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ABSTRACT 

 

Dissertation Title:  Epidemiology of Plasmodium falciparum infection and clinical  

malaria among infants in Malawi  

Liana R. Andronescu, Doctor of Philosophy, 2021 

Directed By:   Miriam K. Laufer, MD, MPH 

Professor 

Departments of Pediatrics / Epidemiology and Public Health 

Background: Few malaria interventions are designed to target infants under six months. 

The burden of malaria in infancy and its long-term health impact needs to be better 

characterized to inform surveillance and treatment guidelines for this age group. 

Objectives: The aims of this study were to (a) assess the effect of intermittent preventive 

treatment during pregnancy (IPTp) regimens on the risk of malaria in infancy, (b) 

characterize P. falciparum infection and clinical malaria in the first six months and the risk 

of subsequent malaria, and (c) assess effects of P. falciparum infection and clinical malaria 

exposure in first six months on weight and hemoglobin concentration after six months. 

Methods: Longitudinal cohort data collected from infants in southern Malawi between 

2016 and 2019 was analyzed using Cox proportional hazards models, Poisson generalized 

estimating equations with a log link function, and linear mixed effects models. 

Results: Maternal IPTp regimen had no effect on infant incidence of clinical malaria 

(IRR=1.03; 95%CI: 0.58–1.86) or incidence of P. falciparum infection (IRR=1.18; 95%CI: 

0.92–1.55) before two years. Maternal IPTp was not significantly associated with infant’s 

time to first infection (HR=1.05; 95%CI: 0.8–1.39) or clinical malaria (HR=0.92; 95%CI: 

0.58–1.48). Exposure to any malaria before six months was associated with higher 



 

 

incidence of any malaria (IRR=1.27; 95%CI: 1.06–1.52) and clinical malaria (IRR=1.76; 

95%CI: 1.42–2.19) between 6 and 24 months. Clinical malaria exposure before first six 

months was also associated with higher incidence of any malaria (IRR=1.64; 95%CI: 1.38–

1.94) and clinical malaria (IRR=1.85, 95%CI:1.48–2.32) between 6 and 24 months. 

Exposure to asymptomatic P. falciparum infection before six months was associated with 

lower weight-for-age z-scores during follow-up (p=0.02) and exposure to clinical malaria 

before six months was associated with lower hemoglobin concentrations during follow-up  

(p=0.02). 

Conclusion: Prevention of malaria during pregnancy does not reduce infant risk of malaria 

and malaria infection before six months is associated with higher malaria incidence, lower 

weight-for-age Z-scores, and lower hemoglobin concentrations in early childhood. Early 

malaria infection may be an indication of high exposure risk and a marker for downstream 

health outcomes. 
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CHAPTER I. INTRODUCTION AND BACKGROUND 

Despite increasing evidence of high malaria burden in young children, 

epidemiologic data on Plasmodium falciparum infection and clinical disease in infants 

under six months of age remains sparse. If pregnant mothers have P. falciparum infection, 

the impact of malaria on infants may start in utero resulting in increased risk of future 

clinical malaria, growth, or anemia in infancy [1]. Intermittent preventive treatment (IPTp) 

taken during pregnancy to reduce P. falciparum infection may reduce the risk of P. 

falciparum infection or clinical malaria in the infants. If malaria in pregnancy is causally 

associated with risk of clinical malaria in infants, then infants born to mothers taking a 

more effective IPTp regimen may have lower risk of clinical malaria than had the mother 

taken a less efficacious IPTp. 

Malaria in infants younger than 6 months was not widely studied for decades 

because early research in the population suggests infants under 6 months of age are 

protected from clinical malaria due to maternal antibodies transferred through the placenta, 

lactoferrin that inhibits parasite growth, and fetal hemoglobin that impairs cytoadherence 

of parasitized red blood cells [2]. More recent observational studies indicate that clinical 

malaria prevalence in the first six months of life may have been underestimated, and 

malaria epidemiology in this population remains poorly characterized [3].   

One concern raised in the absence of robust data is whether early malaria infections 

have a long-term impact on infant and early childhood health. Historically in Malawi, 

nearly 10% of hospital admissions with confirmed malaria among children under 5 years 

of age occurred in infants under 6 months of age, and parasitemia prevalence in infants at 

3 months of age may be as high as 23% [4]. Early and repeated P. falciparum infections 
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likely increase risk for low weight and anemia in infants, but data on malaria incidence in 

infants is sparse and the association between malaria prior to 6 months of age, weight-for-

age z-scores, and hemoglobin concentrations are knowledge gaps in the literature. 

Given the unignorable prevalence of P. falciparum infection and clinical malaria in 

infants under six months of age, it is important to define the epidemiology of malaria in 

this population and identify the impact that infections have on early-life growth, anemia, 

and risk of subsequent infections and disease in early childhood. Due to limited availability 

of data and evidence-based treatment guidelines for malaria in young infants, this 

population is not currently targeted by prevention efforts and is subject to inconsistent 

treatment approaches [5]. Closing these knowledge gaps will advance our understanding 

of how IPTp may impact infant risk of P. falciparum infections in infants under six months 

and how early malaria infections and disease influence ongoing malaria susceptibility 

throughout early childhood. To address these gaps, this dissertation focused on the 

following research questions and specific aims: 

 

A. Study aims 

This research used longitudinal cohort data to answer the following research questions: 

1. What is the epidemiology of P. falciparum infection and clinical malaria in 

infants under six months of age who are exposed prenatally to different 

intermittent preventive treatment for malaria during pregnancy (IPTp) regimens?  

2. What impact does exposure to P. falciparum infection or clinical malaria in the 

first 6 months of life have on subsequent malaria risk and downstream health 

metrics? 
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The three specific aims and their related hypotheses are as follows: 

1. Estimate the effect of IPTp regimen on the risk of malaria in infants. 

a. Hypothesis 1A: Infants born to women randomized to IPTp-DP will have a 

longer time to first P. falciparum infection and time to first clinical malaria 

episode compared to infants born to women randomized to IPTp-SP. 

b. Hypothesis 1B: Infants born to women randomized to IPTp-DP will have 

different incidences of P. falciparum infection and clinical malaria 

compared to infants born to women randomized to IPTp-SP. 

