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In Malawi, scale up of malaria control measures has not resulted in expected 

decreases in Plasmodium falciparum prevalence. Interventions are targeted to individuals 

with the highest disease risk: pregnant women and children under age five. However, 

most infection is concentrated in school-aged children (SAC, aged five to 15) who are 

unlikely to access interventions. We hypothesized that the high burden of infection in 

SAC was related to a high frequency of asymptomatic infections, and prolonged carriage 

of untreated asymptomatic infections. We aimed to: describe the association between age 

and asymptomatic P. falciparum infection; assess the impact of asymptomatic infections 

on subsequent clinical disease; and predict the impact on prevalence of targeting 

interventions to SAC.  



 

A longitudinal cohort study with 120 individuals aged one through 50 years was 

conducted in a high-prevalence rural area. Using data from cross-sectional studies and the 

cohort study, a mathematical model was constructed. 

Incident infections and length of infection persistence did not significantly differ 

between SAC and children under five. Asymptomatic infections in all ages were unlikely 

to develop into clinical disease, and were associated with decreased risk of subsequent 

clinical malaria. Newly acquired infections were associated with increased risk of clinical 

disease. Modeling predicted that targeting interventions to SAC leads to greater decreases 

in P. falciparum prevalence in Malawi compared to current intervention strategies. 

Ensuring both children under five and SAC had equal access to interventions leads to the 

greatest decreases in prevalence. 

Biological and behavioral factors may interact to cause the disparity in P. 

falciparum prevalence observed in cross-sectional data from Malawi. Our data suggests 

that, for all measures, when participants had equal access to malaria control measures, 

SAC were similar to children under five. Asymptomatic infections were associated with 

decreased risk of disease, but did not appear to be protective against clinical disease when 

new parasites were introduced. Thus, treatment of asymptomatic infections may be a 

viable strategy to decrease prevalence in Malawi. However, policy needs to address the 

disparity in access to malaria control interventions, which appears to be driving high P. 

falciparum prevalence both in SAC and the community.  
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CHAPTER I. BACKGROUND 

Malaria Epidemiology and Prevention 

In 2015, malaria was responsible for approximately 438,000 deaths worldwide 

among 214 million new cases of malaria (1).  Approximately 88% of all malaria cases 

occurred in sub-Saharan Africa and 70% of deaths occurred in children under the age of 

five. In sub-Saharan Africa, malaria accounted for 10% of all child deaths during 2015 

(1).  Malaria morbidity and mortality tend to be concentrated in young children; however, 

in many countries the greatest prevalence of infection is found among school-aged 

children (SAC), aged five to 15 (2-6). While malaria continues to be a major contributor 

to morbidity and mortality worldwide, there have been signs that this burden is 

decreasing. The World Health Organization (WHO) 2015 World Malaria Report stated 

that 57 malaria-endemic countries had reduced their malaria cases in children under 5 by 

75% since 2000. This success has been attributed to worldwide commitment to the WHO 

Millennium Development Goals, which called for an increase in interventions to decrease 

global malaria incidence. However, the countries with the highest initial disease burdens 

have also seen the slowest decreases in disease and infection.   

This attenuation in success of malaria control measures seen in regions of high 

transmission is reflected in the literature studying the direct impact of individual 

interventions. Transmission intensity can be described by the estimated number of bites 

by infectious mosquitoes per person per year, known as the entomological inoculation 

rate [EIR](7). Interventions recommended by the WHO to decrease malaria burden and 

transmission include the distribution of insecticide-treated nets (ITNs), indoor residual 

spraying with insecticide (IRS), use of artemisinin combination therapy (ACT) as first-
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line treatment for malaria, and intermittent preventive treatment with effective anti-

malarial drugs (IPT). Mass screening and treatment (MSAT) of individuals who are 

positive for parasites by rapid diagnostic test (RDT), and focal mass drug administration 

(MDA) are additional tools currently being researched for potential use in elimination 

settings (8).  

The effectiveness of each of these interventions for decreasing infection prevalence 

has wide variation between transmission settings, and transmission control is 

demonstrably more difficult in high-transmission regions. A Cochrane systematic review 

of randomized interventions of ITN distribution, including seven clinical trials from high 

transmission regions, found a 13% decrease in infection prevalence overall and an 11% 

decrease in uncomplicated clinical malaria episodes in areas of high Plasmodium 

transmission. In comparison, they found a 23% decrease in uncomplicated clinical 

episodes from trials in low transmission regions (9). IPT interventions frequently target 

groups at a high risk of clinical disease, generally either pregnant women or children 

under the age of five. These interventions are highly successful at protecting participants 

from infection. Three systematic reviews looking at IPT in pregnant women, infants, and 

young children found relative risks (RR) of infection among individuals receiving IPT 

ranging from 0.06 to 0.70 (10-12). However, these interventions have not led to 

comparably significant community-wide decreases in prevalence (RR = 0.45 (0.14, 1.47)) 

(13). Likewise, a 2013 systematic review of population-wide MDA interventions found 

no effect of MDA in high transmission settings (14), and MSAT trials, which have found 

moderate efficacy in low prevalence settings, have failed to find an effect in moderate to 

high transmission settings (15-19). An explanation for why these interventions may have 
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less of an impact on infection prevalence in high-transmission settings is likely related to 

a combination of human behavioral factors and the biology of Plasmodium infections.  

 

Malaria Epidemiology and Prevention in Malawi 

Malawi has year-round transmission of P. falciparum parasites with a marked 

increase in prevalence during the rainy season. There were an estimated 5.3 million cases 

of clinical malaria among a population of 13 million people in 2012, and infection 

prevalence was approximately 33% among children under five years of age by PCR 

detection (1, 20, 21). In Chikwawa district, in southern Malawi, where our study is based, 

preliminary data from cross-sectional surveys show community-wide prevalence ranges 

from 18% during the dry season to 38% during the rainy season. An entomological 

survey estimated EIR to be 183 infectious bites per person per year in Chikwawa (22). 

Recent data from Malawi have shown that SAC have higher prevalence of carrying an 

infection by both PCR and microscopy than all other age groups, with 4.8 times the odds 

of infection compared to other ages (prevalence is similar among adults and children 

under five) (2). SAC make up ~30% of the population and thus harbor the majority of 

Plasmodium infections in Malawi.  

Current public health policy in Malawi emphasizes the use of ACT as first-line 

treatment for clinical malaria, and IPT of pregnant women to prevent maternal malaria. 

ITN distribution has been ongoing through routine distribution to pregnant women 

attending antenatal care and children under five attending well-child visits at government 

health centers. Universal ITN distribution campaigns were conducted in 2012 and 2016. 

While data are not yet available from the 2016 campaign, an analysis of community-level 
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infection prevalence found no community-wide decrease in prevalence associated with 

the previous ITN campaign (23). This may have been related to heterogeneity of 

individual-level effects of ITNs in preventing infection in Malawi, where the efficacy of 

ITNs appears to vary by age and season (23).  

In Malawi, high disease-risk groups, including pregnant women and children 

under the age of five, have had high uptake of ITN use, ACT use, and IPTp (21). Despite 

this, P. falciparum prevalence in Malawi has persisted with little change over the past 

decade and Malawi lags behind most of its neighbors for decreases in hospital admissions 

and deaths due to malaria (1, 21, 24). In response to the persistence of malaria despite 

current public health policies, data are needed on the current distribution of infection as 

well as improved malaria intervention strategies. Cross-sectional studies provide valuable 

information on the distribution of infection prevalence; however, longitudinal data are 

required to understand incidence and the true burden of infection.  

Malaria biology and detection 

Malaria disease is the result of infection with Plasmodium species. The life-cycle 

of the Plasmodium parasite requires both asexual reproduction in a human host and 

sexual reproduction in the gut of a female Anopheles mosquito. Female Anopheles act as 

a vector, transmitting the Plasmodium parasites between human hosts. Blood stage 

infection in the human host causes the symptoms of clinical malaria, and a subset of 

Plasmodium parasites exit the asexual life cycle to become morphologically distinct 

gametocytes, which can be transmitted from humans to mosquitoes.  

In sub-Saharan Africa, P. falciparum is the dominant species of Plasmodium. 

Severe disease in response to P. falciparum infection is believed to be the result of both 



5 
 

parasite virulence and host inflammation. Some combination of parasite-mediated 

processes (such as red blood cell destruction and sequestration) and host inflammatory 

response (including proinflammatory cytokine and chemokine production) lead to severe 

disease(25).  After multiple P. falciparum infections and exposure to a variety of parasite 

antigens, individuals begin to develop partial immunity which decreases the severity of 

clinical malaria, but does not protect against future infection. Over time, with frequent 

and repeated exposure to a wide range of P. falciparum antigens, acquired immunity may 

prevent clinical malaria entirely. In areas with high P. falciparum transmission, 

individuals are exposed frequently to P. falciparum and increasing age is used as a proxy 

for increasing P. falciparum clinical immunity. While complete immunity to new 

infections does not develop naturally, severity of illness and parasite density, along with 

gametocyte density, are observed to decrease after repeated exposure (26, 27).  Thus, in 

areas with high P. falciparum prevalence, a majority of all infections are asymptomatic, 

perhaps reflecting this acquired immunity (28).   

Asymptomatic infections tend to have lower asexual stage parasite and 

gametocyte densities which can be difficult to detect through standard methods such as 

rapid diagnostic tests (RDT) and microscopy (15, 29). The sensitivities of RDTs and 

microscopy increase with increasing parasite density (15, 29).The limit of RDT detection 

is between 100 and 200 parasites per microliter, but many RDTs will still fail to detect 

infection in this range (30). The limit of microscopic detection is believed to be 

approximately 50 to 100 parasites per microliter, meaning microscopy has very low 

sensitivity for detection of infections below this threshold (31). People with difficult-to-

detect infections below the limit of microscopic detection are still able to infect 
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mosquitoes during blood-feeding, with 70% of under-five children who have sub-

microscopic infections passing on infection to mosquitoes in one study (32). SAC in 

Kenya and Malawi had both the highest proportion of sub-microscopic infections and 

were more likely to carry gametocytes than other age groups (33, 34). It is believed that 

even at the lowest gametocyte densities (potentially undetectable even by sensitive 

methods such as PCR), transmission to mosquitos can still occur (35, 36).  

Difficult-to-detect, asymptomatic infections in a population may directly impact 

success of malaria control interventions. ITN use reduces incident infections, but may do 

little to decrease prevalence if many people are carrying persistent infections before they 

begin using nets. Likewise, introduction of ACT as first-line treatment for malaria 

clinical disease should reduce the frequency with which uncomplicated malaria 

progresses to severe disease, but it is unlikely to impact individuals without symptoms 

because they would not seek treatment. Mass treatment interventions that depend on 

screening using RDT or microscopy are unlikely to detect low-density asymptomatic 

infections. To design appropriate interventions to reduce Plasmodium transmission, a 

comprehensive understanding of prevalent asymptomatic infections in a region is 

required. However, due to the complexity of measuring both the frequency and duration 

of asymptomatic P. falciparum infections, the characteristics of these infections are ill-

defined. 

Cross-sectional surveys, including the Demographic Health Surveys, Malaria 

Indicator Surveys, and similarly designed research studies (2), provide much of our 

current knowledge about the burden of malaria in Malawi. However, single-time-point 

data from cross-sectional surveys cannot capture information about either incidence of 
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new infections or how cross-sectionally detected asymptomatic infections contribute to 

the burden of disease. Data from longitudinal studies are required to determine both the 

contribution of asymptomatic infections to clinical disease and to the infection burden.   

 

Plasmodium falciparum Infection Dynamics 

Infection Duration 

 Estimates for the duration of untreated P. falciparum infection were first reported 

in the mid-20th century in a series of reports on the use of malaria-therapy as treatment 

for neurosyphilis (37, 38). Putatively malaria-naïve individuals living in the United States 

were infected with laboratory-raised P. falciparum sporozoites or injected with infected 

blood and followed until clearance of infection as determined by microscopy. Eyles and 

Young published a paper in 1951 estimating a mean duration of P. falciparum infection 

without treatment at 222 days (SD = 25) with a range of 32 to 480 days (37). Data from 

this and similar studies have long been the only available estimates of infection duration, 

and have been widely used to parameterize mathematical models of P. falciparum 

transmission and estimate the impact of public health interventions (39-41). In light of 

increasing knowledge about the distribution of P. falciparum infections and the limits of 

microscopic detection, recent attempts have been made to re-analyze malaria-therapy 

data (42). However, these estimates still fail to take into account the fact that controlled 

experiments with massive synchronized infection doses, conducted in previously 

unexposed individuals using low-virulence laboratory strains, are unlikely to resemble 

natural infections in non-naïve individuals (43). At this time, limited data on the length of 
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natural asymptomatic infection have been published from only three cohort studies (43-

45). 

 The first longitudinal prospective cohort study measuring infection duration in an 

endemic region was published by Franks et al. in 2001 (44). That study followed 

newborn infants for up to two years in a region of Ghana with low-to-moderate, stable 

Plasmodium transmission ([EIR] of five to ten). Asymptomatic infections were not 

treated, and, using microscopy data, a mean duration of infection in the cohort was 

determined to be <4 weeks.  An additional analysis of a subset of this cohort introduced 

the use of genotyping to track and estimate the persistence of individual parasite lineages. 

For this sub-analysis, polymerase chain reaction (PCR) was used to amplify genes 

encoding the highly polymorphic merozoite surface proteins, MSP-1 and MSP-2. By 

sequencing these genes in samples from 13 persistently infected infants (determined by 

microscopy), they found individual parasite lineages actually persisted for up to 40 

weeks, in contrast to their previous estimate using microscopy alone. They also noted that 

infections seemed to persist longer as the infants aged (44). 

 Baliraine et al. expanded the age and duration of sample collection by genotyping 

PCR-positive samples from 246 children aged five through 17 years old, and following 

participants for up to one year (45). This study was carried out in two low-transmission 

(EIR ~ 0.05) villages and one moderate-transmission (EIR = 16.6) village in the Kenyan 

highlands. Microsatellites were used to characterize parasite genotypes. The average 

duration of a single genotype of infection estimated from genotyping data in this study 

was 1.1 months, and the longest infections detected lasted three months. Durations of 

asymptomatic infections without differentiating infections by genotype lasted as long as 
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12 months in multiple children (5, 45).  However, despite not treating asymptomatic 

infections, study staff reported to study participants their asymptomatic infections at the 

time of detection, raising the possibility that they sought treatment outside of the study, 

and thus potentially decreasing the mean estimated duration. 

The majority of publications estimating natural infection duration utilize data 

from a single longitudinal cohort study (43, 46-49). In a Ghanaian region of high-

transmission (EIR ~ 300), 374 participants ranging from one month to 84 years of age 

were followed for 10 months and samples were collected at six two-month intervals. A 

subset of 69 participants contributed additional samples at days one, six, and seven after 

the last interval. MSP-2 PCR and capillary electrophoresis was utilized to distinguish 

individual parasite genotypes. Publications on these data have continually refined and 

improved a mathematical model to estimate the average persistence of individual parasite 

genotypes. The most recent findings using this dataset have found that infection duration 

should be modeled using a Weibull distribution, that there was significant age-

dependency in the probability of non-detection, and that there was a distinct age-related 

difference in the length of detectable infections (43, 48, 49). The most recent publication 

by Bretscher et al. estimated a mean genotype-specific infection duration of 124 days in 

children under age five, 179 days for children aged five through nine, and less than 90 

days for individuals aged 10 and older (49).  

Incidence, Molecular Force of Infection, and Multiplicity of Infection 

The finding that untreated infections appear to persist longer in children aged five 

through nine compared to others (49) contributes to a growing body of literature (2-4, 27, 

50-53)  suggesting that effects of acquired immunity in high transmission settings are not 
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linearly associated with the various epidemiologic indices used for measuring 

Plasmodium transmission and burden. In many areas, prevalence of infection increases to 

a peak among SAC and then decrease in older ages (2-4, 50). While there is strong 

evidence that some epidemiologic measures, such as the risk of clinical disease and 

peripheral parasite density, are linearly associated with increasing age in areas of high 

transmission (26), the evidence surrounding other dynamic measures, including 

incidence, force of infection, and multiplicity of infection, is less consistent.  

The association between age and the incidence of new infections varies among 

studies, with some finding that incidence of new infections does not vary by age (27, 51). 

However some studies have found a positive correlation between incidence and age (54, 

55), others have found a negative correlation (56), and others found an incidence curve 

which peaks among SAC and then decreases, similar to prevalence data (52, 53). 

Measuring incident infections has many of the complexities inherent in determining the 

duration of infection, and the heterogeneity in these results is likely due to variations in 

methodology as well as variations in transmission setting and population age distribution.  

True incidence of infection can be hard to capture in regions with high levels of 

Plasmodium transmission; most infections do not result in clinical disease, 

superinfections (multiple concurrent infections from different sources) are common, and 

differentiating between new and old infections is complex. Traditionally, EIR has been 

used as a measure of Plasmodium transmission. However, EIR is not specific to 

households or individuals, often covering large regions. Additionally, measuring EIR is 

difficult and labor-intensive, requiring a combination of human sampling and mosquito 

capture (57). The force of infection (FOI), or the rate at which susceptible individuals 
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acquire disease, is an alternative measure of Plasmodium transmission and has been 

estimated previously by either calculating infant conversion rates (the rate at which 

newborns first convert from naïve to infected), or by following individuals after curative 

treatment (58). The FOI is considered a good marker of transmission, but is similar to the 

measurement of EIR and is also labor-intensive to obtain. Both the FOI and EIR may 

differ significantly within small geographic regions and may not be applicable from one 

study site to another. Molecular techniques have been proposed as alternate ways to 

measure FOI and the molecular force of infection (molFOI), the number of new genotypes 

detected per person per year, has been validated as an alternative measure (55). The 

molFOI, now widely used to estimate incidence, is likely a more sensitive measure for 

frequency of new infections than the traditional FOI calculated using infant conversion 

rates due because PCR-based techniques are able to detect superinfection that are not 

evaluated in an infant conversion study.  

Estimating molFOI can still be complex and depends on determining the number of 

unique parasite genotypes in a given infection or the multiplicity of infection (MOI). 

There is no ideal method for genotyping; even whole genome sequencing, which is not 

financially feasible for large studies, does not have accepted standard methods for 

determining MOI in polyclonal infections (59-61). The probability of detecting a given 

infection decreases with decreasing density of peripheral parasitemia in the blood which 

is associated with increasing age (43, 48, 51, 62). A few studies have found MOI 

increases with increasing age, but these studies included only young children (54, 55). To 

identify more complex age-patterns in molFOI, studies must both include a wider range of 

participants and address the potential for non-linear age-patterns (52, 53, 62).   
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Few studies have included a non-linear age-pattern when investigating infection 

dynamics, likely because the mechanism resulting in a non-linear pattern is unknown. 

The known relationship between decreasing severity of illness due to repeated exposures 

and increasing immunity with age suggests a similar linear relationship with age should 

exist for other epidemiologic indices. Why have non-linear trends in prevalence and 

infection duration been observed? Pinkevych et al. hypothesized that observed non-linear 

relationships may be  a product of reduced parasite growth rate due to acquired 

immunity (62). Initial parasite expansion after infection may slow with increasing age 

(63). Mathematical models were used to demonstrate that reduced parasite growth rate 

leads to a linear increase in duration of infection with age (62). With current sampling 

methods, this increased duration appears to taper after late adolescence. This apparent 

decrease is hypothesized to be the result of continued increasing immunity which, after 

adolescence slows the growth rate of parasites to a level where parasitemia is frequently 

below the limit of detection.  However, evidence to support the details of this theory is 

limited. If a peak in infection duration exists among SAC in southern Malawi, similar to 

that found in Ghana, it will lend additional support to this theorized mechanism.  

