeji, A.A., Fehintola, F.A., and Happi, T.C. (2004). Risk factors for gametocyte 
carriage in uncomplicated falciparum malaria in children. Parasitology 129, 255–262. 



Chapter 7: General Discussion 
 

174 

Sturrock, H.J.W., Hsiang, M.S., Cohen, J.M., Smith, D.L., Greenhouse, B., Bousema, T., and Gosling, R.D. 
(2013). Targeting asymptomatic malaria infections: active surveillance in control and elimination. PLoS 
Med. 10, e1001467. 

Tachibana, S.-I., Sullivan, S.A., Kawai, S., Nakamura, S., Kim, H.R., Goto, N., Arisue, N., Palacpac, N.M.Q., 
Honma, H., Yagi, M., et al. (2012). Plasmodium cynomolgi genome sequences provide insight into 
Plasmodium vivax and the monkey malaria clade. Nat. Genet. 44, 1051–1055. 

Tay, A., Pavesi, A., Yazdi, S.R., Lim, C.T., and Warkiani, M.E. (2016). Advances in microfluidics in combating 
infectious diseases. Biotechnol. Adv. 

Tiono, A.B., Ouédraogo, A., Ogutu, B., Diarra, A., Coulibaly, S., Gansané, A., Sirima, S.B., O’Neil, G., 
Mukhopadhyay, A., and Hamed, K. (2013). A controlled, parallel, cluster-randomized trial of community-
wide screening and treatment of asymptomatic carriers of Plasmodium falciparum in Burkina Faso. Malar. J. 
12, 79. 

Tusting, L.S., Bousema, T., Smith, D.L., and Drakeley, C. (2014). Measuring changes in Plasmodium falciparum 
transmission: precision, accuracy and costs of metrics. Adv. Parasitol. 84, 151–208. 

Wampfler, R., Mwingira, F., Javati, S., Robinson, L., Betuela, I., Siba, P., Beck, H.-P., Mueller, I., and Felger, I. 
(2013). Strategies for detection of Plasmodium species gametocytes. PloS One 8, e76316. 

White, N.J. (2013). Primaquine to prevent transmission of falciparum malaria. Lancet Infect. Dis. 13, 175–181. 

WHO (2015). Guidelines for the treatment of malaria (Geneva, Switzerland: World Health Organization). 

World Health Organization (2015). Policy brief on single-dose primaquine as a gametocytocide in Plasmodium 
falciparum malaria. 

 

 



Appendix 
 

175 

 

 

Appendix 
 

 

 

Contributions to the following publications were made during the course of this thesis: 

 

Robinson, L.J., Wampfler, R., Betuela, I., Karl, S., White, M.T., Li Wai Suen, C.S.N., Hofmann, N.E., 
Kinboro, B., Waltmann, A., Brewster, J., et al. (2015). Strategies for understanding and reducing 
the Plasmodium vivax and Plasmodium ovale hypnozoite reservoir in Papua New Guinean 
children: a randomised placebo-controlled trial and mathematical model. PLoS Med. 12, e1001891. 

 

Chugh, M., Scheurer, C., Sax, S., Bilsland, E., van Schalkwyk, D.A., Wicht, K.J., Hofmann, N., 
Sharma, A., Bashyam, S., Singh, S., et al. (2015). Identification and deconvolution of cross-
resistance signals from anti-malarial compounds using multidrug-resistant Plasmodium falciparum 
strains. Antimicrob. Agents Chemother. 59, 1110–1118. 



Appendix 
 

176 

  



Appendix 
 

177 



Appendix 
 

178 



Appendix 
 

179 



Appendix 
 

180 



Appendix 
 

181 



Appendix 
 

182 



Appendix 
 

183 



Appendix 
 

184 



Appendix 
 

185 



Appendix 
 

186 



Appendix 
 

187 



Appendix 
 

188 



Appendix 
 

189 



Appendix 
 

190 



Appendix 
 

191 



Appendix 
 

192 



Appendix 
 

193 



Appendix 
 

194 



Appendix 
 

195 



Appendix 
 

196 



Appendix 
 

197 



Appendix 
 

198 



Appendix 
 

199 



Appendix 
 

200 

  



Appendix 
 

201 



Appendix 
 

202 



Appendix 
 

203 



Appendix 
 

204 



Appendix 
 

205 



Appendix 
 

206 



Appendix 
 

207 



Appendix 
 

208 



Appendix 
 

209 

  



Appendix 
 

210 

 



Curriculum Vitae 
 

211 

Natalie	Hofmann	

Im Sesselacker 22 natalie.hofmann@unibas.ch 
4059 Basel +41 78 6103411 
 

EDUCATION 

Swiss Tropical and Public Health Institute, Basel June 2012 - present  
 Associated with University of Basel, Basel 
  
Charité Berlin, Berlin: M.Sc. Molecular Medicine (1.0 / Excellent) 2009 - 2011  
 
Technical University of Munich, Munich: B.Sc. Biochemistry (1.6 / With merit) 2006 - 2009 
 
 

RESEARCH EXPERIENCE 

Swiss Tropical and Public Health Institute, Basel June 2012 – present 
 Dpt. Medical Parasitology and Infection Biology, Molecular Diagnostics Unit 

PhD candidate: “Infection dynamics of P. falciparum in children from Papua New Guinea.” 