2.  Characterize P. falciparum infection and clinical malaria in the first six months of 

life and the risk of subsequent malaria in early childhood. 

a. Hypothesis 2: In infants aged 6 to 24 months, incidence of malaria will be 

different for infants who had P. falciparum infection or clinical malaria 

before 6 months of age, compared to infants who did not have a malaria 

infection before 6 months of age. 

3. Estimate the effect of early P. falciparum infection and clinical malaria on weight-

for-age z-scores and hemoglobin concentrations. 

a. Hypothesis 3A: Mean weight-for-age Z-scores will be lower throughout 

follow-up among infants exposed to any malaria infection or clinical 

malaria before six months of life compared to unexposed infants. 

b. Hypothesis 3B: Absence of any malaria infection and clinical malaria in the 

first six months of life will be associated with higher hemoglobin levels 

during follow-up compared to infants with any malaria infection or clinical 

malaria in the first six months. 
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B. Importance of the study 

It is critical to understand the impact of IPTp on subsequent infant malaria risk to 

develop guidelines for prevention of malaria in pregnant women and infants. Due to rising 

resistance in SP, several drugs are being assessed as potential alternatives. If DP better 

protects against placental parasitemia than SP, it may also better protect infants against 

malaria since infants not exposed to malaria parasites in utero may be at a reduced risk of 

disease.  

In addition to improving our understanding of the associations between malaria in 

pregnancy, and infant outcomes including growth and anemia, it is critical that 

policymakers have a better description of the epidemiology of malaria in this young 

demographic. A thorough assessment of P. falciparum infections in infants under six 

months, and subsequent infections up to two years, will improve our understanding of 

malaria susceptibility throughout early childhood. Currently, limited testing and treatment 

guidelines exist for babies under six months of age and data is lacking on the relationship 

between early life P. falciparum infections and susceptibility to subsequent occurrence of 

malaria, infant growth and anemia. Longitudinal studies which extend from the period in 

utero and continue through infancy are ideal for providing valuable information regarding 

incidence and the burden of malaria infection among infants.  

 

C. Malaria Epidemiology and Prevention 

 In 2019, an estimated 229 million cases of clinical malaria, resulting in 409,000 

deaths occurred among 3.2 billion people at risk of malaria worldwide [6]. Approximately 
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90% of those cases occurred in sub-Saharan Africa where 24 million children were 

estimated to have P. falciparum infections in 2019  67% of malaria deaths occur in children 

under five years of age [6]. Malaria disease remains a leading cause of morbidity and 

mortality among children under 5 years of age, accounting for 5% of all child deaths in 

sub-Saharan Africa [7].  

 The WHO Millennium Development Goals calling for increased interventions to 

reduce global malaria incidence has resulted in an increase of resources dedicated to 

prevention and treatment, and contributed to a 35% decline in the malaria incidence rate 

between 2010 and 2015 [8]. However, this decline is not evenly distributed around the 

world and has stagnated in countries with the highest disease burdens [9]. According to the 

World Health Organization (WHO) 2018 World Malaria Report, no significant progress 

was made in reducing malaria cases since 2015. For the past several years, the number of 

malaria cases per 1000 population at risk has stood at 59, while progress towards reducing 

malaria mortality rates has slowed [10]. This leveling off suggests a need for better 

understanding of risk factors and transmission dynamics to guide development of novel 

initiatives to reduce the burden of malaria. 

 Malaria prevention strategies vary based on the transmission setting, which is 

typically impacted by seasonality and altitude. Transmission levels are determined by the 

density, longevity, biting habits, and efficiency of local mosquito vectors, which increase 

during rainy seasons and at lower altitudes [11]. Programs to reduce malaria burden 

typically include a combination of interventions, each with varying efficacy, and may 

include: indoor residual spraying with insecticide (IRS), distribution of insecticide treated 

nets (ITNs), use of artemisinin-based combination therapy (ACT) for first-line malaria 
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treatment, intermittent preventive therapy (IPT), and intermittent preventive treatment 

during pregnancy (IPTp) [12]. ITNs have an estimated protective efficacy of 18% (RR = 

0.82: 95% CI = 0.75–0.90) and while IPT is proven to protect individuals against malaria 

it has not provided a corresponding decrease in community-wide prevalence and is not 

employed to interrupt community transmission [13–17].  

 Most estimates of malaria burden come from cross-sectional surveys like the 

Demographic Health Surveys (DHS), Malaria Indicator Surveys (MIS), or similarly 

designed community-based surveillance reports. These reports typically only include data 

on children starting at 6 months of age and group children all children between 6 months 

and 5 years old together. Relatively fewer longitudinal studies have been conducted to 

estimate incidence of P. falciparum infections or clinical malaria and incidence estimates 

are particularly lacking in children under 2 years of age. 

 

D. Malaria Epidemiology and Prevention in Malawi 

 In Malawi, P. falciparum transmission is year-round, with peaks during the rainy 

season (December through March), and persistent transmission through the dry season. The 

burden of malaria remains very high in Malawi, particularly in young children [18]. In 

2017, an estimated 4.3 million cases of clinical malaria and 7,100 malaria-related deaths 

occurred in a population of 18.6 million [19]. The 2017 Malaria Indicator Survey reported 

a 24% prevalence of parasitemia and 5% prevalence of severe anemia (Hg <8 g/dL) in 

children between 6 and 59 months of age [20]. Malaria prevalence is not as high among 

infants compared to older children; however, infants are uniquely at risk for severe malaria. 

Among children under 5 years old hospitalized for malaria between 2001 and 2004 in 
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Malawi, an estimated 10% were under six months old and among children admitted with 

P. falciparum parasitemia in the capital of Blantyre between 1998 and 2008, approximately 

5% were under six months old [4,21]. This old data reflects the absence of data on malaria 

in infants under 6 months old in Malawi. 