 

Contribution of Asymptomatic Infections to Clinical Disease 

Asymptomatic P. falciparum infections are frequent in high transmission settings 

and are believed to function as a reservoir for Plasmodium transmission (26). Despite 

acknowledgement of the likely importance of asymptomatic infections, it is not known 

how frequently asymptomatic infections eventually develop into clinical malaria and lead 

to treatment. Mass drug administration with highly effective ACT could target 
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asymptomatically-infected individuals and theoretically remove this reservoir population 

of parasites. However, previous studies have found evidence of a protective association 

between carriage of asymptomatic infections and development of clinical malaria (53, 54, 

64, 65). If there are individuals who receive some level of protection due to 

asymptomatic infection, mass treatment could have a potentially harmful long-term 

effect, as seen in one study where clearance of asymptomatic infections led to an 

increased risk of clinical disease (64). A protective effect of persistent asymptomatic 

infections could also provide an explanation for high parasite prevalence in relatively 

low-disease groups, such as SAC. Persistent parasitemia may maintain or boost immune 

responses (66) and therefore protect against the acquisition of new infections which may 

have otherwise led to clinical disease. It is theorized that chronic infections are the result 

of human-parasite co-evolution and serve to maintain a controlled immune response that 

is ideal for both the host and parasite: preventing severe disease in humans and allowing 

low-level parasite replication (67) and transmission. Infections with new parasites 

expressing antigens to which an individual lacks previous exposure have previously been 

shown to be more likely to cause clinical illness (68).  

However, the association between asymptomatic infections and subsequent 

clinical illness is complex. There is evidence that, in some populations, asymptomatic 

infections are frequently precursors to clinical malaria. This appears to be the case for 

asymptomatic infections detected in very young children (under 3 years of age) (54, 69). 

Results from studies examining the association between asymptomatic infections and 

later clinical disease also vary widely depending on the definition of asymptomatic 

infection. Many studies have analyzed asymptomatic infections based on the MOI of a 
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given infection, and have consistently found, even after adjustment for age, MOI of two 

or greater to be associated with decreased risk of clinical disease compared to individuals 

without any asymptomatic infections (52-54, 64, 70). Studies using only microscopic 

detection of parasites to define asymptomatic infection are more likely to find an 

increased risk of clinical disease than studies utilizing PCR (69). Additionally, studies 

with brief follow up times (30 days or less) have found an increased risk of illness 

associated with asymptomatic infections (71, 72). Infection is detectable by PCR during 

the seven to 14 day latent period before symptomatic disease (73), therefore, many of the 

infections detected are not persistent asymptomatic infections but simply the early, pre-

symptomatic stages of new infections.  

The consistent of findings on the association between high MOI asymptomatic 

infections and a decreased risk of clinical disease is strong evidence that carriage of 

asymptomatic infections is associated with protection from disease. However, many of 

those same studies found an increased risk of clinical disease among individuals with 

single asymptomatic infections compared to non-infected individuals (52, 64, 70).  One 

fundamental problem in interpreting all previously mentioned studies is that, despite 

longitudinal follow up for clinical illness, they defined asymptomatic infections at a 

single, cross-sectional time point. The analysis methods used did not take into account 

the fact that persistent asymptomatic infections frequently become temporarily 

undetectable (37, 74) or may occur after a baseline cross-sectional sample was taken. 

Thus, it is likely, especially in a high transmission setting, that many individuals 

categorized as non-infected in previous studies would have been categorized as 

asymptomatically infected if additional sampling had been done. This misclassification of 
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the exposure could potentially have biased results from previous studies towards the null 

as a result of making the comparison groups look more similar than they would have 

been without misclassification. However, it is difficult to predict the effect of bias in a 

time-dependent analysis. 

Previous studies examining the association between asymptomatic infection and 

the risk of clinical disease have provided support for either a protective effect of 

asymptomatic infections or suggested that asymptomatic infections are correlated with a 

protective effect. However, insensitive detection methods, limited age ranges, insufficient 

follow-up time, and a lack of longitudinal assessment of exposure have hindered 

researchers’ abilities to find conclusive and consistent results.         

  

Mathematical Modeling of Malaria Interventions in Malawi 

Mathematical models of malaria transmission can function as a starting point for 

understanding epidemiologic relationships and for designing and implementing 

interventions against mosquito-borne pathogen transmission and have been used in this 

capacity for over a hundred years. The first model describing Plasmodium transmission 

was developed by Ross in 1911 (75). This seminal model explained the relationship 

between mosquito population and malaria incidence in humans using a simple 

deterministic compartmental model including compartments for susceptible (naïve) 

humans and infected humans who, upon recovery from infection reverted to the 

susceptible compartment (known as an SIS model). Individuals moving from 

compartment to compartment were represented using a series of differential equations to 

determine the change in number of individuals in each compartment. Mosquito 
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population dynamics were modeled similarly with susceptible and infectious mosquito 

compartments; however, mosquitos were assumed to remain infectious until death.  

MacDonald improved upon Ross’ model by allowing for the possibility of 

superinfection (76) and the “Ross-MacDonald” model is now a widely used basis for 

mathematical models of Plasmodium transmission (77). Subsequent models have 

included addition of compartments for latent periods in mosquitos and humans, as well as 

age-related heterogeneity, acquired immunity, and spatial and genetic heterogeneity of 

hosts and parasites (77). These models are widely used to estimate the effect and guide 

the choice of interventions to decrease Plasmodium transmission in endemic regions, and 

have been used to inform public health policy decisions (78). 

Compartmental models, have been designed to assess potential interventions using 

compartments for treatment failures, asymptomatic infections, sub-microscopic 

infections, and superinfections (40, 79). Some models include compartments for vectors 

(40, 80), while others do not and instead include parameters for force of infection or 

vector capacity (77, 79). Some models stratify by age groups (81-83), others include 

formulas replicating the exponential decay of various parameters with age (40), while 

many do not address age at all (80, 84). All models fit to high-transmission datasets have 

found that, in order to have a large impact on prevalence in this setting, multiple frequent 

interventions are needed, often with improbably high coverage (40, 84-86). The few 

models that have examined age-targeted interventions have looked only at targeting 

children under five years of age (79, 81). 

In addition to compartmental models, individual-based stochastic models have also 

been developed, including a few open access templates such as EMOD and OpenMalaria 



17 
 

(87). Individual-based stochastic models have the benefit of being able to simulate 

individual-level processes.  Crowell et al. created an individual-based stochastic model 

which simulated a human population updated at 5 day intervals with new infections, 

changing parasite densities, acquired immunity, distributions of uncomplicated and 

severe disease, infectiousness and case management (85). Other stochastic models have 

been designed to incorporate the effects of both acquired anti-disease immunity and 

acquired anti-parasite immunity in estimating the impact of prevention measures (86).    

  

One of the strengths of mathematical models is that they can be customized to 

incorporate important details of transmission, such as those relating to heterogeneity by 

age, for a particular region. We will develop a novel mathematical model specific to our 

question of interest, deriving components from previously developed models (40, 88), 

and using parameters estimated from two studies in southern Malawi. This will allow us 

to identify feasible intervention strategies for reducing infection prevalence in southern 

Malawi. While some previous models have incorporated the three age groups we have 

defined previously (under five, SAC, and adults) (81, 89), none have structured these so 

that infection prevalence peaked in SAC. Additionally, all previous intervention models 

have used data from malaria-therapy studies to define duration of infection, and none 

have included variability in the duration of untreated natural infection by age. This is 

problematic, given that predictions from malaria transmission models for high-prevalence 

regions are thought to be sensitive to variations in the human recovery rate (90). 

Mathematical models simulating P. falciparum transmission have predicted 

repeatedly that control of transmission is highly variable by transmission setting and that 
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high coverage with combined interventions is required to significantly impact prevalence 

in high transmission settings (40, 85, 86). Previous models have suggested that, to reduce 

infection prevalence below 10% in regions of high transmission, 80% coverage of ITNs, 

along with frequent and sustained IRS and MSAT would be required (40, 85, 86). While 

informative, these studies have not provided clear options for feasible steps forward in 

malaria control in high-transmission regions, such as Malawi. We will focus on 

comparing specific combinations of interventions targeted by age group to predict the 

best strategies for the region.  

Public Health Significance 

If asymptomatic infections serve as the major reservoir for transmission, it is essential 

to understand the distribution of such infections to appropriately design malaria control 

measures. Lack of appreciation of the reservoir potential of infection in SAC may have 

contributed to failures of previous programs to produce the desired decrease in 

Plasmodium transmission. SAC in Malawi have a significantly higher prevalence of 

infection than other age groups and use malaria control measures less frequently (2, 91-

94). It is unknown whether the high prevalence seen in this age group is due to their lack 

of intervention uptake, if current intervention strategies are less effective in this 

population, or if SAC have a unique infection-disease profile. While previous studies 

have found increased duration of infection among this age group, it is uncertain whether 

previous estimates are applicable to a perennial transmission setting like Malawi. We also 

do not know whether the asymptomatic infections prevalent in SAC eventually develop 

into symptomatic malaria and ultimately prompt treatment seeking. There is evidence of 

a protective effect of asymptomatic infections against development of clinical disease 
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which could actually decrease treatment seeking, therefor active detection of 

asymptomatic infection may be needed to ensure treatment. If reservoir populations in 

Malawi show significant differences in patterns of infection, targeted interventions may 

be needed to effectively disrupt Plasmodium transmission.  

Data on infection dynamics are also vital for accurately modeling disease 

transmission within a community, but information about the modeling parameters for 

natural asymptomatic P. falciparum infection is scarce. Determining the patterns of 

asymptomatic P. falciparum infection in a high-transmission setting is important for 

designing effective malaria control measures in Malawi and other areas where the 

infection burden is highest. Improving understanding of reservoir populations, parasite 

dynamics, and asymptomatic infections can lead to better predictive models which can 

help public health organizations develop and implement effective interventions and 

policies. 

 

Innovation 

This will be the first study to look at the relationship between age and patterns of 

P. falciparum infection dynamics in East Africa. P. falciparum transmission is directly 

influenced by ecology, weather, and human behavior, all of which vary considerably 

based on geographic location. There is extreme diversity in both the patterns and intensity 

of transmission between regions, and infection dynamics are unlikely to remain 

consistent across settings, thus Malawi-specific data are needed to address the ongoing 

transmission in Malawi. Evidence suggests that age may play a large role in infection 

dynamics in Malawi, and addressing the contribution of age will allow for the design of 
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better public health interventions to target reservoirs of infection. Due to the complexity 

of measuring both the frequency and duration of asymptomatic P. falciparum infections, 

these infections are not well characterized. This study is ideal to address the question of 

asymptomatic infection duration, as well as to identify human reservoir sub-populations 

in Malawi. Use of genotyping and a longitudinal age-stratified cohort study will allow us 

to measure the possible association of age with infection duration.  

It is unknown whether asymptomatic infections eventually lead to clinical illness 

or are associated with protection from disease. Previous studies have used insensitive 

detection methods, included limited age ranges, had insufficient follow-up time, and have 

not been able to accurately determine presence of asymptomatic infections preceding 

disease, all of which hinders conclusive and consistent results. This study will be the first 

to use longitudinally collected, highly sensitive molecular exposure data, for a cohort of 

individuals spanning a wide age range with long-term follow-up. We will determine the 

impact of individual persistent asymptomatic infections on the risk of symptomatic 

illness.  

Transmission models have long been used as tools to explore the potential effects 

of interventions on infectious disease transmission patterns. However, the limited pre-

existing data on the duration of asymptomatic infections and on prevalence among SAC 

compromises available models. Our study aims to produce such data from a perennial 

transmission setting in East Africa with frequent sampling and follow-up covering up to 

two years.  

Through the combination of two years of follow-up, sensitive molecular detection 

of P. falciparum, frequent (monthly or more) sampling and age-stratified enrollment, we 
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are uniquely positioned to create a detailed characterization of infection dynamics in a 

perennial transmission setting, and to examine the effect of age differences in those 

dynamics. 

We hypothesize that SAC serve as an important reservoir of infection and that the 

historic lack of attention paid to this group has contributed to the failure of malaria 

interventions in Malawi. SAC are significantly less likely to access malaria prevention 

measures; ITN use in SAC (compared to other ages) did not increase significantly after 

universal distribution of ITNs (91-95). We recently found evidence in southern Malawi 

of heterogeneity between SAC and other age groups in the effectiveness of ITN use for 

prevention of malaria (23). The magnitude of the protective effect was reduced in SAC 

during the rainy season. The underlying mechanisms driving this effect modification are 

unknown, but may be related to multiple processes including acquired immunity, 

behavioral differences, and the high prevalence of asymptomatic infections among SAC 

in Malawi (2, 49).  

To better understand the contribution of SAC to the malaria burden, it is 

necessary to characterize asymptomatic infections in Malawi. We propose to use 

longitudinal data collected in a high transmission region of southern Malawi to estimate 

the molFOI and duration of asymptomatic infections in southern Malawi and to examine 

their association with age. Using these data, we propose to use deterministic 

compartmental models to determine if targeting interventions to SAC (a high infection-

burden group) would have a greater impact on prevalence than current intervention 

methods focusing on groups at high risk of clinical malaria.  
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CHAPTER II. STUDY DESIGN AND METHODS 

Study Design 

The research used specimens and data collected from a longitudinal cohort study 

with two years of follow-up conducted at the Mfera Health Center in the Chikwawa 

district of rural southern Malawi as part of Malawi’s International Center of Excellence 

for Malaria Research (Malawi ICEMR, NIH grant U19AI089683).  

Human subjects research approvals were obtained from University of Maryland 

School of Medicine’s and Michigan State University’s Institutional Review Board, and 

Malawi’s National Health Sciences Research Committee.  

Participants 

The study enrolled a total of 120 participants at the time of an episode of 

uncomplicated malaria between June 2014 and March 2015 and participants were 

followed for up to two years with follow up ending in March 2017. Participants presented 

at the health center with symptoms of malaria (including fever, chills, headaches, muscle 

pain, nausea) and were screened with rapid diagnostic tests (RDT) and microscopy done 

in the field to confirm P. falciparum infection. Enrollment was age-stratified, with 40 

participants aged one through five years, 40 participants aged six through 12 years, and 

40 participants aged 13 through 47 years old enrolled.  Females comprised 57.5% of the 

study population. Participants were enrolled if they intended to remain in the study area 

and seek all treatment at the Mfera Health Center for two years, were positive for P. 

falciparum by both rapid diagnostic test and microscopy, and were HIV negative at time 

of screening. HIV status was determined based on a recent test documented in the 
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participant’s health passport. Participants were excluded if, at the time of screening, they 

had an acute illness requiring hospitalization, they had signs or symptoms of severe 

malaria or severe anemia, or were on any medication with antimalarial activity.  

Study Procedures 

All participants were treated with artemether-lumefantrine (AL) at enrollment. 

Treatment of malaria with AL requires a three-day course of medication to be taken and, 

when taken appropriately, is expected to clear all Plasmodium parasites. Active levels of 

AL remain in the blood after treatment for approximately two weeks. 

Participants were followed for two years with passive and active malaria 

surveillance. They attended the clinic monthly for routine follow up visits and were 

encouraged to visit the health center whenever they were ill. At monthly routine visits, 

participants were asked about net use and malaria symptoms. Finger-prick blood spots 

were preserved on filter paper for qPCR and parasite genotyping and thick blood smears 

were made for microscopic detection of parasites. Participants were additionally 

instructed to attend the study clinic in the case of any illness. At all unscheduled sick 

visits, blood samples were taken for dried blood spots on filter paper and thick smears. If 

participants reported symptoms indicative of malaria, a RDT was performed. RDTs were 

not performed at sick visits if no malaria symptoms were present. If the participant tested 

positive for P. falciparum by RDT, they were diagnosed with clinical malaria and were 

treated with a three-day course of AL. Participants were treated with AL regardless of 

microscopy results as per Malawi national protocol. Participants were asked about 

outside treatment at each visit and were unlikely to receive treatment for malaria outside 

of the study. Government health clinics are frequently understaffed and experience 
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regular medication shortages, the health care obtained through study staff is widely 

perceived as superior to other available care in the study catchment area. 

After enrollment, study staff accompanied participants home to determine the 

precise location and collected contact information for a household member or neighbor. 

In the event of a missed routine visit, study staff attempted to contact the participant or 

household member and, if they could not be contacted, study staff visited the 

participant’s home to find them. Tracing was attempted for three consecutive missed 

visits; after a third consecutive missed visit, participants were considered lost to follow-

up.  

Laboratory procedures 

Dried blood spots underwent DNA extraction and duplicate qPCR for detection of 

P. falciparum parasite DNA targeting the lactate dehydrogenase gene (96). qPCR was 

performed in Blantyre in batches at a date after sample collection. Results of qPCR were 

not reported to participants. Malaria smears were examined by microscopy to check for 

presence of Plasmodium parasites. Malaria smears were examined in the field at the time 

of participant visits only in the event of a positive RDT. In the event of a positive RDT, 

clinical malaria was classified as either smear positive or smear negative. Otherwise, 

microscopy was performed after the date of sample collection and results were not 

reported to participants. Malaria smears were read twice by two independent readers for 

presence of Plasmodium parasites. In the case of discrepant results, a third read was done, 

a sample with at least two positive reads was classified as positive. 

To identify the specific parasite genotypes within each infection, parasite 

genotyping was performed on all blood samples which were positive for P. falciparum in 
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qPCR runs or by microscopy. Parasite genotypes were differentiated by examining the 

genetic polymorphisms of three highly polymorphic regions of the P. falciparum 

genome. Nested PCR was performed to sequentially amplify the polymorphic regions of 

the merozoite surface proteins (MSP1 and MSP2) and the glutamate-rich protein 

(GLURP). Second-round PCR primers were used to amplify the K1, MAD20, and RO33 

allelic families of MSP1 and the IC and FC27 allelic families of MSP2 (97). PCR 

products were analyzed by polyacrylamide gel electrophoresis. PCR products were 

assigned sizes (in base pairs, bp) by two independent readers. A third read was used if 

there was a discrepancy of greater than 15 bp. A band was included in analysis if at least 

two readers identified the band and agreed on band size. Multiplicity of infection (MOI) 

at a given time point was determined by the maximum number of bands with unique 

lengths for a single allele.  

Definitions 

Asymptomatic malaria infection was defined as presence of P. falciparum 

parasites by qPCR or microscopy at a time when no symptoms of malaria were reported, 

beginning at least two weeks before any symptomatic malaria, and at least two weeks 

after treatment with an anti-malarial medication.  Parasite genotypes were differentiated 

as described above. A genotype was defined as persistent if a sample contained two 

alleles of the same variant and size (within 10 bp) with a previous sample. The number of 

potential unique genotypes identified in the dataset was 503, with the most frequently 

observed genotype appearing 35 times in the dataset and present in 2% of observations. 

Most genotypes (477, 95%) appeared 10 times or fewer in the dataset (Figure 1).  



26 
 

Figure 1. Frequency of unique genotypes in samples from Malawi 

 

 

A genotype was defined as a newly detected infection if a sample contained any 

allelic variants that were not detected in previous infections. Visits occurring when the 

participant was neither currently diagnosed with clinical malaria nor on treatment for 

malaria were considered “at risk” time for asymptomatic infection. A participant was 

considered not at risk if they were reporting symptoms or were within two weeks of 

treatment with AL (AL is believed to prophylactically protect from new plasmodium 

infection for at least 14 days (98)). An infection was defined to have begun half way 

between the first appearance of positivity and the previous negative visit (or the 

beginning of “at risk” time). An infection (independent of genotyping) was defined as 

ending after the last detection, half way between the last detection and next negative visit. 

Additional right censoring existed for loss-to-follow-up or study end. Season was defined 

as either rainy season (December through April) or dry season (May through November). 
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All visits were categorized as either uninfected (no parasites detected), infected 

and asymptomatic (parasites detected but no symptoms reported), or infected and 

symptomatic (parasites present while complaining of symptoms). Each participant's 

monthly visits were categorized as either infected or uninfected and symptomatic or 

asymptomatic. Participants may have missed some monthly visits but attended at any 

time for unscheduled sick visits. At sick visits, participants were either infected or 

uninfected. Sick visits where participants did not report malaria symptoms (i.e. for 

diarrhea, rash, trauma etc.) were categorized as asymptomatic malaria infections if the 

participant has evidence of infection (by PCR or microscopy). Sick visits where malaria 

was not diagnosed and plasmodium infections were not detected were characterized as 

uninfected. Sick visits where fever was reported and which were RDT and microscopy 

negative but were later found to be PCR positive were categorized as asymptomatic 

infections with the assumption that low-parasitemia fevers are related to other non-

malarial infections. 

Enrollment for the original cohort study was age stratified, with SAC defined as 

children aged five through 12. For the purpose of this dissertation and all analyses herein, 

age groups have been re-categorized as: under five, five through 15 (SAC), and over 15 

based on age categories used in previous literature as well as trends identified in our own 

data from previous studies in Malawi.  