Institute of Medical Research, Madang/Maprik, Papua New Guinea Aug 2015 – Oct 2015  
 Field work in context of PhD studies   Sept 2013 – Feb 2014 

HU Institute of Biology, Molecular Parasitology, Berlin Feb 2011 – Aug 2011 
 M.Sc. Thesis:  “Testing the functional importance of DLC8a for the obligate intracellular parasite 

Toxoplasma gondii.” 

Institute of Cell Biology and Neurobiology, Berlin  Sept 2010 – Dec 2010 
Institute for Medical Genetics, Berlin April 2010 – July 2010 
Institute of Experimental Endocrinology, Berlin Oct 2009 – Feb 2010  
 Term papers: “The role of CDK5RAP2 in primary autosomal recessive microcephaly.” 
   “Functional analysis of PTHLH promoter mutations.” 
   “Effects of 3-T1AM and T3 on thyroid hormone biosynthesis.” 

Institute of Virology, Viral Vector Vaccines Group, Munich April 2009 – July 2009 
 B.Sc. Thesis: “Generation and characterization of recombinant MVA vectors producing the 

fluorescent protein mCherry.” 

Max-Planck-Institute of Neurobiology, Molecular Neurology, Munich Feb 2008 – April 2008 
Institute for Pharmacy and Molecular Biotechnology, Heidelberg Sept 2005 – Jan 2006 
 

ADDITIONAL EXPERIENCE 

PhD student representative June 2013 – Jan 2015 
International PhD program in Infection Biology, Swiss Tropical and Public Health Institute  

Student representative and assistant to program coordinators  2009 - 2011 
 M.Sc. Molecular Medicine program, Charité Berlin 

 



Curriculum Vitae 
 

212 

SCIENTIFIC PUBLICATIONS 

Robinson LJ, Wampfler R, Betuela I, Karl S, White MT, Li Wai Suen CSN, Hofmann NE, Kinboro B, 
Waltmann A, Brewster J, Lorry L, Tarongka N, Samol L, Silkey M, Bassat Q, Siba PM, Schofield L, 
Felger I, Mueller I. Strategies for understanding and reducing the Plasmodium vivax and Plasmodium 
ovale hypnozoite reservoir in Papua New Guinean children: A randomised placebo-controlled trial 
and mathematical model. PLoS Med. 2015 Oct 27;12(10) 

Hofmann N, Mwingira F, Shekalaghe S, Robinson LJ, Mueller I, Felger I. Ultra-sensitive detection of 
Plasmodium falciparum by amplification of multi-copy subtelomeric targets. PLoS Med. 2015 Mar 
3;12(3):e1001788.  

Chugh M, Scheurer C, Sax S, Bilsland E, van Schalkwyk DA, Wicht KJ, Hofmann N, Sharma A, 
Bashyam S, Singh S, Oliver SG, Egan TJ, Malhotra P, Sutherland CJ, Beck HP, Wittlin S, 
Spangenberg T, Ding XC. Identification and deconvolution of cross-resistance signals from 
antimalarial compounds using multidrug-resistant Plasmodium falciparum strains. Antimicrob 
Agents Chemother. 2015 Feb;59(2):1110-8.  

Qureshi BM & Hofmann N, Arroyo-Olarte RD, Nickl B, Hoehne W, Jungblut PR, Lucius R, Scheerer 
P, Gupta N. Dynein light chain 8a of Toxoplasma gondii, a unique conoid-localized β-strand-swapped 
homodimer, is required for an efficient parasite growth. FASEB J. 2013 Mar;27(3):1034-47 
 

CONFERENCES 

64th ASTMH Meeting, Philadelphia, USA Oct 2015 
Oral presentation: “Infection dynamics of natural Plasmodium infections in PNG children.” 

11th Annual BioMalPar/EVIMalaR Conference, Heidelberg, Germany May 2015  
Poster: “Molecular monitoring of malaria in PNG children after up-scaling of control efforts.” 

63rd ASTMH Meeting, New Orleans, USA Oct 2014 
Poster: “ Ultra-sensitive detection of Plasmodium falciparum by amplification of multi-copy 
subtelomeric targets reveals underestimation of parasite prevalence.” 

10th Annual BioMalPar/EVIMalaR Conference, Heidelberg, Germany May 2014  
Poster: “Ultrasensitive detection of Plasmodium falciparum by amplification of multi-copy 
subtelomeric targets using quantitative PCR.” 

9th Annual BioMalPar/EVIMalaR Conference, Heidelberg, Germany May 2013   
Oral presentation: “Molecular tools for monitoring transmission dynamics of Plasmodium falciparum” 

PhD student meeting of the Swiss Society of Tropical Medicine and Parasitology  Dec 2012 
(SSTMP), Bern, Switzerland  
Oral presentation: “Infection and transmission dynamics of Plasmodium in children from PNG.” 

 

SKILLS  REFERENCE 

Languages German:  native language  
 English:  fluent  
 Spanish: basic knowledge 
 Tok Pisin: basic knowledge  

Software Working knowledge in Microsoft Office 
 Working knowledge in Stata 12 
 Working knowledge in R  

Ingrid Felger 
PhD supervisor 
Swiss Tropical and Public Health 

Institute 
Socinstr. 57, CH-4002 Basel 
Phone: +41 61 2848117 
e-mail: ingrid.felger@unibas.ch 
 