 Health policy in Malawi advises the use of artemisinin-based combination therapy 

(ACT) as the first-line treatment for malaria. The policy also calls for pregnant women to 

be provided with SP for IPTp, according to WHO guidelines, to prevent placental 

parasitemia [22]. It is estimated that up to 92% of pregnant women received at least one 

does of SP during their pregnancy and 41% received at least three doses [20]. SP is used 

for IPTp because the long elimination half-life provides prophylactic cover in between 

treatments and its use is associated with higher birth weight, but increasing parasite 

resistance to SP is driving an effort to find alternatives [23–25]. ITNs are distributed among 

communities during mass campaigns every 2-3 years with the aim of achieving universal 

access and use of nets. Multiple universal ITN distribution campaigns in Malawi have 

increased the availability of insecticide treated bed nets, but as of 2017 58% of households 

still reported no ITN or not enough to achieve the target coverage of one net for every two 

people in a household [20]. This is reflected in the community-level infection prevalence 

where there has been no community-wide decrease in prevalence associated with the ITN 

campaigns [26].  

 

E. Malaria Biology and Detection 

Malaria is caused by eukaryotic parasites of the genus Plasmodium that are 

transmitted by female Anopheles mosquitoes. Of the five Plasmodium species that infect 
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humans, P. falciparum is the most prevalent malaria parasite in sub-Saharan Africa and is 

responsible for 99% of malaria deaths worldwide. 

The lifecycle of the Plasmodium parasite involves asexual reproduction in a human 

host and sexual reproduction in a mosquito. When a human is bitten by an infected 

mosquito, sporozoites enter the blood stream and travel to the liver where they infect 

hepatocytes to form merozoites. The merozoites are released into the bloodstream 

approximately seven days after infection and infect red blood cells where they replicate to 

form more merozoites until the blood cell bursts and the merozoites are released in the 

blood stream and infect more red blood cells. Instead of replicating, some merozoites will 

differentiate into gametocytes, the sexual stage, and can be taken up by a mosquito during 

a blood meal where it will continue with sexual reproduction.  

During blood-stage infection in the human host, red blood cells burst and release 

merozoites into the blood, causing the symptoms associated with clinical malaria. Common 

symptoms of malaria include fever, headache, muscle aches, vomiting, and diarrhea.  

Severe disease may occur if replication of the P. falciparum parasites is not adequately 

controlled by an effective and appropriate immune response [27]. Complications of severe 

malaria can include cerebral malaria, renal failure, pulmonary edema, severe malaria, and 

death. Repeated P. falciparum infections expose adaptive immune cells to many parasite 

antigens, and typically results in partial or complete immunity to clinical malaria 

symptoms. In high transmission settings where individuals are regularly exposed to P. 

falciparum, acquired immunity to clinical malaria increases from childhood to adulthood.  

Malaria infection is usually detected by rapid diagnostic tests (RDT) and/or 

microscopy. RDTs can provide results in 15-20 minutes and have a limit of detection that 
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varies by the test but is usually between 40 and 200  parasites per microliter (0.002% 

parasitemia) [28,29]. The “gold standard” for malaria parasite detection is microscopic 

inspection of thick and thin blood smears. With a well-trained technician, microscopy has 

a sensitivity of approximately 50 per microliter, can be inexpensive and enables the 

identification of species and parasite density [28]. Increased parasite density improves the 

sensitivity of both RDTs and microscopy, but individuals with parasite density below the 

limit of detection may still transmit to mosquitoes and thus contribute to community 

transmission. Submicroscopic infections can be detected by polymerase chain reaction 

(PCR); however, it is not typically used to diagnose clinical malaria due to a lack of 

symptoms indicating a need for testing and low availability of PCR facilities in resource-

poor settings. 

 

F. Malaria Immunology and Placental Malaria 

Pregnancy represents a unique period of vulnerability to malaria despite women in 

high transmission regions having previously acquired some degree of immunity to clinical 

symptoms of malaria. During pregnancy women lack immunity to the unique pregnancy-

specific variant surface antigens expressed by parasitized cells in the placenta allowing 

infected erythrocytes to sequester there and cause damage resulting from oxidative stress 

and apoptosis [30,31]. The resulting placental inflammation is associated with maternal 

anemia and low birth weight infants [32]. Primigravid women are at highest risk of clinical 

malaria during pregnancy, with risk declining over successive pregnancies in the same way 

that repeated malaria infections during childhood can build immunity.  
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Intermittent preventive treatment in pregnancy (IPTp) is the administration of a 

curative dose of an effective antimalarial drug at predefined intervals during pregnancy 

[33]. IPTp is employed to prevent maternal malaria and placental parasitemia and reduce 

the risk of low birth weight in infants, but uncertainties remain regarding the impact of 

IPTp on infant malaria outcomes. Clinical trials of IPTp typically discontinue infant 

follow-up at delivery or after the neonatal period, thereby preventing determination of 

potential downstream effects on infant malaria risk. The current standard of care for IPTp 

in Malawi is Sulfadoxine-pyrimethamine (SP), despite reduced efficacy and widespread 

resistance [24]. Due to increasing SP resistance in the region, a variety of anti-malarial 

drugs are under consideration as replacements for IPTp. Some other drug candidates for 

IPTp include chloroquine, mefloquine, and artemether-lumefantrine [34]. 

Dihydroartemisinin-piperaquine (DP) is highly efficacious at preventing malaria and is 

considered a viable alternative to SP [35,36]. Alternatives to SP are typically assessed on 

their ability to reduce placental malaria and low birth weight outcomes, and subsequent 

infant risk of malaria is not a primary concern during randomized control trials. 

A causal relationship between pregnancy-associated malaria and clinical malaria in 

infants should result in less clinical malaria among infants born to mothers taking IPTp-

DP compared to infants born to mothers taking IPTp-SP. There are few data that investigate 

the relationship of IPTp to the risk of infant clinical malaria, while controlling for potential 

confounding factors shared by mothers and infants. 
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G. Infant Malaria 

For many years, infants under six months of age were not considered a population 

at high risk for clinical malaria due to the perceived protective effects of maternal 

antibodies transferred through the placenta, lactoferrin (an iron binding protein in 

breastmilk that inhibits parasite growth), and fetal hemoglobin (which impairs 

cytoadherence of parasitized red blood cells) [2,37]. However, recent research suggests 

that P. falciparum infection and clinical malaria is more common than expected in the 

under six-months population in sub-Saharan Africa and is understudied [5,38,39]. 