AIM 1: 

Measures: 

Outcomes: Patterns of asymptomatic P. falciparum infection were divided into three 

outcomes of interest:  
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Outcome 1a: Mean time spent with any genotype of asymptomatic infections 

(length of time a person contributes to the asymptomatic reservoir), measured as the time 

in days per year during which a participant is asymptomatic infected. 

Outcome 1b: Mean duration of single genotype of asymptomatic infections 

(determined by genotype of parasite) measured as the length in days for which a single P. 

falciparum parasite genotype persists in a participant. 

Outcome 1c: The number of unique genotypes of infections per person per year 

(or the molecular force of infection [molFOI]) measured as the number of new parasite 

clones detected in an individual per year of follow up (55). The molFOI was measured 

from the number of new unique parasite genotypes detected in a single participant’s 

samples during time at risk for infection.  

Predictors: 

 The predictor variable for Aim 1 was baseline age at date of enrollment, 

determined by reported birth date, and grouped categorically into three groups: children 

under age five, SAC aged five to 15, and adults over the age of 15. Age was treated as a 

categorical variable and the age variable was updated after each treatment episode 

allowing participants to progress into older age categories.  
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Figure 2. Causal diagram of covariates associated with Aim 1 outcomes 

Covariates: Covariates considered for Aim 1 included number of treatment episodes, 

season at the beginning of follow-up, sex, and reported use of bed nets (Figure 2). 

Seasonality was expected to be associated with all three outcomes for Aim 1, more 

symptomatic episodes, prompting treatment and clearance of parasites, as well as more 

asymptomatic episodes occur in the rainy season than in the dry season. Seasonality was 

explored as an effect modifier by stratifying analyses based on the season at the 

beginning of observation follow-up. There were conflicting data on whether sex is a 

significant predictor of P. falciparum infection, therefore it was examined as a potential 

effect modifier.    

A Directed Acyclic Graph was created to better understand the underlying causal 

framework (Figure 2). Based on the assumption that number of treatment episodes in the 

study period is a descendent of the same causal pathway leading from age to the 

outcomes of interest, treatment episodes was not treated as a confounder. ITN use 
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additionally occurs as a descendent of age and was not included in models as a 

confounder.  

Analysis: 

1a: Mean time spent with any asymptomatic infections: Mean time spent with 

asymptomatic infections (regardless of genotype) per year of follow-up was calculated 

for each age group. Each visit was coded as presence or absence of asymptomatic 

infection with presence coded as 1 and absence coded as 0. Time with symptomatic 

infections or when a participant received treatment for malaria was not included in “at 

risk” time. Mean time spent with asymptomatic infections was non-normal and was 

compared between age categories in preliminary analysis using a log-transformed linear 

regression model. Age was used as a proxy for cumulative lifetime exposure, so 

covariates which were strong predictors of infection were tested for inclusion in a final 

statistical model as potential confounders. Final adjusted models for time spent with 

asymptomatic infections were constructed using a linear mixed model accounting for 

non-independence of repeated observations. Sex and season at beginning of observation 

were tested as confounders and effect modifiers. 

1b: The molecular force of infection (molFOI): The number of new genotypes per year of 

follow-up was calculated for each person. For preliminary analysis, mean molFOI was 

calculated by age category and compared among age groups using a Kruskal Wallis Chi-

squared test. Sex and enrollment date (proxy for season) were tested as confounders. A 

final linear multivariable model with the log-transformed molFOI was constructed 

adjusting for sex.  
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1c: Duration of individual asymptomatic infections: In preliminary analysis, infection by 

a persistent genotype was calculated as beginning half way between the time the 

genotype was first detected and when the person was first at risk for new infections. The 

infection was defined as ending halfway between last detection of the same genotype and 

the next time it was not detected. As individual infecting genotypes frequently dropped 

below the level of detection, it was possible to calculate the probability of non-detection. 

Given a genotype was detected at a time point t and some given time point in the future 

t+i, it was possible to calculate the probability of non-detection of a given genotype for 

all time points t+1 through t+i-1. These probabilities were used to simulate datasets with 

a probability distribution of potential missing positives after the last detection of a given 

genotype. Median duration of a single infecting genotype not ending in treatment was 

calculated taking the mean estimate of medians from the imputed datasets.  

  

Aim 2: 

Measures: 

Outcomes:  

 The outcome variable for Aim 2a was the time from each treatment episode to 

next clinical malaria episode. Follow-up time for this variable began two weeks after 

enrollment or two weeks after each subsequent treatment for clinical malaria. Individuals 

with clinical malaria were defined as participants who sought care for malaria symptoms 

and were diagnosed with and treated for malaria by study site staff. Asymptomatic 

infections were defined as the presence of P. falciparum parasites by qPCR or 

microscopy at a time when no symptoms were reported, appearing at a time greater than 
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two weeks before report of symptoms, and beginning at least two weeks after treatment 

with anti-malarial medication. Participants contributed multiple observations to this aim 

if they had multiple clinical malaria episodes more than two weeks apart. 

The outcome variable for Aim 2b was the odds of an infection being symptomatic 

as opposed to asymptomatic. Each infected visit was classified as clinical malaria or 

asymptomatic. Clinical malaria and asymptomatic infection was defined as above.  

Predictors: 

 The predictor variable for Aim 2a was presence of asymptomatic infection during 

the follow-up time preceding symptomatic illness. Asymptomatic infections were 

modeled in two ways. For preliminary analysis, individuals were defined as having 

asymptomatic infections if any asymptomatic infection was detected during the follow-up 

observation. For final analysis, the lag time between the beginning of follow up time and 

appearance of an asymptomatic infection was accounted for by using presence of 

asymptomatic infection as a time-varying variable. Follow-up time before the detection 

of an asymptomatic infection was classified as infection free up until two weeks before 

the asymptomatic infection was detected. After detection of an asymptomatic infection, 

follow up time for that observation was classified as asymptomatically infected. 

The predictor variable for Aim 2b was the infection type. Infection type was 

classified into three categories: 1) an infection comprised only of newly detected 

genotypes (all new), 2) an infection comprised only of persistent, preexisting genotypes 

previously detected in that individual (all persistent), 3) or an infection which contained 
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both persistent and newly detected genotypes (mixed new and persistent). Parasite 

genotypes were differentiated as described above.     

The contribution of mixed infections (with both persistent and newly detected 

genotypes) was explored in three ways: 1) mixed infections were defined as persistent 

infections (an infection with ANY persistent genotypes was considered persistent); 2) 

mixed infections were defined as a separate category to see if the risk of symptoms 

differed when comparing these infections to non-mixed infections; 3) mixed infections 

were defined as newly detected infections (an infection with ANY new genotype was 

considered new).  

Covariates: 

Baseline covariates that were investigated as potential confounders for Aim 2 

were sex, age, and season at the beginning of the observation. Age was treated as a 

categorical variable and was updated after each round of treatment as described 

previously. Stratification by age, sex, and season was used to investigate potential effect 

modification. 

 

Analysis: 

Aim 2a: Preliminary analysis for the association between the presence of asymptomatic 

infection and the time to clinical malaria used Kaplan Meier (KM) survival curves. The 

median time to clinical malaria after each treatment episode was estimated from the KM 

curve and then KM curves were compared between individuals with asymptomatic 

infections and individuals without asymptomatic infections using the log-rank test. KM 
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curves and the log-rank test were also used to test the association between covariates of 

interest and time to clinical malaria. The association between covariates and the presence 

of asymptomatic infection was tested using Chi-squared tests. 

For final analysis, time dependent Cox frailty models were used to determine the 

hazard ratio for clinical malaria episodes comparing groups with asymptomatic infection 

and without infection. A random effect was included in all models to account for 

correlation between repeated observations from the same individual.  Proportional 

hazards were tested between individuals with and without asymptomatic infections by 

comparing the log-negative log-hazard plot and by testing the effect of an asymptomatic 

infection*time term in adjusted models. Exponential and Weibull models were tested for 

best fit. Age was assessed as a potential effect measure modifier by including an 

interaction term for age category*asymptomatic infection in Cox frailty models. If 

evidence for a qualitative difference in the association between asymptomatic infections 

and time to clinical malaria was observed across strata, age was considered an effect 

modifier. The final adjusted model included covariates which were significantly 

associated with both the presence of asymptomatic infection and the time to clinical 

malaria in preliminary analysis. The final model included age category and season at the 

beginning of the observation. 

Aim 2b: To assess the association between persistent infections and clinical symptoms, 

only observations which were positive for P. falciparum by either qPCR or microscopy 

were included. Starting after one month of follow up, each individual infected visit was 

classified as newly detected infection, persistent infection, or mixed (new and persistent) 
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infection as defined previously. If a visit occurred within two weeks of a diagnosis of 

clinical malaria, the infected visit was considered clinical malaria.  

Preliminary analysis for the association between having a newly detected 

infection at a given visit and the presence of clinical malaria at the same visit was done 

using Chi-squared tests. Chi-squared tests were also used to test the association between 

covariates mentioned previously and new (vs. persistent) infections and the association 

between covariates and symptomatic (vs. asymptomatic) infections.  

Adjusted models included a random effect to account for the correlation between 

observations due to repeated measures among the same individuals. The association 

between new vs. persistent infections and the presence of clinical malaria was analyzed 

using mixed-effect logistic regression. In mixed-effect models there was no significant 

difference between mixed infections (with new and persistent genotypes) and visits with 

only newly detected genotypes. Thus, final analysis compared visits that had all persistent 

genotypes to visits that had any newly detected infections. The odds of symptomatic (vs. 

asymptomatic) infection given all persistent was compared to the odds of symptomatic 

infection given that there were any newly detected infections, 95% confidence intervals 

were constructed for the odds ratio. Covariates were considered for inclusion in the final 

model if they were associated with both the exposure and the outcome. Age-stratified 

models were created to examine the possibility of effect modification by age. Final 

models included age, sex, and season. 
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Aim 3 

Parameter Values from Cross-Sectional Surveys  

The cross-sectional study design, described elsewhere (2), involved two surveys 

annually (one each in the rainy and dry seasons), during three years (2012-2014). Three 

hundred households were selected using two-stage cluster sampling (99). The same ten 

communities in Chikwawa district, southern Malawi were surveyed for all six surveys, 

and all households within a given community were visited on a single day. Selected 

households were not sampled that day if there were no adults over 18-years present to 

provide consent. Excluded households were replaced with the nearest household.   

Data from the surveys were used to estimate the age-specific prevalence 

(averaged over all three years of the survey), population structure, current age-specific 

net use and net effectiveness (23, 95), and the probability of treatment given the presence 

of fever by age (2).  There were 7,266 participants included in six cross-sectional surveys 

in Chikwawa district between 2012 and 2014. The population distribution was 17% 

children under the age of five, 33% SAC, and 50% adults over 15. Mean community 

parasite prevalence during that time was 26% and varied significantly (chi-squared p < 

0.01) between age groups. Parasite prevalence was 19%, 37%, and 21% among children 

under five, SAC, and adults over 15 respectively. At cross sections, 82% of infections 

were asymptomatic in children under 5, 92% of infections were asymptomatic in SAC 

and 91% in adults. Average net use over the six surveys was 71%, 47%, and 64% in 

children under age five, SAC, and adults, respectively. Net use was associated with a 

22% decrease in odds of infection.   
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Mathematical Model Structure and Function 

A deterministic, differential equation-based, compartmental, discrete-time model 

with one-week time steps was used to investigate the impact of targeting malaria control 

measures to different age groups. Various parameters were included in the model, which 

has both human and mosquito vector compartments (Table 1). Among humans, an 

“SIAR” model was developed, with compartments that included: susceptible (SH), 

infectious – symptomatic (IH), infectious – asymptomatic (AH), and treated with 

prophylactic protection (RH). Human compartments were age-stratified into three age 

categories: children under five, SAC, and adults. The vector compartments were: 

susceptible (SV), exposed non-infectious (EV), and infectious (IV) (Figure 3).  Infectious 

vectors cause susceptible humans to move into the infectious humans compartments, and 

infectious humans interact with susceptible vectors to cause them to move into the 

exposed vectors compartment.  

The human population was modeled as a closed population with no births, 

changes in age groups, or deaths, which was deemed reasonable because only a single 

year is being modeled. Susceptible individuals become infected at a rate of Λ, an age-

dependent infection rate incorporating per capita biting rate of mosquitos, probability of 

infection of a susceptible human per infected mosquito bite, probability of a human 

sleeping under an ITN, amount of protection from biting that net provided (time-

dependent), and ratio of infectious mosquitos to total human population. Upon infection, 

the probability of an individual becoming symptomatic or asymptomatic was age-

dependent. An age and symptom dependent proportion of all infectious individuals 
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received treatment which entered them into a prophylactic or protected (RH) 

compartment. 

Figure 3. Diagram of age-stratified SIR model in humans and SEI model in 
vectors. Blue arrows represent the ways in which the population can move 
from one compartment to another. Red arrows represent ways mosquitoes and 
humans interact to spread infection. 

 

 

 

 

 

 

 

 

Symptomatic individuals who did not receive treatment, progressed into the 

asymptomatic compartment at age-dependent rates. All individuals in the infectious 

compartments could infect susceptible mosquitos; however, the degree of infectiousness 

varied by presence of symptoms and age category. Prophylactic effects of treatment and 

natural recovery from asymptomatic infections was temporary and individuals became 

fully susceptible to infection again. Individual infecting genotypes were not explicitly 

modeled. The development of acquired immunity to new infection was built into the 

model by assuming age compartments represented different stages in acquired immunity.  

The vector population was an open population with constant birth and death 

because of the short generation time of the mosquito. Although vector birth rate may vary 

by season, an average vector birth rate was assumed for simplifying purposes. The 

differential equations for this model are included in the appendix. 
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R software with the package deSolve was used to solve all differential equations 

(100). The deSolve package utilizes the ordinary differential equation solvers based on 

the FORTRAN code LSODA that switches between stiff and non-stiff systems. (R code 

in appendix). Parameters estimated from data were initially fixed in the model. Unknown 

parameters with high variability in the literature (Table 1) were estimated by using R 

package FME, using the Levenberg-Marquardt algorithm (101). Simulations were used to 

determine which parameter values, within ranges from the literature, best fit prevalence 

patterns seen in Chikwawa from cross-sectional surveys. The set of parameter values 

giving the lowest sum of residuals squared, comparing simulations at steady state to 

prevalence data, was used to determine the best fitting model.     

Interventions were introduced into the model after allowing the model to reach 

steady state. Intervention effectiveness was evaluated one year after intervention 

introduction, with MSAT and MDA, effectiveness was evaluated one year after the final 

treatment round. Three different interventions were tested: ITN distribution, mass drug 

administration with ACTs (MDA), and mass screening and treatment with ACTs 

(MSAT). These interventions were chosen as they are likely to be introduced in a 

targeted manner. Interventions were tested varying both coverage levels and different 

targeting strategies. To assess the comparative effectiveness of different targeting 

strategies, we calculated the percent change from baseline prevalence one year after 

intervention introduction or completion.  

ITN interventions were modeled by increasing the probability that a given age-

group would sleep under an ITN. Distribution of ITNs was modeled to proportionally 

increase ITN use from baseline. ITN distribution to children under five was considered to 
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be randomly distributed among members of that age group, irrespective of current ITN 

use. Thereby, for example, distribution to 80% of children under five would increase ITN 

coverage from 71% to 94.2%. ITNs are believed to retain efficacy for up to two years, 

after which the quality of protection declines (91), so ITN distributions were modeled 

using an exponential decay function, with a half-life of 4 years (models were constrained 

so that ITN coverage could not drop below average coverage levels for 2012 through 

2014).  

MDA interventions were introduced on three occasions, each three months apart 

by treating the “covered” group so that a proportion of individuals in the infectious - 

asymptomatic and infectious - symptomatic compartments moved into the treated 

protected compartment at the time of MDA campaigns. They remained in the protected 

compartment for, on average, two weeks, with the assumption that they received standard 

ACT treatment, before returning to the susceptible compartment.  

Mass screening and treatment (MSAT), with screening by RDT, was also 

introduced at three time points three months apart. Based on cross-sectional studies, 

RDTs were modeled to detect 57%, 59%, and 20% of PCR-positive infections among 

children under five, SAC and adults, respectively (102). However, presence of symptoms, 

usually corresponding to more circulating Plasmodium antigen, greatly increases the 

sensitivity of detection by RDT, with studies of symptomatic, PCR-positive patients 

routinely reporting that 95% were also RDT-positive (103, 104). Thus, MSAT was 

assumed to clear 96% of infections among symptomatic individuals tested and 57%, 

59%, and 20% of infections among asymptomatic individuals tested among children 

under five, SAC, and adults, respectively.  
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We evaluated various targeting strategies for each intervention by comparing 

simulated results to those under the current public health policies. We assumed a set 

number of individuals would be reached under any intervention. Current strategies for 

ITN distribution and IPT are focused on children under five and pregnant women. 

Children under five comprise 17% of the total population in southern Malawi, while 

pregnant women make up about 7% of adult females or 1.7% of the total population 

(105). Assuming current intervention strategies are successful and reach 80% of targeted 

groups, that would mean 15% of the total population receives the intervention. In a 

population of 100,000 people, this is equivalent to 15,000 individuals receiving 

intervention. Thus, we compared the current intervention strategy (80% of children under 

five and 3.5% of adults) to interventions reaching 15,000 individuals in the population 

targeted:  1) School-based interventions reached SAC alone (15,000 individuals 

representing 45% of SAC), 2) at SAC and children under five combined (reaching 29.8% 

of SAC and 29.8% of children under five), and 3) randomly distributed to the 

community, reaching 15% of each age group.     

To assess the sensitivity of the results, two sensitivity analyses were done. First, 

the following fixed parameters were varied: proportion of new infections asymptomatic 

by age, proportional difference in probability of infection comparing children under five 

and SAC to adults, duration of asymptomatic infection by age, and efficacy of ITNs at 

preventing infection. Simulations were run varying parameters within estimates from the 

literature, or, if no estimates existed in the literature, within 95% confidence intervals of 

original estimates (Table 1). The difference between current targeting strategies and 

school-based targeting was calculated for each varied parameter, mean and standard 
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deviation (SD) was plotted. Varying most parameters led to decreases in the sum of 

squared residuals for the base model compared to prevalence data so models were only 

included in the analysis if the sum of residuals squared was less than five-fold greater 

than that of the baseline model.    

The second approach to sensitivity analysis varied the magnitude of intervention 

coverage to explore how conclusions changed at different levels of coverage. If current 

intervention strategies, which target children under five and pregnant women, were to 

reach all targeted individuals, coverage would be no more than 18.7% of the total 

population. Thus, to examine interventions involving more than 18.7% of the total 

population, additional interventions beyond 18,700 were assumed to be distributed 

among adults over 15 (and have no impact on SAC). To model 25% total population 

coverage with current targeting strategies, for example, the additional 6,300 simulated 

interventions not distributed to children under five and pregnant women would be 

provided to other adults over 15. We analyzed patterns that resulted when the total 

population coverage was varied from 5% to 30%.  
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CHAPTER III. A LONGITUDINAL COHORT STUDY ON THE 

AGE-DEPENDENCY OF PLASMODIUM FALCIPARUM 

INCIDENCE AND DURATION 

 

ABSTRACT 

 Plasmodium falciparum infections are frequently asymptomatic. School-aged 

children (SAC), carry a disproportionate burden of prevalent infections, however little 

data exist on incidence or duration of asymptomatic infections, or how these measures 

vary by age. We aimed to estimate the number of unique infections per person per year, 

and the duration of infection persistence, overall and by age. 

 In a cohort study with two years of follow up in southern Malawi, 120 

participants were followed monthly and for sick visits. Blood samples were collected at 

all visits to detect P. falciparum by microscopy and polymerase chain reaction (PCR). 

Positive samples were genotyped to identify and follow individual genotypes.   

 Adults had significantly fewer unique infections per person per year (median = 

2.5 (IQR = 1.0,   5.1)) compared to SAC and children under five (median = 6.3 (IQR = 

3.2, 10.1) and 6.6 (IQR = 4.6, 10.9), respectively).  Over half of all genotypes were 

persistent, and infections lasted significantly longer in adults (median = 180 (IQR = 51, 

339)) and SAC (163 (IQR = 48, 331)) compared to children under five after accounting 

for age-dependent non-detection of infection.     
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 SAC were alternately similar to children under five and adults. While SAC 

acquired new infections at the same rate as children under five, they maintained these 

infections for equivalent lengths of time as seen in adults. This study provides an 

increased understanding of P. falciparum infection dynamics that should be considered 

when designing intervention and control strategies.    