Observational studies also suggest that infants born to mothers with P. falciparum infection 

during pregnancy are at increased risk of clinical malaria in early life [40–44]. This 

increased risk may be a result of fetal exposure to malaria antigens leading to infant 

immune tolerance to Plasmodium parasites, which in turn leads to a failure to mount an 

inflammatory response, but the mechanisms at work aren’t fully understood yet [45,46]. If 

this is the case, use of IPTp may reduce infant risk of malaria by eliminating parasites in 

the placenta, but the effect of IPTp on infant immune development is not well understood 

and studies have not yet provided consistent evidence supporting this hypothesis [47,48]. 

It is also possible that this association is actually due to increased malaria exposure risk for 

both mothers and infants and is not indicative of immunological effects of malaria parasite 

exposure in utero. 

 

H. Malaria and Infant Growth 

Infections of all varieties are known to impair nutritional status resulting in growth 

faltering, however the role of early P. falciparum infections in growth and development 
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remains poorly defined and the literature is inconclusive [49–51]. Parasitemia and poor 

growth may be correlated, but it is difficult to separate out the role of malaria compared to 

co-morbidities such as anemia [52]. The literature contains a lot of heterogeneity in study 

designs examining this issue, resulting in mixed outcomes and conclusions. Studies find 

there may not be an association between malaria and subsequent malnutrition among 

children in P. falciparum endemic regions and other studies conclude that there may be an 

association during infancy [53–56]. Conflicting data on the association between 

anthropometry and malaria warrants further exploration. 

 

I. Malaria and Anemia 

Malaria is a leading cause of anemia among young children in endemic regions of 

sub-Saharan Africa [57]. Anemia in infants is defined as hemoglobin levels less than 11 

g/dL and can result from nutritional deficiencies or various infections that may disrupt red 

cell production [58]. Childhood anemia is associated with impaired motor and cognitive 

development, and poor school performance for at least 10 years after diagnosis [59–62]. 

Dynamic anemia, or the change in anemia status over time, has not been widely studied in 

young children in developing communities, where anemia is most prevalent [63]. Malaria 

is associated with low hemoglobin right after infection, but the lasting effects are not as 

well documented in infants. 

P. falciparum infection causes both red blood cell destruction and reduced red 

blood cell production, resulting in low hemoglobin levels and anemia; so much so, that 

anemia prevalence has been proposed as an indicator of malaria prevalence in malaria 

endemic regions [54,55,64]. Young children have an increased risk of developing anemia, 
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and the proportion of malaria parasitemia among children with anemia rises with increasing 

severity of anemia [65–67]. In sub-Saharan African between 2015 and 2018, among 

children with a positive malaria rapid diagnostic test, moderate anemia prevalence was 

54% [6]. Malarial anemia can present in patients with clinical malaria disease or 

asymptomatic parasitemia and there is evidence that anemia may actually protect against 

the erythrocytic stage of P. falciparum infection [68,69]. Conversely, there is also evidence 

that lower hemoglobin levels are not protective against malaria infection and high iron 

levels are associated with an increased risk of malaria [70,71]. Since anemia may be 

protective against P. falciparum infection, but infection may induce anemia, a better 

understanding of the relationship between malaria and anemia in infants may improve 

clinical management of anemia in this age group. 

 

 

J. Innovation 

This is one of the first studies to measure the effect of IPTp regimen on P. 

falciparum infection or clinical malaria during infancy. Maternal parasitemia and 

antibodies influence P. falciparum infection and clinical malaria in infants, but the 

mechanism and association are not well understood. Evidence suggests that while repeated 

exposure to P. falciparum antigens in childhood and adulthood increases immunity to 

clinical malaria, the opposite may be true for exposure during gestation and infancy. Due 

to the absence of data from the first six months of life, malaria in infancy is poorly 

characterized. While many countries are seeing decreased malaria prevalence, much of 

sub-Saharan Africa continues to cope with high transmission rates and this Malawi-specific 

data are needed to address the unique disease dynamics in southern Malawi. This study is 
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ideal to address the question of IPTp impact on infant malaria and the role early infections 

and disease plays in downstream health outcomes such as growth and risk of anemia. 

Leveraging data from a randomized control trial allowed this study to measure the effect 

of IPTp on malaria infection or clinical disease while controlling for other environmental 

exposures. 

Following infants from birth provides data on early life that is rarely available 

because studies typically only enroll infants older than 6 months and surveillance activities 

do not include these infants either. The combination of quarterly or more frequent sampling 

means this study was uniquely positioned to develop a detailed characterization of the risk 

factors for and incidence of clinical malaria during infancy. The two years of follow-up 

also provided the rare opportunity to assess the role of infection and clinical malaria during 

infancy on subsequent health in early childhood. 
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CHAPTER II. STUDY DESIGN AND METHODS 

This study used specimens and data collected from two longitudinal cohort studies 

conducted in high malaria transmission communities in southern Malawi (Table 1). The 

Mfera Infant Cohort consisted of two years of follow-up of 100 infants conducted at the 

Mfera Health Center in the Chikwawa as part of Malawi’s International Center of 

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

Liwonde Infant Cohort consisted of up to two years of follow-up of 387 infants conducted 

at a clinic in the Machinga District Hospital (NIH grant 1R21AI121990. Participants were 

recruited from a CDC-sponsored clinical trial titled “A Prospective Randomized Open-

Label Study on the Efficacy and Safety of Intermittent Preventive Treatment in Pregnancy 

with Dihydroartemisinin-Piperaquine versus IPT with Sulfadoxine-Pyrimethamine in 

Malawi” (NIH grant AI21990). 

Human subjects research approvals for the Mfera cohort 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. Human 

subjects research approvals for the Liwonde cohort were obtained from University of 

Maryland School of Medicine’s Institutional Review Board and Malawi’s National Health 

Sciences Research Committee. 

 

A. Liwonde Infant Cohort 

Participants 

The Liwonde cohort was developed from a clinical trial of 638 pregnant women, who were 

randomized to monthly administration of either IPTp-DP or IPTp-SP during pregnancy. 
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During pregnancy, women were offered the opportunity to enroll their infants in the follow-

up study after they completed the trial. The primary outcome of interest in the RCT was 

infant birth weight. Participant screening began in 2016; inclusion criteria included having 

a viable singleton pregnancy, no history of IPT use in the pregnancy and planning to stay 

in the study area for at least one year. Potential participants were excluded from the study 

if they were HIV-infected or had a chronic medical condition that prevented compliance 

with study procedures. Observation and data collection for the infant cohort began in 

September 2017 and ended in May 2019. 

 

Study Procedures 

For the duration of the RCT, mothers were evaluated for malaria at monthly study 

visits and any time they visited the clinic for illness.  Malaria evaluations consisted of 

checking for symptoms and administering a rapid diagnostic test. All women in the clinical 

trial delivered in the maternity wards at Machinga District Hospital; infant birth weight 

was recorded in kilograms low birth weight was defined as below 2.5 kg. Mothers who 

consented to participate in the infant cohort had placental tissue samples taken at delivery 

for histopathology to identify placental malaria and dried blood spots made of placental 

blood and cord blood. 

Infants were followed at three-month intervals for up to 24 months.  In addition to 

scheduled quarterly visits, mothers were encouraged to bring infants to the clinic in the 

event of illness. Growth measurements including weight, length, and head circumference 

were taken at each scheduled visit. If a participant displayed signs and symptoms consistent 

with malaria at any visit (including objective ever (>37.5°C), report of fever in the previous 
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48 hours, headache, vomiting, or weakness), an RDT was performed, and the participant 

was evaluated by a member of the clinical staff. If the RDT was positive, 500 microliters 

of blood were collected via finger prick to be used for serum collection, malaria smear, and 

filter paper specimens. All cases of clinical malaria were treated according to the national 

treatment policy in Malawi. Dried blood spots were collected at each scheduled visit and 

any unscheduled visit when an RDT was administered. 

In the event of a missed quarterly visit, study staff attempted to contact the 

participant via telephone and, if they could not be contacted, visited the participant at their 

home. Participant tracing was attempted for every missed visit. Mean follow-up time for 

infants enrolled in the post-trial observational study was 12 months. 

 

Laboratory Procedures 

Submicroscopic placental malaria, asymptomatic and submicroscopic infections 

were detected by qPCR using dried blood spots on filter paper. Dried blood spots 

underwent DNA extraction and qPCR for detection of P. falciparum parasite DNA 

targeting the lactate dehydrogenase gene [72]. qPCR was performed in Baltimore, MD by 

the Division of Malaria Research laboratory at a date after sample collection and results 

were not reported to participants. Placentas with visible parasites were classified as having 

active infection. Placental malaria was further classified as: active infection with parasites 

present but no malaria pigment, chronic infection with both parasites and pigment present, 

and past infection with pigment present in the absence of parasites.  
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B. Mfera Infant Cohort 

Participants 

Enrollment and follow-up took place between January 2016 – November 2018 and 

a total of 100 infants were enrolled either at delivery or at three months of age; infants were 

followed for two years. Infant’s mothers presented at the antenatal clinic or the well-child 

clinic. Enrollment criteria included: provision of informed consent by a parent or guardian, 

infant aged three months or less, infant born to a mother with documented HIV-negative 

status, intention to reside in the study region for two years, and willingness to comply with 

study procedures and attend the health center for regular medical care. Potential infant 

participants were excluded from enrollment if they had an acute illness requiring 

hospitalization, showed signs or symptoms of severe malaria, signs or symptoms of 

moderate to severe anemia, or took chronic medication with any drug with antimalarial 

activity. 

 

Study Procedures 

At the enrollment visit, data were collected on demographic factors and pregnancy 

history, including infant sex, maternal age, gravidity, and parity. Among those enrolled at 

delivery, placental tissue samples were taken for histopathology to identify placental 

malaria and dried blood spots were made of placental blood and cord blood. Infants 

enrolled at three months of age had a finger or heel prick performed for a malaria smear, 

serum collection and dried blood spot preservation on filter paper. Infants were scheduled 

to visit the clinic every 3 months until they reached 24 months and were encouraged to 

visit the clinic any time they were ill. Among infants enrolled at delivery, placental tissue 
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samples were taken for histopathology to identify placental malaria and dried blood spots 

were made of placental blood and cord blood. Infants enrolled at three months of age had 

a finger or heel prick performed for a malaria smear, serum collection and dried blood spot 

preservation on filter paper.  

At both the quarterly and unscheduled sick visits a malaria smear, dried blood spot 

on filter paper and serum were collected from a finger prick. Participants were also asked 

about LLIN use and malaria symptoms. If a participant displayed or reported signs and 

symptoms consistent with malaria at any visit (including current fever (>37.5°C), fever in 

the previous 48 hours, headache, myalgia, vomiting, or weakness), an RDT was 

performed, and the participant was evaluated by a member of the clinical staff. If the RDT 

was positive were treated for clinical malaria with artemether-lumefantrine according to 

the national treatment policy in Malawi.  

In the event of a missed quarterly visit, study staff attempted to contact the 

participant via telephone and, if they could not be contacted, study staff visited the 

participant’s home to find them. Tracing was attempted for every missed visit. 

 

C. Laboratory Procedures 

Blood smears were examined by microscopy to check for presence of parasites and 

quantify parasitemia. All smears were read by two independent readers with a third reader 

in the event of discordant results. A sample with two positive reads was classified as 

positive for parasitemia.  

Placental malaria, asymptomatic and submicroscopic infections were detected by 

qPCR using dried blood spots on filter paper. Dried blood spots underwent DNA extraction 
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and qPCR for detection of P. falciparum parasite DNA targeting the lactate dehydrogenase 

gene [72]. qPCR for infant infections was performed by the Division of Malaria Research 

laboratory in Baltimore at a date after sample collection and results were not reported to 

participants. Placental malaria was assessed in Malawi and classified as: active infection 

with parasites present but no malaria pigment, chronic infection with both parasites and 

pigment present, and past infection with pigment present in the absence of parasites. 

Placentas with visible parasites were classified as having active infection. 