INTRODUCTION 

Malaria causes approximately 438,000 deaths yearly worldwide, with mortality 

concentrated among children under five years of age in sub-Saharan Africa (1). Despite 

the high mortality associated with malaria, many infections with the causative agent, 

Plasmodium falciparum, are asymptomatic. Southern Malawi had approximately 26% 

prevalence of P. falciparum infection in 2013 (23) and transmission is perennial, with a 

seasonal peak during the rainy season (December through April) and sustained infection 

year-round. Based on cross-sectional data, over 88% of all infections were asymptomatic, 

with the highest prevalence of infection in school-aged children (SAC, aged five to 

15)(2).    

Surveys in multiple sub-Saharan African countries have found a disproportionate 

infection burden among SAC in recent years (2-4, 50), contributing to a growing body of 

literature finding non-linear associations with age and the various epidemiologic indices 

used for measuring Plasmodium transmission and burden (2-4, 27, 49-53). While there is 

strong evidence that some epidemiologic measures, such as the risk of clinical disease  

and peripheral parasite density, are linearly associated with increasing age in areas of 

high transmission (26), the evidence surrounding other dynamic measures, including 
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incidence, length of infection, molecular force of infection (molFOI, the number of unique 

infections per person per year), and multiplicity of infection, is less consistent.  

Cross-sectional surveys, capturing data primarily relating to prevalence, provide 

much of our current understanding of the burden of malaria in low-resource settings in 

sub-Saharan Africa. However, single-time-point data from cross-sectional surveys cannot 

capture information about either incidence of new infections or how asymptomatic 

prevalent infections detected in cross-sectional assessments contribute to the burden of 

disease. To address these questions, data are needed on the temporal dynamics of 

asymptomatic Plasmodium falciparum infection in high-transmission settings. 

Specifically, there is a need for estimates of the duration of natural infections in endemic 

settings and how incidence of new infections varies by age. We do not know how long 

asymptomatic infections persist. We do not know how infection dynamics vary by 

geographic region, magnitude of P. falciparum transmission, or by age (49). Data from 

longitudinal cohort studies are needed to accurately capture these measures and to 

determine the most effective public health interventions to decrease transmission in 

regions of perennial transmission.  

Previous data on duration of P. falciparum infection come primarily from a series 

of reports on the use of malaria-therapy as treatment for neurosyphilis (37, 38). In light of 

increasing knowledge about the distribution of P. falciparum infections and the limits of 

microscopic detection, recent attempts have been made to re-analyze these malaria-

therapy data (42). However, these estimates from controlled experiments with massive 

synchronized infection doses, conducted in previously unexposed individuals using low-

virulence laboratory strains are unlikely to resemble natural infections in non-naïve 
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individuals (43). The few longitudinal cohort studies that have examined these questions 

were in regions with greater seasonality in transmission than Malawi (43-45, 106) and 

may not be widely applicable to varied transmission settings. The distribution of duration 

of asymptomatic P. falciparum infection in Papua New Guinea was found to differ from 

previously published estimates from Ghana, suggesting that infection persistence may 

vary due to geographic location (49, 107). Southern Malawi is a unique transmission 

setting which has weaker seasonality than Ghana and is difficult to compare to Papua 

New Guinea due to a lack of P. vivax transmission. Southern Malawi has a high 

incidence of malaria requiring urgent attention, and current intervention strategies in 

Malawi have failed to decrease infection prevalence. Given the potential variation in 

persistence related to transmission patterns, it is necessary to estimate incidence and 

duration of infection specific to this region to design optimal public health interventions 

for the future.  

Understanding the dynamics of asymptomatic infections may be important in 

design of effective malaria control measures. Lack of appreciation of the reservoir 

potential of infection in SAC may have contributed to previous intervention failures to 

decrease Plasmodium prevalence. SAC not only have higher prevalence of infection than 

other age groups but also use malaria control measures less frequently (91-95). It is 

unknown whether the high prevalence seen in this age group is due to their lack of 

intervention uptake, decreased efficacy of intervention strategies in this population, or 

unique infection-disease profiles. While studies elsewhere have found increased duration 

of infection among this age group (49), it is uncertain whether these estimates apply to a 

perennial transmission setting like Malawi. 
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To address these critical gaps in our understanding of age-specific infection 

incidence and duration, we conducted a longitudinal cohort study in southern Malawi to 

describe the association between age and the patterns of asymptomatic P. falciparum 

infection in a high transmission setting. We hypothesized that the following measures 

would differ by age and SAC would constitute a unique group: the duration of time spent 

with asymptomatic infections (regardless of genotype), the molFOI, and the duration of 

persistence of individual infecting genotypes. 

METHODS 

 Study Design 

The research used specimens and data collected from a longitudinal cohort study 

with two years of follow-up conducted at the Mfera Health Center in the Chikwawa 

district of rural southern Malawi as part of Malawi’s International Center of Excellence 

for Malaria Research (Malawi ICEMR, NIH grant U19AI089683). Human subjects 

research approvals were obtained from University of Maryland School of Medicine’s and 

Michigan State University’s Institutional Review Board, and Malawi’s National Health 

Sciences Research Committee.  

Participants 

The study enrolled a total of 120 participants at the time of an episode of 

uncomplicated malaria between June 2014 and March 2015 and participants were 

followed for up to two years with follow up ending in March 2017. Participants presented 

at the health center with symptoms of malaria (including fever, chills, headaches, muscle 

pain, nausea) and were screened with rapid diagnostic tests and microscopy done in the 

field to confirm P. falciparum infection. Enrollment was age-stratified, with 40 
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participants aged one through five years, 40 participants aged six through 12 years, and 

40 participants aged 13 through 47 years old enrolled. Participants were excluded if, at 

the time of screening, they tested positive for HIV, they had an acute illness requiring 

hospitalization, they had signs or symptoms of severe malaria or severe anemia, or were 

on any medication with antimalarial activity.  

Study Procedures 

All participants were given insecticide treated bed nets and treated with 

artemether-lumefantrine at enrollment. Participants were followed for two years with 

passive and active malaria surveillance. They attended the clinic monthly for routine 

follow up visits and were encouraged to visit the health center whenever they were ill. At 

all visits, dried blood spots were preserved on filter paper for qPCR and parasite 

genotyping and thick blood smears were made for microscopic detection of parasites. If 

participants reported symptoms indicative of malaria, a rapid diagnostic test was 

performed. Rapid diagnostic tests were not performed at sick visits if no malaria 

symptoms were present. If the participant tested positive for P. falciparum by rapid test, 

they were diagnosed with clinical malaria and were treated with a three-day course of 

artemether-lumefantrine. Participants were treated regardless of microscopy results as per 

Malawi national protocol. Participant tracing was attempted for three consecutive missed 

scheduled visits; after a third consecutive missed visit, participants were considered lost 

to follow-up. In this analysis, we included participants who remained in the study until at 

least the first scheduled visit, or have a follow up visit at least 30 days after enrollment. 
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Laboratory procedures 

Dried blood spots underwent DNA extraction and duplicate qPCR for detection of 

P. falciparum parasite DNA targeting the lactate dehydrogenase gene (96). qPCR was 

performed in Blantyre in batches at a date after sample collection. Malaria smears were 

examined by microscopy to check for presence of Plasmodium parasites. Malaria smears 

were read twice by two independent readers for presence of Plasmodium parasites. In the 

case of discrepant results, a third read was done, a sample with at least two positive reads 

was classified as positive. 

To identify the unique parasite genotypes within each infection, parasite 

genotyping was performed on all blood samples which were positive for P. falciparum in 

qPCR or by microscopy. Parasite genotypes were differentiated by examining the 

polymorphic regions of the merozoite surface proteins (MSP1 and MSP2) and the 

glutamate-rich protein (GLURP) detected through nested PCR (97). PCR products were 

analyzed by polyacrylamide gel electrophoresis. PCR products were assigned sizes (in 

base pairs) by two independent readers. In the case of a discrepancy of greater than 15 

base pairs, a third read was done. A band was included in analysis if at least two readers 

identified the band; final band size was an average of all reads. Multiplicity of infection 

(MOI) at a given time point was determined by the maximum number of bands with 

unique lengths for a single locus. Due to low genotyping sensitivity, a sample was 

included in the analysis for duration of unique infection if bands were detected for at least 

two loci.  



50 
 

Definitions 

Asymptomatic malaria infection was defined as presence of P. falciparum 

parasites by qPCR or microscopy at a time when no symptoms of malaria were reported, 

beginning at least two weeks before any symptomatic malaria, and at least two weeks 

after treatment with an anti-malarial medication.  A genotype was defined as persistent if 

a sample contained two alleles of the same variant and size (within 10 base pairs) with a 

previous sample. A genotype was defined as a newly detected infection if a sample 

contained any alleles that were not detected in previous infections. Visits occurring when 

the participant was neither currently diagnosed with clinical malaria nor on treatment for 

malaria were considered “at risk” time for asymptomatic infection. A participant was 

considered not at risk if they were reporting symptoms or were within two weeks of 

treatment with artemether lumefantrine because treatment should prevent new 

Plasmodium infection for up to 14 days (98). An infection was defined to begin half way 

between the previous negative result and first appearance of the infection. An infection 

(independent of genotyping) was defined as ending after the last detection, half way 

between the last detection and next negative visit. Additional right censoring existed for 

loss-to-follow-up or study end. Season was defined as either rainy season (December 

through April) or dry season (May through November). 

Mean time spent with any genotype of asymptomatic infections (length of time a 

person contributes to the asymptomatic reservoir), was measured as the time in days per 

year during which a participant has any asymptomatic infection. Mean duration of single 

genotype of asymptomatic infections was measured as the length in days for which a 

single P. falciparum parasite genotype persists in a participant. The molFOI was measured 
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as the number of new parasite genotypes detected in an individual per year of at risk time 

(55).  

The predictor variable for all analyses was baseline age at date of enrollment, 

determined by reported birth date, and grouped categorically into three groups: children 

under age five, SAC aged five to 15, and adults over the age of 15 based on age 

categories used in previous literature as well as trends identified in our own data from 

previous studies in Malawi.  Age was treated as a categorical variable and the age 

variable was updated after each treatment episode allowing participants to progress into 

the older age categories. To compare our results to previous work, we also examined 

different age categories, looking at children aged five through nine, as well as adults over 

30. 

A Directed Acyclic Graph was created to better understand the underlying causal 

framework. Based on the assumption that number of treatment episodes in the study 

period is a descendent of the same causal pathway leading from age to the outcomes of 

interest, treatment episodes was not treated as a confounder. ITN use additionally occurs 

as a descendent of age and was not included in models as a confounder. Thus, the only 

variables chosen a-priori to investigate as potential confounders or effect modifiers were 

sex and season.  

Analysis: 

Time per year spent with any asymptomatic infections: Time spent with asymptomatic 

infections (regardless of genotype) per year of follow-up was calculated for each person.  

Time spent with asymptomatic infections was non-normal and was compared between 

age categories in preliminary analysis using a log-transformed linear regression model. 
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Age was used as a proxy for cumulative lifetime exposure, so covariates which were 

strong predictors of infection were tested for inclusion in a final statistical model as 

potential confounders. Final adjusted models for time spent with asymptomatic infections 

were constructed using a linear mixed model accounting for non-independence of 

repeated observations. Sex and season at beginning of observation were tested as 

confounders and effect modifiers. 

The molecular force of infection (molFOI): The number of new genotypes per year of 

follow-up was calculated for each person. For preliminary analysis, mean molFOI was 

calculated by age category and compared among age groups using a Kruskal Wallis Chi-

squared test. Sex and enrollment date (proxy for season) were tested as confounders. A 

final linear multivariable model with the log-transformed molFOI was constructed 

adjusting for sex. Effect modification of the association between age and molFOI by sex 

was tested by inclusion of an interaction term for age*sex in the final model. 

Duration of individual asymptomatic infections: For preliminary analyses, 

infection by a persistent genotype was calculated as beginning half way between the time 

the genotype was first detected and when the person was first at risk for new infections. 

The infection was defined as ending halfway between last detection of the same genotype 

and the next time it was not detected. As individual infecting genotypes frequently 

dropped below the level of detection, it was possible to calculate the probability of non-

detection. Given a genotype was detected at a time point t and some given time point in 

the future t+i, it was possible to calculate the probability of non-detection of a given 

genotype for all time points t+1 through t+i-1. These probabilities were calculated 

separately for each age group and were used to simulate datasets with a probability 
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distribution of potential missing positives after the last detection of a given genotype. 

Median duration of a single infecting genotype not ending in treatment was calculated 

taking the mean estimate of medians from the imputed datasets. Persistent infections 

were defined as infections detected at least twice with at least 30 days between initial and 

last detection. To examine the association with duration of infection and age, mixed 

effect linear regression models were created to account for the non-independence of 

repeated observations within individuals. Estimated duration of infection was log-

transformed as duration was non-normal. All statistical analyses were performed using 

SAS 9.4 (SAS Institute Inc., Carey, North Carolina). 

 

RESULTS 

Of 120 participants enrolled into the study, 114 individuals had at least 14 days of 

follow up time and were included in the present analysis. The average follow-up time for 

the cohort was 634 days with a total of 73,514 days of follow up, SAC comprised 46% of 

the final study population, and contributed, on average 673 days of follow-up time per 

person (Table 1).  

Of 1062 infected samples genotyped, 711 (67%) had results for at least two of the 

three loci. MSP1, MSP2, and GLURP were successfully amplified in 66%, 63%, and 

64% of samples, respectively. Genotyping success was lowest among adults (56%, 

compared to 69% and 70% for children under five and SAC, respectively). Samples from 

symptomatic visits were more likely to be successfully genotyped than samples from 

asymptomatic visits (90% and 49% success, respectively). 
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Of the 711 samples successfully genotyped, 416 (59%) were from symptomatic 

episodes and 295 (41%) were from asymptomatic visits. There were 1,018 incident 

infections as determined by genotyping identified in the population over the course of the 

study, of which 36% were asymptomatic and 62% were detected in SAC. The incidence 

rate was 5.14 infections per person year. Asymptomatic infections accounted for 33% and 

32% of incident infections among children under five and SAC, respectively (p = 0.72), 

where adults had 62% of all infections first detected at asymptomatic visits (p < 0.001 

compared to both children under 5 and SAC). 

Table 1. Population characteristics 

 
Participants,  

N (%) 

Follow up time,  

Mean days (SD) 

Incident 

Infections N 

(%) 

Treatment 

Rate N/year 

Under 5 29 (25%) 624 (219) 253 (25%) 2.4 

SAC 53 (46%) 673 (158) 629 (62%) 2.1 

Over 15 32 (28%) 578 (215) 136 (13%) 0.9 

Male 49 (43%) 635 (206) 380 (37%) 1.8 

Female 65 (57%) 633 (187) 638 (63%) 1.9 

Total 114 634 (195) 1,018 1.9 

 

Median time spent with any asymptomatic infections: Participants spent a median of 61 

day per year carrying detectable asymptomatic infections (Table 2). In bivariate analysis, 

the median time spent with asymptomatic infections did not differ significantly by age or 

sex. In adjusted linear models with a random effect included for non-independence of 

repeated observations, sex and season of enrollment were not significantly associated 

with time spent asymptomatic. Although, in adjusted models SAC and adults spent on 

average 8% and 21% less time with asymptomatic infections than children under five, 
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respectively, these differences were not statistically significant (p = 0.85 and 0.64, 

respectively).  

 

 

 

Table 2. Median time spent with asymptomatic infections and molFOI by population characteristics 

 
Median days asymptomatic 

per year (IQR) 
p-value 

Median molFOI 

(IQR) 
p-value 

Under 5 88 (31, 131) 

0.84 

6.6 (4.6, 10.9) 

0.004 SAC 62 (35, 140) 6.3 (3.2, 10.1) 

Over 15 71 (29, 121) 2.5 (1.0,   5.1) 

Male 63 (15, 121) 
0.09 

5.4 (1.9,   7.7) 
0.71 

Female 85 (41, 138) 5.3 (2.6, 8.9) 

Overall 73 (31, 131)  5.3 (2.5,   7.7)  

 

The molecular force of infection (molFOI): The median number of infections per person 

per year was 5.3 (IQR = 2.5, 7.7), and adults had a lower molFOI than both SAC and 

children under five (Table 2). In linear models, including a random effect for individual 

and adjusted for sex, there was a statistically significant association between log-

transformed molFOI and age group (p=0.006). Adults had 83% fewer infections per person 

per year, compared to children under five. On average, SAC had 5% fewer infections per 

person per year but were not significantly different than children under five (p = 0.91).  In 

adjusted models, females had 77% more infections per year than males (p = 0.17). The 

interaction term for age*sex was not significant (p = 0.49) and was not included in final 

models.      
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Duration of persistence of individual genotypes of infections: Of 1,220 unique infections 

(including both incident infections and enrollment infections) identified, 693 (57%) 

lasted longer than one month, with a median duration before imputation of 139 days. 

After imputation, median duration of persistent infections was 230 days, 75% of 

persistent infections lasted at least 99 days and 25% lasted at least 360 days (Table 3). 

The longest persistent infection lasted 721 days. There were no differences in the 

durations of infection by age, sex, or season in which infection was first detected in the 

crude data, however, after simulation accounting for age-differences in the probability of 

non-detection, persistent infections in children under the age of five were significantly 

shorter than infections in adults and SAC (p = 0.04). There was no difference in duration 

comparing adults and SAC.  Infections first detected in the rainy season lasted longer 

than those first detected in the dry season, but the association was only borderline 

significant.  Analyzing children aged five to nine as a distinct group, they were not 

different from children aged 10 to 15 (p = 0.43), so pre-defined age-categories were 

deemed appropriate. Likewise, adults over 30 were not significantly different from adults 

aged 15 to 30 (p = 0.10). In final models, the association of age with estimated duration 

approached significance (p = 0.06), with SAC having infections which persisted 17% 

longer than children under five, and 8% longer than adults over 15.  

Table 3. Duration of persistence of individual genotypes by population characteristics, crude data 

and imputed data. Continued to top of page 57.  

 
Crude duration 

Median, days (IQR) 
p-value 

Imputed duration  

Median, days (IQR) 
p-value 

Under 5 148 (68, 225) 

0.87 

192 (95, 305) 

0.06 SAC   139 (65, 270)   239 (113, 365) 

Over 15   119 (60, 302)   237 (88, 360) 

Male   141 (69, 273) 0.76 239 (98, 360) 0.48 
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Female   137 (64, 262)   221 (99, 361) 

Rainy 

Season 

  128 (62, 210) 

0.33 

  240 (123, 363) 

0.05 
Dry 

Season 

  151 (65, 283) 
  215 (92, 360) 

Total   139 (65, 270)    230 (99, 360)  
* p-values from log-transformed linear regression models 

DISCUSSION 

This is the first report of incidence and duration of P. falciparum infection in 

Malawi. Additionally, we provide an estimate of natural P. falciparum infection duration 

from longer follow-up than any previously published study. In a longitudinal cohort study 

conducted in southern Malawi, higher infection incidence was significantly associated 

with younger age, but time spent with asymptomatic infections and duration of 

persistence did not differ significantly by age. In this study, school-aged children did not 

represent a distinct group and were similar either to children under age five or adults by 

estimated measures.  

Most data on the age dependence of P. falciparum infection come from cross-

sectional studies, thus few previous studies have examined the association between age 

and molecularly-detected incidence of infection (27, 55). One previous study found a 

linear increase in molFOI with age among children under age five in Papua New Guinea 

(55), however, no such linear association with age was found in our study. We found 

molFOI remained stable with increasing age among children, and was significantly lower 

after age fifteen. This difference may be related to seasonality and intensity of 

transmission, however it is difficult to compare, given that the study from Papua New 

Guinea reports only means, despite the highly right-skewed nature of molFOI. In contrast, 

a longitudinal study conducted in Mali in individuals aged four to 25 years found that 
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there was no difference in the incidence of new infections by age using molecular 

evidence of infection as the outcome (27). Given that genotyping was not done, however, 

it is difficult to compare our estimate of incidence to the Malian study. It is possible that 

their inability to accurately differentiate between unique infections may have obscured 

any difference in incidence due to age.  Low detectability of infection in adults could also 

explain the difference in molFOI we found. PCR positive samples from adults were 

significantly less likely to be successfully genotyped than those from children, this 

suggests that our estimate of molFOI among adults is significantly lower than the true 

molFOI. While false negatives may have biased our results, we do not believe false 

positives are an issue. Challenge trials find infections become undetectable by PCR 

within two days of clearance, so all positives in this study are believed to represent either 

current or very recent infections (108).  