 

Figure 1. Malawi study enrollment and follow-up 

 

 

Table 1. Description of study procedures in Liwonde and Mfera infant cohorts 

Study Procedures Liwonde (n=387) Mfera (n=100)  

Dates Sept 2017 – May 2019 Jan 2016 - Nov 2018 

Local malaria transmission 

dynamics 

High transmission, 

Seasonal 

High transmission, 

seasonal 

Randomized IPTp drugs ✓  

Quarterly scheduled visits ✓ ✓ 

Unscheduled sick visits ✓ ✓ 
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Table 1 continued 

Study Procedures Liwonde (n=387) Mfera (n=100)  

Weight, length/height, 

temperature 
✓ ✓ 

Hemoglobin  ✓ 

RDT at signs and symptoms of 

malaria 
✓ ✓ 

Microscopy confirming RDT ✓ ✓ 

qPCR (all visits) ✓ ✓ 

Participant tracking for missed 

visits 
✓ ✓ 

 

D. Definitions 

Clinical malaria is defined as presence of P. falciparum parasites by rapid 

diagnostic test (RDT) coupled with the presence of malaria symptoms such as fever, chills, 

or malaise. Malaria infection is defined as the presence of P. falciparum by qPCR or 

microscopy at a clinic visit when no malaria symptoms were reported, or clinical malaria. 

Placental histology is defined as presence of parasites or pigment in samples taken at infant 

delivery [73]. 

 

E. Aim 1 

Measures: Data from the Liwonde infant cohort was used to evaluate this aim. Figure 2 

was used to develop the analysis plan and depicts the hypothesized relationships between 

the variables assessed. 

Outcomes: Two time-to-event and two count outcomes were assessed to determine malaria 

risk.  
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Outcome 1a: Days-to-first P. falciparum infection during the first 24 months of 

life.  

Outcome 1b: Days-to-first clinical malaria during the first 24 months of life. 

Follow-up time began at delivery (time 0) and ended when the first event was 

diagnosed or at the date of right censoring due to withdrawal from the study or end of the 

study and was measured in days. There were no infant deaths in the study sample. 

Outcome 1c: Number of P. falciparum infections during the first 24 months of life.  

Outcome 1d: Number of clinical diseases during the first 24 months of life. 

Incidence density of P. falciparum infection (or clinical malaria) during the first 24 

months of life was measured as number of events of interest per person-year. 

Predictor: The predictor variable will be the maternal IPTp regimen exposure of each 

infant. Infants born to women randomized to IPTp-DP will be compared to infants born to 

women randomized to IPTp-SP during the preceding RCT. 

Figure 2. Causal diagram of covariates associated with Aim 1 
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Covariates: Covariates that will be assessed for differential distribution by exposure group 

during analysis for Aim 1 include maternal age at delivery, maternal gravidity, season of 

birth, and infant sex. Placental malaria is on the causal pathway between IPTp and the 

outcomes, so it will not be included as a covariate in this analysis. Gravidity is a categorical 

variable indicating first pregnancy and more than one pregnancy. Season of birth is 

categorized into two groups, defined as: rainy season (December – March) and dry season 

(April – November). A dichotomous variable for infant sex was also assessed.  

Analysis: Separate survival analyses were conducted for the events of time-to-first P. 

falciparum infection and time-to-first clinical malaria. Preliminary analysis for the 

association between IPTp and the time-to-event were conducted using Kaplan-Meir (KM) 

curves with log rank tests. The median time-to-infection and time-to-disease were 

estimated from the KM curves and then the curves of infants exposed to IPTp-SP and 

infants exposed to DHA-IPTp were compared using the log rank test [74]. Cox proportional 

hazard models were used to describe the effect of IPTp time-to-first infection and clinical 

malaria while controlling for the other covariates [75]. The final models will include 

covariates that were not controlled through randomization of the exposure and are either 

clinically important or statistically significantly associated with the outcome. 

The effect of IPTp regimen on the incidence density of clinical malaria and the 

incidence of P. falciparum infections was assessed using Poisson regression and the same 

covariates. Interaction terms for IPTp regimen and follow-up time as well as IPTp regimen 

and infant sex were assessed in the model for potential effect modification. 
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Placental malaria was also assessed as an exposure after the IPTp analysis was 

complete. The statistical methods applied for these models were identical to those used 

when IPTp was the exposure, however IPTp was not included as a covariate in this analysis. 

214 mothers opted not to participate in the infant cohort. Participants’ 

characteristics were compared between the mothers who consented to participate in the 

infant cohort and mothers in the RCT who did not consent to follow-up. Chi-square test or 

Fisher’s exact test were used to compare the group differences for categorical variables and 

t-test was used for continuous variables.  

 

F. Aim 2 

Measures: Data from both the Liwonde and Mfera infant cohorts was used to address Aim 

2. Figure 3 was used to develop the analysis plan and depicts how the variables interact. 

Outcome: The primary outcome of interest is clinical malaria incidence and prevalence of 

P. falciparum infections between six months of age (183 days) and the end of follow-up. 

P. falciparum infection and clinical malaria incidence were each measured by the total 

number of new cases divided by the total number of person-years at risk. 

Predictor: The primary predictor variables for Aim 2 are P. falciparum infection or an 

episode of clinical malaria before six months of age. Presence or absence of infection or 

disease in the first six months is assessed dichotomously. 
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Figure 3. Causal diagram of covariates associated with Aim 2 

 

 

Covariates: Baseline covariates assessed during analysis for Aim 2 include infant sex, 

study site, season of birth, percent of follow-up time in the rainy season, maternal age at 

delivery, and maternal gravidity. Study site is an important factor due to varying cultural 

and environmental factors between the two sites. Maternal age at delivery and gravidity 

are continuous variables. Season of birth is categorized into two groups, defined as: rainy 

season (December – March) and dry season (April – November). Percent of time follow-

up time spent in the rainy season is a continuous variable that measures how much time 

infants spent in the high transmission rainy season and was included because of variation 

in follow-up times. A dichotomous variable for infant sex was also assessed. 

Analysis: Only infants with a minimum of nine months follow-up from birth were included 

for analysis of aim 2. The exposures of P. falciparum infection and clinical malaria in the 

first six months were assessed separately for their effect on incidence of infection and 

clinical malaria. Univariate analysis using Chi-square tests and t-tests were conducted to 

describe participant characteristics and bivariate Poisson regression was conducted to 

measure the association between the covariates and the presence or absence of infection or 

disease in the first six months and outcomes. To adjust for the effect of covariates on the 
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association between the predictors and outcomes, multivariable Poisson regression models 

with offset was used to control for varying rates. 

 

G. Aim 3A 

Measures: Data from both the Liwonde and Mfera infant cohorts was used to evaluate this 

Aim 3A. Figure 4 was used to develop the analysis plan and depicts how the variables 

interact. 