Previously published data on the length of natural asymptomatic infection has 

been published from only three cohort studies (43-45). Previous research differed from 

the study presented herein in two ways; 1) Duration of follow-up - previous studies were 

shorter and may have been unable to identify long-lasting persistent infections due to 

insufficient follow up; 2) Treatment – other studies either informed participants of 

asymptomatic infections, potentially prompting treatment, or did not provide any 

treatment at all. A study in Kenyan SAC with one year of follow up, using microsatellites 

for genotyping PCR detected infections estimated the average duration of infection at 1.1 

months, with the longest infections lasting three months (45), notably shorter than what 

we found in Malawi, where 25% of infections lasted longer than 9 months. However, in 

the Kenyan study, participants were informed of the presence of asymptomatic infection 
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and advised to seek treatment, potentially limiting the estimates of duration from this 

study. We did not test participants for asymptomatic infection concurrent with clinic 

visits and thus were unable to report asymptomatic infections to participants. This 

allowed us to observe a greater proportion of natural infections than what we may have 

seen otherwise, if asymptomatic infections were treated.  

Bretscher et al. found shorter estimates for length of average duration and 

identified significant age-dependency of infection duration in a large cohort aged one 

month to 84 years in Ghana (49). Applying mathematical models to account for imperfect 

detection of infection, the investigators  estimated a mean infection duration of 124 days 

in children under age five, 179 days for children aged five through nine, and less than 90 

days for individuals aged 10 and older (49). When we first analyzed our data, after one 

year of follow up (the same amount of time included in the Ghana study), our estimates 

for duration of persistent infections among children under age five and older individuals 

were very similar. However, with two complete years of follow-up, and accounting for 

significant non-detection among adults, we identified much longer persistent infections.  

Although, we still did not detect a significantly longer duration of infection among SAC 

(nor among children five to nine years of age), compared to adults, as was seen in the 

Ghana study. One possible explanation for this difference is that the Ghana study did not 

provide treatment to participants. In Malawi, access to care is lowest among SAC (2). If a 

similar disparity in access to care exists in Ghana, it could contribute to the observed 

difference in duration. We suspect that frequent access to antimalarial treatment led to 

decreased estimates of duration of infection, further suggesting that limited access to 

healthcare is a contributor to high rates of malaria infection among SAC.     
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The low sensitivity of genotyping may have led to some bias in our results. 

Samples from adults over 15 and from asymptomatic visits were less likely to be 

successfully genotyped, likely due to low parasitemia. While we attempted to account for 

imperfect detection of infection by imputing data using the probability of non-detection 

calculated from our data, it is possible that our method was insufficient to accurately 

capture all the false negatives in our data. We were unable to extend the method used by 

Bretscher et al. due to the greater complexity of our data, however future additional 

analysis is planned to try to account more accurately for false negatives. Despite the 

limitations of our analysis methods, we do not have reason to believe that age-

dependence would change with more complex analysis methods. The probability of non-

detection was calculated in an age-dependent manner to account for decreasing 

parasitemia and detectability with increasing age. The trend in the crude data suggests a 

decrease in length with increasing age. While this trend reversed after accounting for 

non-detection among older participants, a peak in length among SAC is unlikely to 

appear regardless of the analytic method used.  

Cross-sectional data from Malawi and other sub-Saharan African countries 

frequently show a higher prevalence of P. falciparum infection prevalence among SAC 

than in other groups, leading us to hypothesize that SAC represent a unique group, 

important to transmission. However, we do not have a good understanding of what causes 

increased prevalence among SAC and hypothesized that SAC had either increased 

incidence or duration of asymptomatic infection which were unlikely to lead to treatment. 

In the cohort study described herein, all participants were provided with bed nets and 

given unlimited access to prompt treatment with effective anti-malarials. Despite high 
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prevalence among SAC in southern Malawi, in this study with easy access to care, we 

saw equivalent incidence and duration of persistence compared to younger children. This 

cohort thus does not represent real-world conditions given that SAC are significantly less 

likely to access care or use bed nets. By all measures, in this study SAC were similar to 

children under five, suggesting that age-differences in prevalence are likely related 

primarily to likelihood of seeking treatment.  

 Data about incidence and duration of P. falciparum infection is vital to 

understanding transmission and is necessary to make informed public health policy to 

decrease malaria disease. This study provides an increased understanding of P. 

falciparum infection dynamics in a region with high transmission and moderate 

seasonality. While most infections in this endemic region were transient, 57% of all 

infections lasted longer than one month, with a maximum duration of two years. 

Incidence of new infections remained high among adolescents and teenagers, and effects 

of acquired immunity on development of infection were not apparent until after age 15. 

These data should be considered when modeling and designing future malaria control 

interventions. 
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CHAPTER IV. CLINICAL IMPLICATION OF 

ASYMPTOMATIC PLASMODIUM FALCIPARUM INFECTIONS 

IN MALAWI 

ABSTRACT 

Background: In Malawi, asymptomatic Plasmodium falciparum infections are common 

and make up a substantial proportion of the infection burden. However, the implications 

of these infections for disease burden are unknown. We do not know if asymptomatic 

infections eventually progress to clinical malaria, persist without causing symptoms or 

clear spontaneously. This study aims to characterize asymptomatic infections in a region 

with high transmission and examine the association between persistent asymptomatic 

infections and clinical disease.    

Methods: This study enrolled 120 participants, aged 1-50 years, with uncomplicated 

malaria (treated with artemether-lumefantrine) and followed them monthly for up to two 

years. Participants presenting with symptoms during follow up were tested via rapid 

diagnostic test and treated if positive. Samples from all visits, regardless of symptoms, 

were tested for parasites using both microscopy and qPCR. Genotyping with msp1 and 

msp2 and glurp was used to differentiate between new and persistent infections. 

Asymptomatic infections were defined as infections detected when symptoms were 

absent and first detected at least two weeks before or after a symptomatic episode. Cox 

frailty models were used to estimate the association between asymptomatic infections and 

time between clinical malaria episodes; mixed models were used to estimate the odds of 

clinical symptoms comparing new to persistent infections. 
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Results: Participants had a median follow-up time of 720 days and ranged from 24 to 728 

days. Asymptomatic infections were detected in 23% of visits. After adjustment for age 

and season, carriage of asymptomatic infections, was associated with decreased risk of 

clinical malaria (HR 0.50, p < 0.001) in all ages. When asymptomatic infections preceded 

a clinical episode, newly acquired infections were detected at 92% of the following 

clinical episodes. After adjustment for sex, and season, clinical malaria was more likely 

to be due to newly acquired infections (OR 1.4, 95%CI 1.3-1.5) than to a persistent 

infection among children under age 15.  

Conclusions: In a high-transmission setting, asymptomatic P. falciparum infections 

infrequently developed into clinical disease and may be protective against clinical 

malaria.   

 

INTRODUCTION 

Asymptomatic Plasmodium falciparum infections are common and, in high 

transmission settings such as Malawi, may make up a substantial proportion of all 

infections. Cross-sectional surveillance from 2012 to 2013 in southern Malawi showed 

that >88% of infections were asymptomatic (2). Despite the high prevalence of 

asymptomatic infections, the implications for clinical disease are unknown. 

Asymptomatic infections might eventually develop into clinical malaria, or if they persist 

without symptoms, will not prompt effective treatment. Such untreated asymptomatic 

infections are believed to contribute substantially to “silent” transmission, and thus pose a 

population-level public health prevention challenge.  
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Mass drug administration (MDA) with highly effective artemisinin combination 

therapy (ACT) has been suggested as an intervention to interrupt transmission by 

targeting individuals with asymptomatic infections who would otherwise fail to receive 

treatment. MDA has been used in some settings as part of elimination strategies, but there 

is concern about potential negative consequences of MDA campaigns, including 

increased rates of clinical disease after clearance of asymptomatic infection. There is 

evidence that asymptomatic infections might protect against eventual development of 

clinical malaria(53, 54, 64, 65), with some studies finding clearance of asymptomatic 

infections led to an increased risk of clinical disease (64, 109). Perhaps carriage of 

persistent infections produces continuous immune priming, maintaining a disease 

controlling immune response. Therefore, persistently infecting parasites may indirectly 

protect against the acquisition of new infections. If asymptomatic infections provide 

protection against clinical malaria, MDA may actually increase the risk of disease in 

some people who are part of such an intervention (110).  

Because the association between asymptomatic infections and subsequent clinical 

illness is complex, it is also plausible that persistent asymptomatic infections eventually 

cause symptoms of clinical malaria. In some populations, evidence suggests that 

asymptomatic infections are frequently precursors to clinical malaria. This appears to be 

the case for asymptomatic infections detected in very young children (under 3 years of 

age) (54, 69). If so, treating and preventing asymptomatic infections in such children 

could improve their long-term health, while simultaneously removing them as sources of 

infection in the community.  
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New infections with genetically different Plasmodium parasites expressing 

antigens to which an individual has not previously been exposed typically produce 

clinical illness (68). However, the frequency with which persistent infections lead to 

clinical illness has not been examined. Additionally, no previous study has used 

longitudinal assessment of asymptomatic infection to determine the consequence of 

carriage of asymptomatic infection on subsequent clinical disease.  

This study was designed to characterize asymptomatic infections in a region of 

southern Malawi with high transmission, and to examine the association between 

persistent asymptomatic infections and clinical disease. Using data from a longitudinal 

cohort study, we assessed the association between carriage of asymptomatic P. 

falciparum infection and time to next clinical malaria episode, as well as the association 

between persistent infections and symptomatic malaria.  

METHODS 

Study Design 

The data used in this analysis were collected as part of a longitudinal cohort study 

with two years of follow-up, conducted at the Mfera Health Center in the Chikwawa 

district of rural southern Malawi.  This work was part of Malawi’s International Center of 

Excellence for Malaria Research (Malawi ICEMR, NIH grant U19AI089683).  

Human subjects research approvals were obtained from University of Maryland 

School of Medicine’s and Michigan State University’s Institutional Review Board, and 

Malawi’s National Health Sciences Research Committee.  
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Participants 

The study enrolled a total of 120 participants who came to the Mfera Health 

Center between June 2014 and March 2015 seeking treatment for uncomplicated malaria 

that was diagnosed by rapid diagnostic test (RDT) and confirmed by microscopy. 

Enrollment was age-stratified, with 40 participants aged one through five years, 40 

participants aged six through 12 years, and 40 participants aged 13 through 47 years old.  

Participants were enrolled after informed consent if 1) they intended to remain in the 

study area for two years and to seek all treatment at the Mfera Health Center, 2) were 

positive for P. falciparum by both RDT and microscopy, and 3) were HIV-negative at 

time of screening. HIV status was determined based on HIV counseling and testing 

performed on the day of enrollment. Participants were excluded if, at the time of 

screening, they 1) had an acute illness requiring hospitalization, 2) had signs or 

symptoms of severe malaria or severe anemia, or 3) were taking any medication with 

antimalarial activity.  

Study Procedures 

All participants were treated with artemether-lumefantrine (AL) at enrollment. 

Participants were followed for two years with passive and active malaria surveillance. 

They attended the clinic monthly for routine follow-up visits and were encouraged to 

visit the health center whenever they were ill. At each visit, finger-prick blood spots were 

preserved on filter paper for real-time quantitative PCR (qPCR) and parasite genotyping, 

and thick blood smears were made for microscopic detection of parasites. If participants 

reported symptoms indicative of malaria, a RDT was performed. RDTs were not 

performed if no malaria symptoms were reported or observed. If the participant tested 
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positive for P. falciparum by RDT, they were diagnosed with clinical malaria and were 

treated with a three-day course of AL. Participants were treated with AL regardless of 

microscopy results as per Malawi national protocol. Participants were asked about any 

outside treatments at each visit.   

In the event of a missed routine monthly visit, study staff attempted to contact the 

participant or a household member and, if they could not be contacted by telephone, 

study staff visited the participant’s home to find them. Tracing was attempted for three 

consecutive missed visits; after a third consecutive missed visit, participants were 

considered lost to follow-up.  

 

Laboratory Procedures 

Dried blood spots underwent DNA extraction and duplicate qPCR for detection of 

P. falciparum parasite DNA targeting the lactate dehydrogenase gene (96). qPCR was 

performed in Blantyre in batches at a date after sample collection and results were not 

available to participants. Malaria smears were examined by microscopy to check for 

presence of Plasmodium parasites. Malaria smears were examined in the field at the time 

of participant visits only in the event of a positive RDT. Otherwise, microscopy was 

performed after the date of sample collection and results were not available to 

participants. Malaria smears were read twice by two independent readers for presence of 

Plasmodium parasites. In the case of discrepant results, a third read was done, a sample 

with at least two positive reads was classified as positive. 
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To identify the specific parasite genotypes within each infection, parasite 

genotyping was performed on all blood samples positive for P. falciparum by either 

qPCR or microscopy. Parasite genotypes were differentiated by examining the genetic 

polymorphisms of three highly polymorphic regions of the P. falciparum genome. Nested 

PCR was performed to sequentially amplify the polymorphic regions of the merozoite 

surface proteins (MSP1 and MSP2) and the glutamate-rich protein (GLURP). Second-

round PCR primers were used to amplify the K1, MAD20, and RO33 allelic families of 

MSP1 and the IC and FC27 allelic families of MSP2 (97). PCR products were run on 

polyacrylamide gels and band sizes were read separately by two independent readers. In 

the case of discrepant results, a third read was done. Two genotypes were considered the 

same if alleles matched in at least two of the three regions and the length of the amplicon 

was within 10 base pair. Multiplicity of infection (MOI) at a given time point was 

determined from the maximum number of bands with unique lengths for a single allele.  

Definitions 

Asymptomatic infection was defined as presence of P. falciparum parasites by 

qPCR or microscopy at a time when no symptoms of malaria are reported, detected at 

least two weeks before symptoms, and beginning at least two weeks after treatment with 

an anti-malarial medication.  Visits were classified as symptomatic malaria if participants 

reported symptoms of malaria and tested positive by RDT. Participants with symptoms 

who were RDT and microscopy negative but later tested PCR positive were considered to 

have asymptomatic malaria, and symptoms were assumed to be attributable to non-

malarial disease. Parasite genotypes were differentiated as described above. Persistent 

genotypes were identified if samples from a given individual contained identical alleles 
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(within 10 base pairs) at two or three loci. Infected visits were classified into three 

infection type categories: 1) “all persistent” if it contained only genotypes previously 

detected, 2) “all new” if it contained only genotypes that were not detected in previous 

infections and 3) “mixed” (both new and persistent) if it contained both newly detected 

genotypes and persistent genotypes. Time between visits that accumulated when the 

participant was neither currently diagnosed with clinical malaria nor on treatment for 

malaria were considered “at risk” time for asymptomatic infection. A participant was 

considered not at risk if they were currently reporting symptoms or were in the two 

weeks following treatment with AL, because the lumefantrine in AL continues to protect 

from new Plasmodium infection for at least 14 days (98).  

Covariates to include in all final statistical models were chosen a priori based on 

causal assumptions, and included age category, sex, and season. Age was broken into 

three categories: under five, five to 15, and over 15. Season was defined as either rainy 

season (December through April) or dry season (May through November). 

Statistical Analysis 

Individuals were included in this analysis if they had at least one follow-up at 

least two weeks after enrollment. To assess the association between carriage of 

asymptomatic infection and time to next clinical malaria, the outcome of interest was 

time between clinical malaria episodes. Time was measured beginning two weeks after 

the initial treatment episode, and additional observations began two weeks after each 

subsequent treatment episode. Follow-up time for each observation ended at the next 

treatment episode or, if no additional clinical disease occurred, at the end of follow-up. 

Individuals who did not experience clinical disease after enrollment were censored at the 
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end of follow-up. Individuals with multiple malaria episodes during the study period 

contributed multiple observations to the analysis. For preliminary analysis, individuals 

were defined as having asymptomatic infections if any asymptomatic infection was 

detected between clinical malaria episodes.  

Preliminary analysis for the association between the presence of asymptomatic 

infection and the time to clinical malaria used Kaplan Meier (KM) survival curves. The 

median time to clinical malaria after each treatment episode was estimated from the KM 

curve and then KM curves were compared between individuals with asymptomatic 

infections and individuals without asymptomatic infections using the log-rank test. KM 

curves and the log-rank test were also used to test the association between covariates of 

interest and time to clinical malaria. The association between covariates and the presence 

of asymptomatic infection was tested using Chi-squared tests.  

Adjusted analyses were done using Cox frailty models, including a random effect 

to account for correlation between observations from the same individual due to the 

inclusion of repeated measures from the same participant. To account for potential bias 

due to the time between beginning of follow-up and the appearance of asymptomatic 

infections, presence of asymptomatic infection was included as a time-varying covariate. 

Follow-up time was classified as infection free until two weeks before an asymptomatic 

infection was detected; after detection of asymptomatic infection, follow-up time was 

classified as asymptomatically infected. Proportional hazards were tested among 

individuals with and without asymptomatic infections by comparing log-negative, log-

hazard plots, and by testing the effect of an asymptomatic infection*time term in adjusted 

models. Exponential and Weibull models were tested for best fit. Age was assessed as a 
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potential effect measure modifier by including an interaction term for age 

category*asymptomatic infection in Cox frailty models. If evidence for a qualitative 

difference in the association between asymptomatic infections and time to clinical 

malaria was observed across strata, age was considered an effect modifier.  

To assess the association between persistent infections and clinical symptoms, 

only observations that were positive for P. falciparum by either qPCR or microscopy 

were included. Starting after two weeks of follow-up, each individual visit with 

Plasmodium infection was classified as all new, all persistent, or mixed, as defined 

previously. If a visit occurred within two weeks of a diagnosis of clinical malaria, that 

infected visit was considered clinical malaria. To account for visits that had mixed 

infections, all analyses were done two ways: 1) comparing visits with any new infection 

to visits with all persistent infections, 2) comparing visits with all new infections to visits 

with any persistent infection. Preliminary analysis for the association between infection 

type at a given visit and the presence of clinical malaria at the same visit was done using 

Chi-squared tests. Chi-squared tests were also used to test the association between 

covariates mentioned previously and infection type, and the association between 

covariates and symptomatic (vs. asymptomatic) infections. Mixed-effect logistic 

regression was used to compare the log(odds) of symptoms comparing persistent 

infections to new infections, accounting for repeated measures within individuals. All 

statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Carey, North 

Carolina). 
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RESULTS 

There were 114 individuals in the cohort who completed at least two weeks of 

follow-up. Females comprised 57% of the population (n = 65), 29 participants were under 

age five at enrollment, and 50 were between five and fifteen at enrollment. Median 

follow-up time was 720 days and ranged from 24 to 728 days. There was no difference in 

follow-up time by sex, however adults over 15 were more likely to drop out and spent 

significantly less time in the study (median follow-up = 598 days) than children under 

age five and school-aged children (721 and 720 days respectively). For the association 

between asymptomatic infection and time to clinical malaria analysis, participants 

contributed 487 observations, with 380 observations ending in symptomatic episodes and 

107 observations censored due to study end or loss to follow-up. The mean number of 

observations ending in clinical malaria or censoring per individual was 4.1 (SD = 2.8). 

The median number of asymptomatic visits per individual was four and ranged from 0 to 

19. The median number of clinical malaria episodes after enrollment was three and 

ranged from 0 to 12. The proportion of observations with asymptomatic infections 

between clinical malaria episodes increased slightly by age category with 46%, 51%, and 

57% of all observations having an asymptomatic infection detected among children under 

five, school-aged children, and adults over 15 respectively. However, this association was 

not statistically significant (p =0.13). Participants reported frequently to the health center 

for sick visits (mean 3.2 sick visits per person per year) and did not report seeking care 

for malaria symptoms outside of the health center.  
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Table 4. Study population characteristics and infected visits by characteristic 

 
Participants  

N (%) 

Asymptomatic 

visits, n (%) 
Symptomatic 

visits, n (%) 
p-value 

Under 5 29 (25%) 106 (47%) 120 (53%) 

0.07 SAC 53 (46%) 206 (50%) 205 (50%) 

Over 15 32 (28%)   85 (57%)   65 (43%) 

Male 49 (43%) 152 (48%) 165 (52%) 
0.25 

Female 65 (57%) 245 (52%) 225 (48%) 

Rainy 

Season 

- 
116 (48%) 123 (52%) 

0.47 

Dry Season - 281 (51%) 267 (49%) 

Total 114 397 (50%) 390 (50%)  
p-value from chi-squared test 

 

Of 1062 infected visits that had samples that were genotyped, 711 (67%) had 

results for at least two alleles.  Overall, MSP1, MSP2, and GLURP were successfully 

amplified in 66%, 63%, and 64% of samples respectively. Genotyping success was 

lowest among adults over 15 (56%), as compared to 69% for children under five and 70% 

for school-aged children. Of the 711 samples genotyped, 416 (59%) were from 

symptomatic episodes and 295 (41%) were from asymptomatic visits. There were 95 

(53%) clinical episodes preceded by asymptomatic infections where both the clinical 

infection and the preceding asymptomatic infection were successfully genotyped. Of 

those 95, 42 (44%) contained only new genotypes, while 8 (8%) contained only 

genotypes persisting from the preceding asymptomatic infection. The remaining 45 

(47%) contained both newly detected genotypes and persistent genotypes. 

Association between asymptomatic infection and time between clinical malaria 

The median time between clinical malaria episodes was 106 days (IQR = 52 – 

232). Using the log-rank test to compare Kaplan Meier curves, the presence of an 
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asymptomatic infection and increasing age were both associated with increased time to 

next clinical malaria episode (Table 5, Figure 4).  

Table 5. Time to clinical malaria stratified by independent variables 

Variable N(obs) N(events) 
Median time 

to symptoms 
IQR 

Log-rank 

p-value 

No asymptomatic 

infection 
240 202 57 30-120 

<0.001 
Asymptomatic 

infection 
247 178 188 95-411 

Age under 5 136 116 70 30-181 

<0.001 Age 5-15 270 214 105 52-211 

Age over 15 81 50 203 107-524 

Male 200 155 98 48-272 
0.50 

Female 287 225 111 53-224 

Rainy season** 182 152 90 52-210 
0.12 

Dry season** 305 228 132 53-244 

Net use previous night 416 323 99 49-229 

0.60 No net use previous 

night 
58 46 106 44-187 

Net use every night 402 309 97 48-216 
0.14 

Less frequent net use 72 60 128 59-272 

Total 487 380 106 52-232  

* 13 Observations missing net use data 

** Season at beginning of observation 
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Figure 4. Product limit survival estimates for time to next clinical malaria 
episode stratified by asymptomatic infections status and age group 

 

 

 

 

 

 

 

 

 

 

 

 

The time-varying Cox frailty model provides a crude HR of 0.50 (95%CI: 0.39, 

0.64) for those with asymptomatic infections having clinical malaria compared to those 

that remain uninfected. There was no evidence of an interaction between asymptomatic 

Under five               Five to 15               Over 15 

Asymptomatic Infection      No Asymptomatic Infection 
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infection and age, nor was there evidence of a violation of the proportional hazards 

assumption. The final model, including a random effect to account for non-independence 

of repeated observations, and adjusted for age and season, estimated that the presence of 

an asymptomatic P. falciparum infection between clinical malaria episodes was 

associated with a 50% decrease in the risk of clinical malaria (Table 6).  

Table 6. Multivariable Cox frailty model for association between carriage of asymptomatic 

infection and time to clinical malaria adjusted for age and season 

Parameter Hazard Ratio (95% CI) P-value 

Presence of asymptomatic infection 0.50 (0.39, 0.64) 
<0.001 

No asymptomatic infection 1.00 (REF) 

Children under age five 2.70 (2.17, 3.21) 

< 0.001 School aged children (5 – 15) 2.04 (1.74, 2.47) 

Adults over 15  1.00 (REF) 

Rainy season 1.28 (1.10, 1.37) 
0.07 

Dry season 1.00 (REF) 
* Occurrence of asymptomatic infection included as a time-varying effect 

* Random intercept for participant included to account for non-independence of repeated observations 

 

Association between persistence of infection and clinical symptoms 

There were 652 post-enrollment samples which could be classified as either only 

new (301, 46%), new and persistent (225, 34%), or only persistent (126, 19%). There 

were 10 samples within two weeks of a symptomatic episode which were excluded from 

this analysis. The crude OR for an infection being symptomatic comparing individuals 

with any newly detected genotypes to individuals with only persistent genotypes was 5.2 

(95% CI: 3.3, 8.3). Alternatively, the crude OR for symptomatic malaria comparing 

individuals with only new genotypes to those with any persistent genotype was 1.8 (95% 

CI: 1.3, 2.4). There was no difference in the odds of symptomatic malaria comparing 
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observations with only new genotypes to those with new and persistent genotypes (p = 

0.87). Having any persistence was associated with age (p<0.001), sex (p=0.04), and 

season (p=0.02).  Given an infection, the presence of symptoms was not associated with 

season (p=0.90), but was associated with sex (p=0.01), and age (p<0.001), as shown in 

Table 7. 

Table 7. Proportion of infections that were symptomatic by covariates and p-value from chi-square 

test 

Parameter Symptomatic n 

(%) 

Asymptomatic n 

(%) 

p-value 

Only new infections 173 (53%) 124(39%) 

<0.001 
New and persistent 

infections 
126 (39%) 94 (30%) 

Only persistent 

infections 
26 (8%) 99 (31%) 

Female 192 (59%) 218 (69%) 
0.01 

Male 133 (41%) 99 (31%) 

Children 15 and under 292 (90%) 253 (80%) 
<0.001 

Adults over 15  33 (10%) 64 (20%) 

Rainy season 96 (30%) 95 (30%) 
0.90 

Dry season 229 (70%) 222 (70%) 

 

Table 8. Final adjusted model for odds ratio of symptoms given any new infections compared to all 

persistent infections, stratified by age 

 Adjusted OR (95% CI) 

Children 15 and Under  

     Any New Infections 1.39 (1.27, 1.53) 

     All Persistent Infections 1.00 (Ref) 

Adults Over 15  

     Any New Infections 1.07 (0.84, 1.37) 

     All Persistent Infections 1.00 (Ref) 
 

In final models that used mixed-effect logistic regression to account for repeated 

measures within individuals and adjusting for age, there was a statistically significant 
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interaction with age (p = 0.04), and among children 15 and under infection with any 

newly detected genotype was associated with a significant 39% increase in the odds of 

that infection being symptomatic compared to infections where all genotypes were 

persistent (Table 8). However, there was no association between new infections and 

symptoms among adults. Infections with any persistent genotypes were not significantly 

associated with a change in risk of symptoms compared to infections with only newly 

detected genotypes (OR = 0.93, 95% CI: 0.85, 1.01). 

DISCUSSION 

The research presented here examines the association between asymptomatic P. 

falciparum infections and subsequent risk of clinical disease using genotyping to 

establish whether asymptomatic infections persist and eventually cause disease. Analysis 

of data from our longitudinal cohort study demonstrated that carriage of an asymptomatic 

P. falciparum infection was associated with a 50% decrease in the risk of clinical malaria. 

Additionally, asymptomatic infections were unlikely to persist to cause clinical malaria 

without the appearance of newly acquired different infection. Any newly acquired P. 

falciparum infection, even if previous infections persisted, increased the odds of 

symptomatic malaria, particularly among children.  

This is the first study to use longitudinal detection of asymptomatic Plasmodium 

infection to examine the subsequent risk of clinical malaria disease. The results from our 

longitudinal analysis are consistent with previous cross-sectional studies that found 

carriage of asymptomatic infections was associated with increased time to clinical 

malaria (52, 65, 71, 72).  In addition to having stronger inferences because of our 

longitudinal design, we also demonstrated that this relationship holds even when viewing 
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asymptomatic infection as a time-varying variable. All previous studies have defined 

asymptomatic infections at a single, cross-sectional time point, and then continued 

longitudinal follow-up to ascertain risk of clinical disease. The analysis methods used in 

those studies did not take into account the fact that persistent asymptomatic infections 

frequently become temporarily undetectable (37, 74) or may occur after a baseline cross-

sectional sample was taken. Thus, it is likely that many individuals categorized as “non-

infected” in those investigations would have been categorized as asymptomatically 

infected if additional sampling had been done. This is especially likely to be true in high 

transmission settings. Our study addresses the problem of potential misclassification of 

the exposure by treating asymptomatic infections as a time varying variable.  

Newly detected infections were significantly associated with increased risk of 

disease, which fits with previous theories of acquired clinical immunity to P. 

falciparum. Individuals are thought to develop immunity dependent on acquisition of a 

repertoire of antibodies against different variable parasite surface antigens. Host immune 

response to antigens similar to those previously encountered is thought to lead to 

asymptomatic infections. However, upon infection with a parasite with surface antigens 

sufficiently different from previously encountered parasites, host immune response may 

be insufficient and allow disease to develop. In this study, eight percent of clinical 

disease episodes that were preceded by asymptomatic infections had identical genotypes 

to the preceding asymptomatic infection, suggesting that occasionally single infections 

persisted asymptomatic until eventually causing disease. This may be a result of changes 

in variant surface antigens which would not be detectable by the genotyping method used 

(111). P. falciparum parasites are known to use antigenic variation to maintain persistent 
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infections. Frequent switching of variant surface antigens among persistent infections 

may occasionally cause parasite antigens to switch from a recognized parasite under host 

immune control to a previously unrecognized antigen which the host cannot control and 

may allow for parasite proliferation and thus for symptoms to develop.  Our findings 

differ from that of Nsobya et al. who found in Uganda that between 17% and 45% of 

paired asymptomatic infections and subsequent clinical disease shared identical 

genotypes (69). This difference is likely related to a combination of four factors: the age 

groups studied, the definition of asymptomatic infection, the genotyping method, and the 

infection prevalence.  Nsobya et al. included only children aged one to five years in their 

study, while our investigation followed a much broader range of ages (one through 50 

years). They defined asymptomatic infection as any infection detected at enrollment, 

regardless of how soon after clinical disease developed, so some infections defined as 

asymptomatic may have simply been the early phase of clinical disease. For genotyping, 

they used only msp-2, limiting their ability to differentiate between parasite strains. And, 

the frequency of clinical malaria in our participants was much higher, despite the broader 

age range, with 85% of all participants experiencing clinical disease during follow-up, 

compared to only 64% in the Ugandan study.    

Our analyses support the results from the other studies that report clinical disease 

to be significantly more likely with new infections(68). Newly detected infections were 

associated with a large increase in the odds of disease even in the presence of persistent 

asymptomatic infections. There was no difference in the odds of symptomatic malaria 

when infections with only newly detected genotypes were compared to those with both 

new and persistent genotypes, suggesting that there is not a direct protective effect of 
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asymptomatic infections. This finding adds weight to the recently published investigation 

by Portugal et al. who reported that asymptomatic infection during the dry season 

predicted decreased risk of clinical disease during the rainy season, and that treatment of 

asymptomatic infections did not change their subsequent risk of disease (112).  

We found an increased risk of disease due to newly detected infections was 

significant only among children under age 15. The lack of significance among adults was 

likely due to the presence of a cross-protective immune response. While infections may 

have been “newly detected” among adults over the course of our study, it is probable that 

most individuals, after 16 or more years of exposure, have encountered a broad repertoire 

of parasite antigens, likely encompassing activity against even parasites that have not 

previously caused infection. This may be sufficient for protection against disease even in 

the presence of repeated new parasite exposure. Additionally, due to the low number of 

clinical disease events among adults over the course of the study, it is possible that we 

simply did not observe enough disease events to detect a moderate increase in risk due to 

newly acquired infections.  

The conclusions from our investigation are limited by the poor sensitivity of the 

genotyping method used, as 34% of infected samples could not be assigned a genotype. 

Genotyping success was related to parasite density and thus a lower proportion of 

asymptomatic infections were successfully genotyped than symptomatic infections, and 

genotyping success was associated with age. However, the low sensitivity of 

MSP/GLURP genotyping is only likely to bias results toward the null. Thus, we may 

have underestimated the true association, because we were unable to detect low 
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parasitemia persistent infections that might have been concurrent with high parasitemia 

new infections.  

For various reasons, we likely captured the vast majority of clinical malaria 

episodes in the study population. Participants were asked if they sought outside care and 

rarely reported seeking care elsewhere, given that government health clinics are 

frequently understaffed and experience regular medication shortages, and the health care 

obtained through our study staff is widely perceived as superior to other available care in 

the study catchment area. Participants were aware of the symptoms of malaria and knew 

that they would receive free diagnosis and treatment if infected. 

Persistent asymptomatic P. falciparum infections are common in southern Malawi 

and may be important drivers of transmission (Coalson, 2018), however they appear to 

infrequently develop into clinical disease. Asymptomatic infections occurring at any time 

during follow-up were associated with increased time between clinical malaria episodes, 

regardless of age, or season. It has been suggested that this protective association is due 

to continuous immune stimulation caused by persistent infection, however our data do 

not support that hypothesis. Once persistent asymptomatic infection is established, it is 

unlikely to lead to symptoms, which appear when new infection by dissimilar parasites 

occurs. In a high-transmission setting with a diverse parasite population, this would give 

the appearance of decreased overall risk of disease, but a direct protective effect of 

persistent infections could not be detected without genetic analysis of Plasmodium 

strains. In support of this hypothesis, we showed that newly acquired infections were 

significantly more likely to lead to symptomatic disease, regardless of whether a 

persistent infection was already present. The presence of persistent asymptomatic 
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infections is likely a marker of increasing host-immunity to infections which are 

genetically similar to the persisting infections, however, the protective effect of this 

immunity appears to be independent of age. With additional studies that explore the 

mechanisms by which asymptomatic carriage increases the time between disease 

episodes, new insights into infection detection and transmission prevention should be 

made possible.   
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CHAPTER V. TARGETING MALARIA CONTROL 

INTERVENTIONS TO SCHOOL AGED CHILDREN 

DECREASES PLASMODIUM FALCIPARUM PREVALENCE IN 

MALAWI: A MATHEMATICAL MODELING STUDY 

ABSTRACT 

Background 

Despite high uptake of malaria control measures, Plasmodium falciparum prevalence has 

not declined as expected in Malawi. Current malaria control policy in Malawi focuses on 

groups with the highest risk of disease, children under age five and pregnant women. 

However, P. falciparum infection prevalence is highest among school-aged children 

(aged five to 15 years). Under assumptions of limited resources, this paper examines the 

impact on community-level P. falciparum prevalence of targeting interventions to school-

aged children compared to current targeting strategies. 

Methods and Findings 

An age-stratified mathematical model was constructed to account for age-group specific 

differences in intervention uptake and prevalence of infection. The model was fit to 

prevalence and incidence data from southern Malawi. Three different interventions were 

tested: Mass drug administration (MDA), mass screening and treatment (MSAT), and 

insecticide treated net (ITN) distribution. Given a set number of interventions, covering 

only 15% of the total population, distributing interventions to school-aged children led to 

27.3%, 24.6%, and 5.6% decreases in community prevalence for MDA, MSAT, and ITN 
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distribution respectively. Comparatively, distributing interventions to children under five 

and pregnant women led to 3.5%, 2.8% and 0.3% decreases in community prevalence for 

MDA, MSAT, and ITN distribution. Additionally, MDA and MSAT targeted to school-

aged children led to greater long term decreases in prevalence among children under five 

than MDA and MSAT targeted to children under five and pregnant women.  

Conclusions 

In Malawi, where P. falciparum prevalence is highest among school-aged children, 

school-based malaria control interventions represent an efficient use of resources. Future 

malaria control policy should consider targeting groups with the most infections, to 

ensure greater impacts on long term prevalence and transmission.  
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INTRODUCTION 

Malaria in sub-Saharan Africa is caused primarily by infection with Plasmodium 

falciparum and, in areas with high P. falciparum transmission, many infections are 

asymptomatic (28). Increasing access to malaria control interventions through 

insecticide-treated net (ITN) distribution and introduction of artemisinin-based 

combination therapy (ACT) as first-line care for malaria has led to a decrease in infection 

prevalence in some sub-Saharan African settings (113-117). In Malawi, children under 

five years of age and pregnant women (groups with high risk of clinical malaria) have 

had high uptake of ITN and ACT use (21). Despite this, prevalence of P. falciparum 

infection in Malawi persists with little change over the past decade, and is particularly 

high among school-aged children (SAC) (2, 21). The reason for the differences in 

intervention effectiveness between settings is unclear. 

In 2015, Malawi had an estimated 3.3 million cases of clinical malaria among a 

population of 17 million people, and infection prevalence was 33% among children under 

five years of age (1, 21). In Chikwawa district, in southern Malawi, cross-sectional 

surveys have shown community-wide prevalence ranges from 18% during the dry season 

to 38% during the rainy season and bites from infectious mosquitoes are estimated at 183 

per person per year  (22, 23). Recently SAC in Malawi were found to have higher 

prevalence of infection than all other age groups, with 4.8 times the odds of infection 

compared to other ages (prevalence was similar among adults and children under five) 

(2). SAC make up one third of the population and thus harbor the majority of 

Plasmodium infections in Malawi. A recent analysis suggested that SAC may contribute 

over 50% of ongoing transmission in this region (Coalson, 2018).  
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Current public health policy in Malawi emphasizes the use of ACT as first-line 

treatment for clinical malaria, ITN distribution, and intermittent preventive treatment of 

pregnant women to prevent maternal malaria using sulfadoxine-pyrimethamine. ITN 

distribution has been ongoing through routine distribution to pregnant women attending 

antenatal care and children under five attending well-child visits at government health 

centers. Universal ITN distribution campaigns were conducted in 2012 and 2016. While 

data are not yet available from the 2016 campaign, an analysis of community-level 

infection prevalence found no community-wide decrease in prevalence associated with 

the 2012 ITN campaign (23). However, there was evidence ITN use was less effective 

among SAC compared to adults and children under five. 

Malawi lags behind most of its neighbors in decreasing hospital admissions and 

deaths due to malaria (1, 21, 24). In response to the persistence of malaria despite current 

public health prevention efforts, more or improved anti-malarial interventions appear 

necessary. Interventions may need to be focused on the most infectious sub-groups to 

more effectively decrease parasite prevalence and transmission. As researchers begin 

to explore interventions targeted at these high prevalence populations, such as SAC, 

modeling studies should help evaluate the potential benefit of such efforts. Current 

interventions include distribution through antenatal and under-five clinics, however, 

many interventions could theoretically be introduced using school-based distribution 

methods (118-120), and modeling studies should help guide researchers and policy 

makers in designing these interventions. This study used mathematical models to explore 

the potential effectiveness of different types of interventions, specifically focusing on 
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school-aged children.  The goal was to determine how various focused interventions 

could decrease P. falciparum prevalence as compared to other targeting strategies.  

METHODS 

Study Design 

The mathematical modeling approach was developed using field data from cross-

sectional surveys and a longitudinal cohort study conducted in Chikwawa district, 

southern Malawi. Both studies were part of Malawi’s International Center of Excellence 

for Malaria Research (Malawi ICEMR, NIH grant U19AI089683). Human subjects 

research approvals were obtained from Institutional Review Boards at the University of 

Maryland School of Medicine, Michigan State University, and the University of Malawi.  

Parameter Values from Cross-Sectional Surveys  

The cross-sectional study design, described elsewhere (2), involved two surveys 

annually (one each in the rainy and dry seasons), during three years (2012-2014). Three 

hundred households were selected using two-stage cluster sampling (99). The same ten 

communities in Chikwawa district, southern Malawi were surveyed for all six surveys, 

and all households within a given community were visited on a single day. Selected 

households were not sampled that day if there were no adults over 18-years present to 

provide consent. Excluded households were replaced with the nearest household.   

Data from the surveys were used to estimate the age-specific prevalence 

(averaged over all three years of the survey), population structure, current age-specific 

net use and net effectiveness (23, 95), and the probability of treatment given the presence 

of fever by age (2).  There were 7,266 participants included in six cross-sectional surveys 

in Chikwawa district between 2012 and 2014. The population distribution was 17% 
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children under the age of five, 33% SAC, and 50% adults over 15. Mean community 

prevalence during that time was 26% and varied significantly (chi-squared p < 0.01) 

between age groups. Prevalence was 19%, 37%, and 21% among children under five, 

SAC, and adults over 15 respectively. At cross sections, 82% of infections were 

asymptomatic in children under 5, 92% of infections were asymptomatic in SAC and 

91% in adults. Average net use over the six surveys was 71%, 47%, and 64% in children 

under age five, SAC, and adults, respectively. Net use was associated with a 22% 

decrease in odds of infection.  