Outcome: The outcome of interest for this analysis is the infant’s quarterly World Health 

Organization’s weight-for-age Z-score (WAZ) from the six-month time point to the last 

recorded visit. 

Predictor: The primary predictor variables for Aim 3A are any malaria exposure, P. 

falciparum infection only exposure (no symptomatic cases), or clinical malaria  

(symptomatic cases only) exposure before six months of age. Presence or absence of 

infection and/or disease in the first six months is assessed dichotomously.  

 

Figure 4. Causal diagram of covariates associated with Aim 3A 
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Covariates: Baseline covariates that assessed during analysis for Aim 3A include maternal 

age at delivery, gravidity, infant sex, low birthweight, study site and season of birth. 

Maternal age at delivery is a continuous variable while gravidity is divided into categories 

of mothers with one pregnancy and mothers with multiple pregnancies. A dichotomous 

variable for infant sex was also assessed. Birth weight was dichotomized into underweight 

(<2.5 kg) and healthy weight to control for infants who were already underweight at birth. 

Season of birth is categorized into two groups, defined as: rainy season (December – 

March) and dry season (April – November). There are several potential unmeasured 

confounders, such as nutrition and breastfeeding that are known to impact weight, however 

their association with the exposure is not as well documented, and they were not measured 

in these studies.  

Analysis: Only infants with a minimum of nine months follow-up from birth were included 

for analysis of aim 3A. Univariate analysis using Chi-square tests and t-tests were 

conducted to describe participant characteristics. Linear mixed effects models were used 

to assess the effect of malaria in the first six month on WAZ at three-month intervals 

starting at 6 months. The model includes a random effect to account for clustering at the 

individual level due to repeated measures. The final models include covariates deemed 

statistically significant and an interaction term to measure the effect of the exposure on 

WAZ over time.  
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H. Aim 3B 

Measures: Only data from the Mfera infant cohort was used to evaluate this aim. Figure 5 

was used to develop the analysis plan and depicts how the variables are hypothesized to 

interact. 

Outcome: The outcome of interest for aim 3B is hemoglobin concentration, assessed at 

every 3 months from the six-month time point to the last recorded visit. 

Predictor: The primary predictor variables for Aim 3B are any malaria exposure, P. 

falciparum infection only exposure, or clinical malaria only exposure before six months of 

age. Presence or absence of infection and/or disease in the first six months is assessed 

dichotomously. 

 

Figure 5. Causal diagram of covariates associated with Aim 3B 

 

 

Covariates: Baseline covariates that assessed during analysis for Aim 3B include maternal 

age at delivery, gravidity, infant sex, malaria during follow-up, and season of birth. 

Maternal age at delivery is a continuous variable while gravidity is divided into categories 

of mothers with one pregnancy and mothers with multiple pregnancies. A dichotomous 
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variable for infant sex was also assessed. Season of birth is categorized into two groups, 

defined as: rainy season (December – March) and dry season (April – November). Malaria 

during follow-up is a dichotomous indicating any infection or clinical malaria during the 

follow-up period. Breastfeeding is an important variable when considering hemoglobin 

concentrations, however the data collected in this cohort was insufficient to include in the 

models. 

Analysis: Only infants with a minimum of nine months follow-up from birth were included 

for analysis of aim 3B. Univariate analysis using Chi-square tests and Student’s t-tests were 

conducted to describe participant characteristics. Linear mixed effects models were 

developed to assess the effect of malaria in the first six month on hemoglobin 

concentrations at three-month intervals starting at 6 months. The model includes a random 

effect to account for clustering at the individual level due to repeated measures. The final 

models include covariates deemed statistically significant and an interaction term to 

measure the effect of the exposure on hemoglobin concentrations over time.  

 

I. Power Calculations 

All calculations were executed using statistical software package PASS version 16 with a 

two-sided hypothesis test and a Type I error rate of 5%. The sample size was known for 

each study (387 in the Liwonde cohort and 95 in the Mfera cohort), therefore the power for 

each specific aim was calculated by varying other unknown parameters. Aim 1 calculations 

were performed using the log-rank test for comparing median survival times between two 

groups. Aim 2 calculations were performed using the formula to find the difference 

between two Poisson rates. Aims 3A and 3B calculations were performed using t-tests that 

allow for unequal variance. 
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Aim 1 

There were 381 infants followed with 192 randomized to receive IPTp-SP and 195 

randomized to receive IPTp-DP. The literature suggests a time-to-first infection ranging 

from three to twelve months [40,41,43,53]. To calculate power for Aim 1, we assume the 

accrual period is 12 months, the accrual pattern is uniform, and the total study period is 36 

months. We used the earliest estimated onset of infection to estimate that the median time 

to first episode of P. falciparum infection among infants whose mothers were randomized 

to IPTp-SP to be five months, with an increase of at least one month for infants born to 

mothers randomized to DHA-IPTp [40]. Given the sample sizes of 192 in the IPTp-SP 

group and 189 in the IPTp-DP group, the power to detect a hazard ratio of 0.83 (i.e., the 

median time-to-first infection is 5 months in the IPTp-SP group vs. 6 months in the IPTp-

DP) is 42% using a two-sided log rank test and a type I error rate of 5%. If the difference 

in median time-to-first infection is two months (i.e., five vs. seven months), our power 

increases to 89% [76,77]. Table 2 shows the range of power we can achieve based on 

various hazard ratios (i.e., the differences in median time-to-infection between the two 

groups) given the sample sizes. 

 

Table 2. Power calculations for estimating time-to-first P. falciparum infection  

Sample Size Median Survival Time Hazard Ratio Power 

IPTp-SP (N1) IPTp-DP (N2) IPTp-SP IPTp-DP 

192 189 5 months 6 months 0.83 0.4188 

192 189 5 months 7 months 0.71 0.8920 

192 189 5 months 8 months 0.63 0.9926 

192 189 5 months 9 months 0.56 0.9997 

192 189 5 months 10 months 0.50 1.000 

 

 



31 

 

To calculate the power for our analysis of time-to-first clinical malaria, we estimated that 

the median time to first episode of clinical malaria among infants whose mothers were 

randomized to IPTp-SP to be eight months, with an increase of at least one month for 

infants born to mothers randomized to DHA-IPTp [78]. Given the sample sizes of 192 in 

the IPTp-SP group and 189 in the IPTp-DP group, the power to detect a hazard ratio of 

0.89 (i.e., the median time-to-first infection is 8 months in the IPTp-SP group vs. 9 months 

in the IPTp-DP) is 20% using a two-sided log rank test and a type I error rate of 5%. If the 

difference in median time-to-first infection is two months (i.e., 8 vs. 10 months), our power 

increases to 54% [76,77]. Table 3 shows the range of power we can achieve based on 

various hazard ratios (i.e., the differences in median time-to-infection between the two 

groups) given the sample sizes. 