Parameter Values from the Cohort Study  

The cohort study involved longitudinal surveillance over two years of 120 

participants enrolled at the Mfera Health Center in Chikwawa district. Participants were 

enrolled at the time of treatment for uncomplicated malaria during June 2014 through 

March 2015, and were tested monthly for up to two years during routine household visits 

and whenever they visited the health center for any illness. Enrollment included 40 

participants aged one through five years, 40 participants aged six through 12 years, and 

40 participants aged 13 through 47 years old.  The study population was 57.5% female.  

At all visits, samples were collected for detection and genotyping of Plasmodium 

parasites. If participants reported symptoms indicative of malaria, a rapid diagnostic test 

(RDT) was performed. RDTs were not performed at sick visits if no malaria symptoms 

were present. Any participant who tested positive for P. falciparum by RDT was 

considered to have clinical malaria and treated with a three-day course of AL. RDT 

positive participants were treated with AL regardless of microscopy results as per Malawi 

national protocol (121). 
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Genotyping using msp-1, msp-2, and glurp was done to identify unique individual 

infections (97). Genotyping data from the cohort study was used to determine the relative 

frequency of new infections by age group, the proportion of new infections asymptomatic 

in each age group, and the duration of untreated asymptomatic infections by age. 

Compared to adults over 15 years of age, children under five had 1.37 times the 

probability of new infections, while SAC had a probability of new infection 1.63 times 

higher. Children under five and SAC had an equal probability of new infections being 

asymptomatic with 34% of all new infections presenting asymptomatic. Adults over 15 

had a significantly higher proportion of asymptomatic new infections (62%, chi-squared 

p < 0.01). Mean duration of persistent asymptomatic infections among children under 

five and SAC was 151 days, which was significantly longer than duration among adults 

(90 days, chi-squared p <0.01).  

Other Parameter Values 

 The remaining parameters were estimated using values from the literature. If the 

value of the parameter was consistent across the literature, it was fixed in the model. For 

parameters that varied substantially in the literature, final parameter value was derived 

from model fitting.  

Mathematical Model Structure and Function 

A deterministic, differential equation-based, compartmental, discrete-time model 

with one-week time steps was used to investigate the impact of targeting malaria control 

measures to different age groups (Figure 5). Among humans, an “SIAR” model was 

developed, with compartments that included: susceptible (SH), infectious – symptomatic 

(IH), infectious – asymptomatic (AH), and treated with prophylactic protection (RH). 
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Human compartments were age-stratified into three age categories: children under five, 

SAC, and adults. The vector compartments were: susceptible (SV), exposed non-

infectious (EV), and infectious (IV).  Infectious vectors cause susceptible humans to move 

into the infectious humans compartments, and infectious humans interact with susceptible 

vectors to cause them to move into the exposed vectors compartment. 

The human population was modeled as a closed population with no births, 

changes in age groups, or deaths, which was deemed reasonable because only a single 

year after completion of intervention was modeled. Model parameters are described in 

Table 9. Susceptible individuals become infected at a rate of Λ, an age-dependent 

infection rate incorporating per capita biting rate of mosquitos, probability of infection of 

a susceptible human per infected mosquito bite, probability of a human sleeping under an 

ITN, amount of protection from biting that ITNs provided (time-dependent), and ratio of 

infectious mosquitos to total human population. 

Table 9. Parameters to be included in compartmental model of malaria transmission and sources of 

estimates.  Continued to page 92. 

 Parameter Sources Range Final Value N�  Total number of humans in population = �� + �� +�� + 	� + �
 + �
 + �
 + 	
 + �� + �� + �� + 	� 

NA NA 300,000 

N�  Total number of vectors = � + � + �  NA NA 1,000,000 Π� Vector birth rate = vector death rate (122) 0.05 – 0.13  .053 �� Probability of infection of susceptible human adult 
per bite by infected vector  

(123-126) 0.012 – 0.58 0.26 

���   Proportionate probability of infection of susceptible 
human comparing children under 5 to adults 

MCS 1.0 – 5.0 2.77 

��
 Proportionate probability of infection of susceptible 
human comparing SAC to adults 

MCS 1.0 – 5.0  1.49 

� 
Duration of mosquito latent period 

(122, 127, 

128) 
5 – 35 Days 12 Days 

� Duration of infectiousness of symptomatic infection 
before treatment 

(37) 14 Days 14 Days 

θ� Proportion of infections treated when symptomatic, 
children under 5  

(2, 21, 

129) 
0.59 – 0.85 0.85 
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θ
 Proportion of infections treated when symptomatic, 
school aged children  

(2, 129, 

130) 
0.48 – 0.79  0.79 

θ� Proportion of infections treated when symptomatic, 
adults over 15  

(2, 129) 0.54 – 0.8 0.8 

� Length of prophylactic protection from treatment (131, 132) 14 – 21 days 14 days � Reduction in infectiousness of humans to mosquitoes 
of asymptomatic infections compared to 
symptomatic  

(133, 134) 0.05 – 0.34 0.10 

� Average bites per mosquito per human per day (135-137) 0.08 – 0.95   0.47 ��  Proportionate difference in biting rate comparing 
children under 5 to adults 

(138-140) 0.1 – 1.0 0.49 

�
 Proportionate difference in biting rate comparing 
SAC to adults 

(138-140) 0.1 – 2.0 1.09 

�� Proportion of new infections asymptomatic, children 
under 5 

MCS 0.11 – 0.56 0.34 

�
 Proportion of new infections asymptomatic, SAC MCS 0.11 – 0.56 0.34 �� Proportion of new infections asymptomatic, adults (141), 
MCS 

0.5 – 0.80 0.62 

�� Duration of asymptomatic infections when untreated, 
children under 5 

(49, 142), 
MCS 

73 – 151 151 

�
 Duration of asymptomatic infections when untreated, 
SAC 

(49, 142), 
MCS 

73 – 179  151 

�� Duration of asymptomatic infections when untreated, 
adults 

(49, 142), 
MCS 

90 – 160 90 

Θ� Proportion of infections treated when asymptomatic, 
children under five 

Estimated 
from 
model 

0.1 – 0.9 0.899 

Θ
 Proportion of infections treated when asymptomatic, 
SAC 

Estimated 
from 
model 

0.1 – 0.9 0.100 

Θ� Proportion of infections treated when asymptomatic, 
adults 

Estimated 
from 
model 

0.1 – 0.9 0.294 

� 
 

Proportionate reduction in duration of asymptomatic 
infection due to treatment  

Assumed 
average 

0.5 0.5 

�� Probability of infection of susceptible vector per bite 
on an infectious human 

(124, 133, 

143, 144) 
0.015 – 0.48 0.066 

��  
 

Probability of detection of asymptomatic infection 
by RDT among children under five 

(102) 0.57 0.57 

�
 Probability of detection of asymptomatic infection 
by RDT among SAC 

(102) 0.59 0.59 

�� Probability of detection of asymptomatic infection 
by RDT among adults 

(102) 0.20 0.20 

��� ! Probability of detection of symptomatic infection by 
RDT 

(103, 104) 0.96 0.96 

��"
#  Probability of treatment of susceptible individual due 
to false positive RDT 

(145) 0.05 0.05 

Net 
effect 

Proportion of insecticide treated net users protected 
from infection by net use  

(23, 146, 

147) 
0.22 – 0.54  0.22 

Net 
use 

Proportion of population using nets  Interventi
on 

0.4 – 0.95 Varied 

MDA Proportions of all infections cleared due to mass drug 
administration 

Interventi
on 

0.1 – 0.9 Varied 

MSAT Proportion of all infections cleared due to MSAT Interventi
on 

0.1 – 0.9 Varied 
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MCS = Mfera Cohort Study 

Time step of seven days used 

Upon infection, the probability of an individual becoming symptomatic or 

asymptomatic was age-dependent. An age and symptom dependent proportion of all 

infectious individuals received treatment and entered the protected prophylactic (RH) 

compartment. Symptomatic individuals who did not receive treatment, progressed into 

the asymptomatic compartment at age-dependent rates. All individuals in the infectious 

compartments could infect susceptible mosquitos; however, the degree of infectiousness 

varied by presence of symptoms and age category. Prophylactic effects of treatment and 

natural recovery from asymptomatic infections were temporary and individuals became 

fully susceptible to infection again. Individual infecting genotypes were not explicitly 

modeled. The development of acquired immunity to new infection was built into the 

model by assuming age compartments represented different stages in acquired immunity.  

The vector population was an open population with constant birth and death 

because of the short generation time of the mosquito. Although vector birth rate may vary 

Figure 5. Diagram of age-stratified SIR model in humans and SEI model in 

vectors. Blue arrows represent the ways in which the population can move from one 

compartment to another. Red arrows represent ways mosquitoes and humans interact to 

spread infection 
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by season, an average vector birth rate was assumed for simplifying purposes. The 

differential equations for this model are included in the appendix.  

R software with the package deSolve was used to solve all differential equations 

(100). The deSolve package utilizes ordinary differential equation solvers based on the 

FORTRAN code LSODA that switches between stiff and non-stiff systems (R code in 

appendix). Parameters estimated from data were initially fixed in the model. Unknown 

parameters with high variability in the literature (Table 9) were estimated by using R 

package FME, using the Levenberg-Marquardt algorithm (101). Simulations were used to 

determine which parameter values, within ranges from the literature, best fit prevalence 

patterns seen in Chikwawa from cross-sectional surveys. The set of parameter values 

giving the lowest sum of residuals squared, comparing simulations at steady state to 

prevalence data, was used to determine the best fitting model.  Interventions were 

introduced into the model after allowing the model to reach steady state.  

Three different interventions were tested: ITN distribution, mass drug 

administration with ACTs (MDA), and mass screening and treatment with ACTs 

(MSAT). These interventions were chosen as they can be introduced to a small targeted 

segment of the population instead of the community as a whole, as opposed to indoor 

residual spraying or treatment of mosquito breeding sites. Interventions were tested 

varying both coverage levels and different targeting strategies. Four targeting strategies 

were modeled for each intervention: 1) Current intervention strategy, targeting children 

under five and pregnant women; 2) targeting only SAC; 3) targeting children under five 

and SAC; and 4) untargeted community intervention (assumed to equally impact all age 

groups). To assess the comparative effectiveness of different targeting strategies, we 
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calculated the percent change from baseline prevalence one year after intervention 

introduction or completion.  

ITN interventions were modeled by increasing the probability that a given age-

group would sleep under an ITN, while holding ITN use for other groups constant at the 

current levels. Distribution of ITNs was modeled to proportionally increase ITN use from 

baseline (Table 10). ITN distribution was assumed to be randomly distributed among 

members of that age group, irrespective of current ITN use. Thereby, for example, 

distribution to 80% of children under five would increase ITN coverage by 80% of the 

proportion not currently using ITNs, or from 71% to 94.2%. ITNs are believed to retain 

efficacy for up to two years, after which the quality of protection declines (91), so 

protection among those given ITNs was modeled using an exponential decay function, 

with a half-life of 4 years (models were constrained so that ITN coverage could not drop 

below average coverage levels for 2012 through 2014).  

MDA interventions were introduced on three occasions, each three months apart 

by treating the targeted group so that a proportion of individuals in any compartment 

moved into the treated protected compartment at the time of MDA campaigns. They 

remained in the protected compartment for, on average, two weeks, based on the 

prophylactic effect of standard ACT treatment, before returning to the susceptible 

compartment.  

Mass screening and treatment (MSAT), with screening by HRP-2 RDT, was also 

introduced at three time points three months apart. Based on cross-sectional studies, 

RDTs were modeled to detect 57%, 59%, and 20% of PCR-positive infections among 

children under five, SAC and adults, respectively (102). However, presence of symptoms, 
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usually corresponding to more circulating Plasmodium antigen, greatly increases the 

sensitivity of detection by RDT, with studies of symptomatic, PCR-positive patients 

routinely reporting that 95% were also RDT-positive (103, 104). Thus, MSAT was 

assumed to clear 96% of infections among symptomatic individuals tested and 57%, 

59%, and 20% of infections among asymptomatic individuals tested among children 

under five, SAC, and adults, respectively. Specificity of HRP-2 RDT is assumed to be 

95%, so 5% of uninfected susceptible individuals tested received treatment as part of 

MSAT campaigns (145). Probability of selection for testing was equal among all targeted 

individuals.  

We evaluated various targeting strategies by comparing percent change from 

baseline prevalence one year after ITN introduction or completion of final MDA or 

MSAT treatment round. We assumed the same number of individuals would be reached 

under any intervention. Current strategies for ITN distribution and IPT are focused on 

children under five and pregnant women. Children under five comprise 17% of the total 

population in southern Malawi, while pregnant women make up about 7% of adult 

females or 1.7% of the total population (105). Assuming current intervention strategies 

are successful and reach 80% of targeted groups, that would mean 15% of the total 

population receives the intervention. In a population of 100,000 people, this is equivalent 

to 15,000 individuals receiving intervention. Thus, we compared the current intervention 

strategy (80% of children under five and 3.5% of adults) to interventions reaching 15,000 

individuals in the population targeted:  1) School-based interventions reached SAC alone 

(15,000 individuals representing 45% of SAC), 2) SAC and children under five combined 
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(reaching 29.8% of SAC and 29.8% of children under five), and 3) randomly distributed 

to the community, reaching 15% of each age group.     

Two sensitivity analyses were done. First, in order to determine how altering 

parameters effect our conclusions, the following fixed parameters were varied: proportion 

of new infections asymptomatic by age, proportional difference in probability of infection 

comparing children under five and SAC to adults, duration of asymptomatic infection by 

age, and efficacy of ITNs at preventing infection. Simulations were run varying 

parameters within estimates from the literature, or, if no estimates existed in the 

literature, within 95% confidence intervals of original estimates (Table 9). The difference 

between current targeting strategies and school-based targeting was calculated for each 

varied parameter, mean and standard deviation (SD) was plotted. Varying most 

parameters led to decreases in the sum of squared residuals for the base model compared 

to prevalence data so models were only included in the analysis if the sum of residuals 

squared was less than five-fold greater than that of the baseline model.    

The second approach to sensitivity analysis varied the magnitude of intervention 

coverage to explore how conclusions changed at different levels of coverage. If current 

intervention strategies, which target children under five and pregnant women, were to 

reach all targeted individuals, coverage would be no more than 18.7% of the total 

population. Thus, to examine interventions involving more than 18.7% of the total 

population, additional interventions beyond 18,700 were assumed to be distributed 

among adults over 15 (and have no impact on SAC). To model 25% total population 

coverage with current targeting strategies, for example, the additional 6,300 simulated 

interventions not distributed to children under five and pregnant women would be 
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provided to other adults over 15. We analyzed patterns that resulted when the total 

population coverage was varied from 5% to 30%.  

 

RESULTS 

Using the actual prevalence values for the population as the target outcomes for 

the model, the best baseline value for �� (the probability of transmission given a 

susceptible human is bitten by an infectious vector) was 0.26 and the best baseline value 

for �� (the probability of transmission given an infected human is bitten by a susceptible 

vector) was 0.07. The best baseline estimates of relative infectiousness of SAC and 

children under five, compared to adults, were estimated to be 1.49 and 2.77, respectively. 

The best fitting model also estimated a 90% reduction in infectiousness for asymptomatic 

infections compared to symptomatic infections.  

Using these parameters, ITN coverage had less impact on community-prevalence 

compared to other interventions, regardless of the population targeted (Table 10). MDA 

and MSAT had larger impacts on community prevalence on all populations targeted at all 

three time points, but a prevalence “rebound” occurred as transmission gradually 

increased following the widespread but short interventions (Figure 6). Adding ITN 

distribution to either MDA or MSAT campaigns had minimal additional impact.  

At one year after intervention, with 15% total population coverage, ITN 

distribution alone directed to SAC had a greater impact on community prevalence than 

either community ITN distribution or the current ITN distribution methods through 

antenatal and under five clinics (Table 10, Figure 6).   
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Table 10. One year after intervention introduction predicted infection prevalence, percent change 

from current prevalence, and the proportion of the population needed to reach 

 Group Coverage (%) Community 

Coverage 

(%) 

Infection 

Prevalence 

(%) 

Percent 

Change 

(%) 
Intervention SAC Under 

5 

Adult  

ITN       

 Current levels 47.0 71.0 64.0 N/A 26.0 N/A 

 Children under 

5 and pregnant 

women 

47.0 94.2 65.3 15% 25.9 0.3 

 School-aged 

children 

70.8 71.0 64.0 15% 24.5 5.6 

 SAC and 

children under 5 

62.8 79.6 64.0 15% 25.3 2.6 

 Community 

(untargeted) 

54.9 75.3 69.4 15% 26.0 0.0 

MDA       

 Children under 

5 and pregnant 

women 

80.0 0.0 3.5 15% 25.1 3.5 

 School-aged 

children 

45.0 0.0 0.0 15% 18.9 27.3 

 SAC and 

children under 5 

29.0 29.0 0.0 15% 14.0 46.2 

 Community 

(untargeted) 

15.0 15.0 15.0 15% 16.8 35.5 

MSAT       

 Children under 

5 and pregnant 

women 

80.0 0.0 3.5 15% 25.3 2.8 

 School-aged 

children 

45.0 0.0 0.0 15% 19.6 24.6 

 SAC and 

children under 5 

29.0 29.0 0.0 15% 15.8 39.3 

 Community 

(untargeted) 

15.0 15.0 15.0 15% 20.2 22.3 
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Figure 6. Community wide prevalence comparing targeting strategies with 
15% total community coverage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Current: Intervention policy targets 80% of children under 5 and 3.5% of adults 

SAC: School-based interventions are modeled reaching 45% of SAC 

SAC + Under 5: Combined school-based and under five interventions access 29% of SAC and children 

under five 

Community: Interventions are assumed to equally impact all community members with 15% coverage in all 

age groups. 
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MDA, however, that targeted SAC only at 45% coverage on three occasions at 

three month intervals, with 45% coverage among SAC only (representing 15% of the 

total population) decreased community prevalence 9-fold more than MDA to children 

under five 80% coverage) and pregnant women (3.5% coverage), also representing 15% 

of the total population (Table 10, Figure 6).  Similarly, the impact of providing MDA to 

both SAC and children under five simultaneously had a greater impact than the additive 

effects of the two groups targeted separately. Coverage as low as 29% among both SAC 

and children under five (equivalent to 15% of the total population) was predicted to 

decrease community prevalence by 46% (Table 10, Figure 6). 

MSAT produced effects similar to those of repeated MDA, but community 

infection prevalence decreased slightly less that with all targeting strategies (Table 10). 

As with MDA, school-based MSAT had a greater impact on community prevalence 

compared to current targeting strategies. The greatest impact was predicted from 

simultaneously targeting MSAT to both SAC and children under five (Table 10, Figure 

6). 

To confirm that decreased community infection prevalence following SAC-

targeted interventions were not solely due to decreased SAC prevalence, impacts on 

under-five children due to different interventions were plotted (Figure 7). While MDA 

and MSAT directly targeting children under five have a greater initial effect on 

prevalence in that group (black lines), interventions targeting SAC alone (red lines) also 

produced decreases in under five prevalence. 
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a) 

 

Figure 7. Infection prevalence among children under age five under different 
intervention strategies. Interventions introduced at day zero. a) MDA 
campaigns conducted three times at three month intervals, varying age 
targeting, ITN distribution with varying age targets, b) ITN distribution with 
varying age targets, c) MSAT, conducted three times at three month intervals 
with varying age targeting 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additionally, while MDA and MSAT using current targeting strategies had a high 

initial impact on under five prevalence, school-based interventions led to a greater 

sustained decrease in under five prevalence (Figure 7). ITN distribution targeted to SAC 

had a greater impact on under five prevalence then ITN distribution targeted to children 

under five, however this difference was small (Figure 7).   

c) 

b) 



103 
 

Sensitivity analysis – varying baseline parameters 

Models with different parameter values at baseline, representing a type of 

sensitivity analyses, did not produce significantly different results. On average, the 

difference in prevalence across all scenarios after SAC-targeted MDA was 6.3% lower as 

compared to current targeting strategies (p<0.0001). The proportionate biting rate 

comparing children under five to adults (bI) had the greatest impact when it was varied 

(Figure 4), however, school-based interventions always had a greater impact than 

interventions targeted at children under five, across all parameters varied, with the least 

difference being 2.2%. The same was true with MSAT, with the mean difference in 

prevalence after MSAT being 5.8% lower among simulations with interventions targeted 

at SAC compared to current intervention strategies (p<0.0001). ITN interventions showed 

smaller differences between current and SAC targeted intervention strategies (mean = 

1.5%), however this did not change when varying baseline parameters, with the largest 

difference seen when varying baseline ITN effect. Even with different baseline levels of 

ITN effect, interventions targeting SAC always produced lower infection prevalence as 

compared to current intervention methods (Figure 8).  

 

Sensitivity analysis – varying intervention coverage 

Models with varying coverage levels also produced different patterns of community 

infection prevalence. When total population coverage of interventions was over 25%, 

non-targeted, random, community-level MDA interventions led to greater decreases in 

prevalence compared to MDA targeted simultaneously at SAC and children under five. 
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However, no other results were different. For all interventions and at all coverage levels, 

SAC targeted interventions led to lower community prevalence than targeting children 

under five and pregnant women. MDA and MSAT were similar at all coverage levels, 

however MDA led to lower prevalence than MSAT at all coverage levels. 

Figure 8. Sensitivity analysis, varying baseline model parameters (parameter 
varied shown on X-axis).  

 

*Parameters were varied within estimates from the literature or 95% confidence intervals if no literature 

estimates were available. Blue bars show the mean difference in community prevalence after intervention 

comparing models with interventions using current intervention strategies and targeting SAC. Error bars 

show the standard deviation from repeated simulations.   

Achieving community coverage of ITNs greater than 80% in all age groups 

resulted in a 15% decrease in community prevalence, however, this was still less than 

achieving 100% ITN coverage in SAC alone (while ITN coverage in other groups 

remained the same), which produced an 18% decrease in community prevalence (with 
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half as many nets distributed). Complete SAC ITN coverage led to similar declines in 

prevalence as those seen below 15% coverage of school-based MDA or MSAT.  

DISCUSSION 

Previous mathematical modeling studies of malaria interventions in sub-Saharan 

Africa have attempted to determine intervention coverage necessary to reach thresholds 

of malaria control or elimination (40, 81, 84-86, 89). Given that Malawi has experienced 

limited or no reduction in malaria cases with current intervention methods (148), our 

analysis may help identify how best to target anti-malaria interventions to optimally 

decrease P. falciparum prevalence. We hypothesized that, at low total population 

coverage levels, interventions would be most effective targeted at the high prevalence 

population of school-aged children. 

Few published reports have used simulation models to examine how various types 

of interventions, targeted at different demographic groups, impact on community-level 

Plasmodium infection prevalence (40, 41, 79). Our analysis does so, explicitly 

considering impacts in the context of asymptomatic infections and SAC as a high 

prevalence population. Furthermore, previous modeling studies have not used parameters 

from regions where prevalence peaks in SAC, nor have they considered potential age 

differences in infection duration.  Higher P. falciparum prevalence among SAC 

combined with less intervention uptake in this age group (2) has led to the hypothesis that 

SAC are more important in maintaining community-level transmission than other 

subgroups. Current intervention strategies in southern Malawi and most other parts of the 

world have focused on groups with the highest prevalence of disease, however this has 
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not dramatically reduced P. falciparum prevalence, suggesting asymptomatic and 

untreated infections are producing persistent transmission. 

Under the assumptions of our model for southern Malawi, the most effective 

intervention method to reduce P. falciparum prevalence was MDA distributed 

simultaneously to children through schools and at under-five clinics. ITN distribution had 

the least impact of all interventions tested, regardless of the population targeted. 

Targeting any interventions through schools had a greater impact on P. falciparum 

prevalence than the same intervention targeted only at children under five and pregnant 

women. 

The current intervention strategy in Malawi focuses on ITN distribution to 

children under five and pregnant women. While these may be the members of the 

population who are most vulnerable to severe disease, they appear to contribute less to 

transmission than SAC.  Indeed, despite additional universal ITN distribution campaigns, 

Malawi is failing to ensure ITN access to all SAC (95). While ITNs were estimated to 

have less impact than other interventions studied in this model, high community coverage 

(greater than 80% in all groups, including SAC) could lead to large decreases in 

community prevalence (data not shown). However, this requires substantial resources 

and, as previous distributions have demonstrated, is difficult to accomplish. ITN 

distribution alone appears to be an inefficient method by which to decrease prevalence in 

high-transmission settings like southern Malawi, especially if many SAC continue to be 

missed.   

Of the interventions evaluated in our models, MSAT has been shown to be the 

most costly to implement (149), and also had less of an effect on community prevalence 
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than MDA. The cost difference between MSAT and MDA is largely a factor of the time 

required for testing, which could also be deemed to be somewhat invasive (people would 

have to be repeatedly tested when asymptomatic). Overall, MDA is recognized as less 

expensive to implement for the same level of coverage, and our results showed that it 

produced greater decreases in infection prevalence. While likely not feasible, it is 

interesting to note that at high levels of community coverage, the rebound from MDA 

and MSAT diminishes considerably, suggesting, as shown previously (81, 150, 151), that 

mass treatment campaigns become more effective at lower infection prevalence levels. In 

general, any mass treatment campaign should be conducted repeatedly, such as to 

decrease rebound. Additionally, repeated campaigns in close succession are expected to 

lead to continual incremental decreases in prevalence. 

One unexpected result from this model was the high impact of a repeated MDA 

campaign targeting both SAC and children under five. While this strategy produced the 

greatest predicted impact on community prevalence with the same total community 

coverage as other strategies examined, the logistical difficulty and costs of 

simultaneously targeting both SAC and children under five may outweigh any benefit of 

low coverage targets. Community-based or untargeted interventions also performed better 

than interventions targeted to SAC. While random distribution would lead to larger 

decreases in P. falciparum prevalence, community distribution rarely leads to true 

random distribution, and SAC are less likely to access interventions through community 

distribution (95). School-based interventions offer the added benefit of cost effectiveness 

compared to community interventions due to a large proportion of school-children being 

in one place at a time, and few discrete locations must be visited.  
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The estimate of ITN efficacy used in this model came from two studies in 

southern Malawi, where ITNs have thus far had a modest impact on P. falciparum 

transmission (23, 146). Under the assumption of low protective efficacy, ITNs had a 

relatively low impact on prevalence, even at high coverage. However, as part of 

sensitivity analyses, we allowed for higher ITN efficacy, within bounds derived from the 

literature, although increasing ITN efficacy beyond 34% resulted in poor model fit given 

the current coverage estimates. Thus, the estimates from studies in southern Malawi were 

deemed the best estimates for the purpose of this model in so far as they represent the 

real-world situation in southern Malawi. Even with ITN efficacy of 34%, the effect of 

ITNs on population prevalence of P. falciparum was much less compared to the effect of 

MDA or MSAT.  

A significant rebound effect was observed after both MDA and MSAT, however 

this rebound was anticipated due to high prevalence of infection in the untreated 

population. Frequent and repeated intervention campaigns would be needed to bring the 

population P. falciparum prevalence low enough to prevent a rebound (41, 151).  

The model used in this study was designed specifically to evaluate how targeting 

interventions to SAC would impact community infection prevalence in southern Malawi. 

Previous studies have examined the effect of targeted interventions on prevalence or 

transmission (79), but the only studies addressing age targeting have focused on children 

under five (79, 152). Stuckey at al. examined how the effect of MSAT would differ when 

targeted to different age groups but did not assume baseline differences in intervention 

uptake by age group. They found, in agreement with our results, that targeting always 

reduced the effectiveness compared to a random distribution of MSAT (89).  All previous 
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modeling studies fit to data from high-transmission settings have found that, to reduce 

infection prevalence below 10% in such regions, 80% coverage of ITNs, along with 

frequent and sustained indoor residual spraying and MSAT would be required (40, 84-

86). While informative, these studies do not suggest whether focusing interventions on 

certain groups might enhance impacts, nor do they provide clear options for feasible steps 

toward malaria control in high-transmission regions, such as Malawi.  

While some previous models have incorporated the three age groups that we 

considered (under five, SAC, and adults) (81, 89), none have structured them with field-

derived infection prevalence being greatest in SAC. Additionally, all previous 

intervention models have used data from malaria-therapy studies to define duration of 

infection, and none have included variability in the duration of untreated infection by age. 

This is problematic, given that predictions from malaria transmission models for high-

prevalence regions are thought to be highly sensitive to variations in the human recovery 

rate (90).  

This model included multiple simplifying assumptions which may limit its 

accuracy. Previous studies have addressed the question of seasonal timing to maximize 

intervention effectiveness (153) and the timing of intervention introduction is known to 

effect intervention success. However, we assumed transmission was a constant average of 

rainy and dry season levels. The lack of seasonality in this model may lead to an 

underestimate in prevalence changes as a result of intervention introduction. The 

assumption of a fixed population may limit the reliability of our results in a setting where 

immigration plays a large role in maintenance of P. falciparum prevalence. Additionally, 

it was beyond the scope of this paper to conduct a true cost-benefit analysis comparing 
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school-based interventions to other targeting methods, which would be a useful future 

extension.  

Although less targeted distribution strategies, at both schools and clinics, may 

produce the greatest reduction in community prevalence, cost and feasibility must be 

considered when developing future intervention policy. Introducing interventions through 

a single institutional framework (e.g. schools) is probably the simplest method by which 

large-scale disease control efforts could be undertaken. In addition, because of the high 

infection prevalence among SAC in Malawi, targeting malaria prevention to SAC appears 

to be among the most effective approaches for reducing P. falciparum prevalence in the 

community. While our model was developed to analyze transmission patterns in southern 

Malawi, the approach and implications likely have extension to other settings with 

similar transmission intensity and infectious reservoir groups.   
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APPENDIX 
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CHAPTER VI. DISCUSSION 

Due in part to worldwide commitment to the WHO Millennium Development 

Goals, fifty-seven malaria-endemic countries had reduced their malaria cases in children 

under 5 by 75% from 2000 to 2015. This success has been attributed to an increase in 

worldwide use of interventions to decrease global malaria incidence. However, the 

countries with the highest initial disease burdens have also seen the slowest decreases in 

disease incidence and infection prevalence.  In areas of sub-Saharan Africa with high 

malaria incidence, many infections are asymptomatic and a preponderance of prevalent 

Plasmodium falciparum infections are found in school-aged children (SAC), aged five to 

15 years (2-6). The reason for this pattern in prevalence is unclear, and the effect of high 

prevalence in this population on disease and control efforts has not previously been 

explored.  

The aims of this dissertation were threefold: 1) Examine the patterns of 

asymptomatic P. falciparum infection and determine the factors behind 

disproportionately high prevalence of infection among SAC; 2) Determine the 

contribution of asymptomatic infections to the burden of clinical disease; 3) Examine the 

effect of ensuring SAC access to malaria control measures.  

We hypothesized that high prevalence in SAC was due to either an increased rate 

of infection or increased duration of detectable infection persistence compared to other 

age groups. Using a longitudinal cohort study in a high-transmission region of southern 

Malawi, we found that 40% of incident infections were asymptomatic and 57% of 
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infections persisted longer than one month. However, there was no evidence of either 

increased infection rate or increased infection duration among SAC. In this population, 

carriage of an asymptomatic P. falciparum infection was associated with significantly 

increased time between clinical malaria episodes and the risk of clinical malaria was 

highly associated with newly acquired infections, regardless of pre-existing persistent 

infections. While age was a strong predictor of clinical disease, the decreased risk of 

disease associated with asymptomatic infections was consistent across age groups.  

Using this data and deterministic mathematical models fit to prevalence data from 

southern Malawi, we went on to show that targeted interventions ensuring SAC access to 

interventions would lead to greater overall decreases in community P. falciparum 

prevalence than current intervention methods. Taken as a whole, the results presented 

herein suggest acquired immunity to infection may take many years to develop, and 

depend on allele-specific antigenic similarity between recurrent infections. For all 

measures examined in this dissertation, SAC were similar to either children under five or 

adults. SAC were equally likely to acquire new infections, to have new infections present 

as asymptomatic, and were not significantly less likely to present with clinical illness. 

Persistent infections among SAC lasted for the same length of time as persistence among 

adults. The combined findings that presence of asymptomatic infections was associated 

with decreased risk of disease but that persistent infections did not protect from disease 

due to newly acquired infections suggests that clinical immunity may only extend to 

infections which are antigenically similar to previous infections.  

 Few previous studies have explored the questions presented herein and only one 

has looked at the dynamics of natural infection by age. Felger et al., in a series of 
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publications (43, 46-49), analyzed data from a large cohort in Ghana followed every two 

months over 10 months, for a maximum of six visits per participant. The investigators. 

found increased molFOI and increased duration of infection among children aged five to 

nine years compared to children under five. These results formed the basis of our 

hypothesis for age differences in infection dynamics, and the contrasts between our 

results and theirs is worth exploring in-depth. While our sample size was smaller, perhaps 

limiting our ability to find differences between age groups, the increased follow-up time 

and granularity of our data should make our statistical power comparable to the previous 

study. Participants had, on average, over 20 visits each, the majority of which occurred at 

30 day intervals from each other, with few missed scheduled visits and frequent 

additional unscheduled sick visits. Additionally, our use of three different polymorphic 

regions of the P. falciparum genome (msp1, msp2, and glurp) to identify unique 

genotypes allowed us to more accurately and sensitively discriminate between infections, 

compared to the use of only msp2 in the Ghana study. By limiting their genotyping to a 

single polymorphic region, Felger et al. may have overestimated duration of some 

infections and underestimated molFOI. Our additional follow up time also allowed us to 

detect a surprising number of infections persisting over one year.  

A large factor contributing to the difference in conclusions between these two 

studies is that the sampling for the Ghana study was community-based, and the study did 

not provide treatment for malaria. Instead, the Ghana study referred participants to 

treatment in the event of illness at any of the scheduled study visits. By providing 

treatment to all participants, we minimized age-specific treatment effects on the length of 

infection persistence. Particularly by providing effective treatment on demand and 
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providing transportation costs for unscheduled sick visits, we greatly increased 

participants access to malaria care in comparison to standard community-level treatment 

access. We believe the majority of clinical episodes among study participants during 

follow-up received treatment and were captured in our data, in contrast to the Ghanaian 

study where treatment for clinical malaria is unknown. This is particularly important 

given that throughout Africa, SAC are the least likely demographic group to access 

malaria control measures (154). While no citations could be found on age effects on 

treatment seeking behavior in Ghana, if young children were more likely to seek care 

than SAC, as is seen in Malawi (2), this would lead to longer apparent infections among 

SAC.  

Future analysis is planned utilizing hidden semi-markov models to estimate the 

duration of time spent in the “hidden” state of undetectable infections. Complex analysis 

methods may change the exact estimates of duration derived from this data but are 

unlikely to alter our primary findings: the duration of infection does not appear to 

decrease with age, and there is no evidence of a peak in duration among SAC. It may not 

be possible to definitively determine the average length of duration of asymptomatic 

infections due to limitations in detection methods, but for parameterizing mathematical 

models and intervention design, it may be sufficient to understand that persistence is 

common and persistence over nine months is not infrequent.   

Along with finding high incidence of asymptomatic infections, the research 

described in this dissertation adds to the growing evidence of association between 

presence of asymptomatic P. falciparum infection and decreased risk of subsequent 

clinical disease. We additionally demonstrate an improved methodological approach for 
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defining the exposure of asymptomatic infection and adjusting for it in statistical models. 

In addition to these methodological improvements, this research supports the theory that 

asymptomatic infections, while being a marker for decreased risk of clinical disease do 

not appear to be causally related to decreased clinical disease. A recent study in Mali 

demonstrated that treating asymptomatic RDT positive infections did not increase the risk 

of subsequent clinical disease compared to untreated RDT negative asymptomatic 

infections (112). We found that newly detected infections significantly increased the risk 

of symptomatic disease among children, and this was independent of whether persistent 

infections were present. These data suggest there is likely no causal relationship between 

asymptomatic infection and subsequent decreased risk of disease, but that the presence of 

an asymptomatic infection merely serves as a proxy for unmeasured immunity.    

In this population, with assured access to treatment and malaria control 

interventions, SAC did not have a disproportionately high infection rate, and modeling 

found that ensuring SAC access to malaria control interventions would lead to greater 

success at decreasing community-wide P. falciparum prevalence than current 

intervention strategies. SAC do not have unique infection risk, suggesting that lack of 

access to malaria control interventions in the community is a predominant factor leading 

to high observed P. falciparum prevalence among SAC from cross-sectional surveys in 

Malawi. SAC in our cohort did not have more infections than children under five. 

Additionally, looking at cross sections of the cohort study described herein, SAC and 

children under five were equally likely to have prevalent infections at the time of all 

cross-sections.  
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The cross-sectional surveys from which high prevalence in SAC was identified 

occurred from 2012 through 2014 and overlapped with the beginning of the cohort study 

described in this dissertation. At all time-points in the cross-sectional study, looking only 

at communities nearby and including Mfera Health Center catchment area SAC had 

significantly higher P. falciparum infection prevalence than all other ages, and there was 

no evidence of change in this association over time (23). There was no evidence of a 

change in transmission intensity over the course of the cohort study. Thus, assuming 

transmission remained the same, the only reasonable explanation for the difference 

between our cross-sectional and cohort data is related to study design. The Mfera Cohort 

Study recruited individuals at the time of symptomatic malaria, whereas the cross-

sectional studies included all community members present at the time of survey. Thus, 

the rate of disease in the Mfera Cohort Study is likely higher than would be seen in a 

cohort selected at random from the community. In the cross-sectional surveys, SAC were 

significantly less likely to report seeking care for recent fevers than children under five, 

additionally they were significantly less likely to use bed nets, even after a universal 

distribution campaign. In the Mfera Cohort Study, bed nets were given individually to 

each participant and participants were strongly encouraged to seek care from study staff 

in the event of any symptoms of illness (including non-malarial illness). One major 

barrier to care-seeking in rural Malawi is the time of transportation to the health center, 

so study staff provided a small stipend for each visit to defray the cost of transportation 

(equivalent to less than $0.50 USD). Given these design elements, SAC and children 

under five were equally likely to attend the clinic for unscheduled sick visits, and all 

children reported use of bed nets > 95% of the time.   
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 The finding that the disparity in infection prevalence between SAC and children 

under five does not exist when given equal access to treatment and prevention measures 

lends further value to the results from the mathematical model presented herein. 

Mathematical modeling found that intervention strategies which ensured SAC access to 

interventions lead to greater decreases in community-wide infection prevalence than 

interventions focusing on children under five and pregnant women. This decrease in 

prevalence was not only due to removal of infection in SAC, but interventions targeting 

SAC lead to decreases in prevalence among children under five as well. Thus, ensuring 

SAC access to interventions not only eliminates the disproportionately high infection 

prevalence in SAC but also decreases infection (and thus disease) in the rest of the 

community.  

 The results presented in this dissertation suggest that mass drug administration or 

mass screening and treatment campaigns targeting SAC are a safe way to effectively 

decrease community-wide prevalence of P. falciparum in southern Malawi, however 

mathematical models and cohort studies cannot provide definitive evidence. Large cluster 

randomized trials are needed to determine the safety and efficacy of mass treatment 

campaigns at a population level. There is a preponderance of evidence in high-

transmission settings suggesting that treatment of asymptomatic infections does not alter 

risk of clinical disease, allowing for sufficient equipoise to conduct a randomized trial.  

 The disparity in P. falciparum prevalence observed in cross-sectional data from 

Malawi is likely a result of interaction by both behavioral and biological factors. Our data 

suggests that when all participants received bed nets and had equal access to prompt 

medical care, SAC were similar to children under five. While asymptomatic infections 
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were associated with decreased risk of clinical malaria, they did not appear to be 

protective against clinical disease. Thus, mass treatment of asymptomatic infections may 

be a viable strategy to decrease prevalence in Malawi, however future public health 

policy needs to address the disparity in access to malaria control interventions, as that 

disparity appears to be driving high P. falciparum prevalence in SAC, and thus in the 

community.  
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