 

Table 3. Power calculations for estimating time-to-first clinical malaria episode 

Sample size Median survival time Hazard ratio Power 

IPTp-SP (N1) IPTp-DP (N2) IPTp-SP IPTp-DP 

192 189 8 months 9 months 0.89 0.1953 

192 189 8 months 10 months 0.80 0.5403 

192 189 8 months 11 months 0.73 0.8297 

192 189 8 months 12 months 0.67 0.9566 

 

Aim 2 

With the combined Mfera and Liwonde cohorts there are 481 infants being assessed 

for this aim. There is limited available data to reference for the purposes of estimating the 

power in Aim 2. Studies that did measure malaria incidence did not always break it down 

by age or stratify based on our exposure of interest. Using the limited available data, 

approximately 24 of these infants are expected to experience an episode of clinical malaria 
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in the first six months of life, with an average incidence of 0.41 episodes of disease per 12 

months of follow-up [4,79]. An estimated 457 infants will not experience clinical malaria 

in the first six months and will have a disease incidence of 0.34 episodes per 12 months of 

follow-up [79]. The power for this analysis to detect a difference of 0.07 (=0.41- 0.34) in 

rates of infection between those who have an infection by six months and those who do not 

is 8% [80–82]. If the incidence rate is 1 per 12 months of follow-up in the exposure group 

(i.e., infants experienced an episode of clinical malaria in the first six months of life), the 

minimum detectable difference needed to achieve 80% power is 0.58 (=1-0.42) episodes 

of disease per twelve months of follow-up. 

Data on the incidence of P. falciparum infection is similarly unavailable. If 48 

infants are estimated to experience P. falciparum infection in the first six months of life, 

with an average rate of 0.51 infections per 12 months of follow-up, we estimate that the 

remaining 433 infants will not have an infection in the first six months and will have an 

average infection rate of 0.30 episodes per 12 months of follow-up [78]. Based on these 

values, the power for this analysis to detect a difference of 0.21 (=0.51-0.30) in rates of 

infection between those who have an infection by six months and those who do not is 51% 

[80–82]. If the incidence rate is 1 per 12 months of follow-up in the exposure group (i.e., 

infants experienced P. falciparum infection in the first six months of life), the minimum 

detectable difference needed to achieve 80% power is 0.42 (=1-0.58) episodes of disease 

per twelve months of follow-up. 
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Aim 3A 

With the combined cohorts there are an estimated 481 infants being assessed for 

this aim. To calculate power for Aim 3A, a two-sample t-test was used assuming 24 

experiencing disease in the first six months and 457 not experiencing disease during that 

period. The minimum detectable value necessary to achieve 80% power in this analysis is 

a 0.6 difference in z-scores between the two groups at twelve months of follow-up. 

Assuming 48 infants experience infection in the first six months and 433 do not experience 

infection during that period, the minimum detectable value necessary to achieve 80% 

power in this analysis is a 0.4 difference in z-scores between the two groups at twelve 

months of follow-up. [83–86].  

 

Aim 3B 

Due to the exploratory nature of this aim, a power calculation was deemed 

unnecessary. 
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CHAPTER III. THE EFFECT OF INTERMITTENT PREVENTIVE 

TREATMENT OF MALARIA DURING PREGNANCY AND PLACENTAL 

MALARIA ON INFANT RISK OF MALARIA 

A. Abstract 

Background: Intermittent preventive treatment of malaria during pregnancy (IPTp) with 

dihydroartemisinin-piperaquine (DP) provides greater protection from placental malaria 

than sulfadoxine-pyrimethamine (SP). Some studies suggest that placental malaria alters 

the risk of malaria infection in infants, but few studies have quantified the effect of IPTp 

on infant susceptibility to malaria. 

Methods: Infants born to pregnant women enrolled in a randomized clinical trial 

comparing IPTp-SP and IPTp-DP in Malawi were followed from birth to 24 months to 

assess effect of IPTp and placental malaria on time to first malaria episode and malaria 

incidence. 

Results: In total, 192 infants born to mothers randomized to IPTp-SP and 195 to mothers 

randomized to IPTp-DP were enrolled. Infants in the IPTp exposure groups did not differ 

significantly regarding incidence of clinical malaria (IRR= 1.03; 95% CI: 0.58 – 1.86) or 

incidence of infection (IRR= 1.18; 95% CI: 0.92-1.55). Placental malaria exposure was not 

associated with incidence of clinical malaria (IRR= 1.03; 95% CI: 0.66-1.59) or incidence 

of infection (IRR= 1.15; 95% CI: 0.88-1.50). Infant sex, season of birth, and maternal 

gravidity did not impact results. 

Conclusions: We did not find evidence that IPTp regimen or placental malaria exposure 

influenced risk of malaria during infancy in this population.  
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B. Background 

More than 30 million women across sub-Saharan are at risk of P. falciparum 

malaria infection during pregnancy each year, and one in four pregnant women have 

placental malaria infection at delivery [87,88]. Despite substantial progress in malaria 

control across sub-Saharan Africa since the early 2000s, the burden of malaria in Malawi 

remains high, with an estimated 4.3 million cases of clinical malaria and 7,100 malaria-

related deaths occurring in a population of 18.6 million in 2017 [19]. Malaria burden falls 

predominantly on children 6 to 59 months old, among whom prevalence of parasitemia is 

24%. [20].  

In regions of high malaria transmission, most women of childbearing age have 

acquired immunity to malaria infection and disease. However, pregnancy represents a 

unique period of vulnerability to malaria, a disease which can result in adverse outcomes 

for both mothers and newborns. During pregnancy, lack of immunity to specific parasite 

surface proteins allows infected erythrocytes to sequester in the placenta, leading to 

placental inflammation, maternal anemia, and low birth weight infants [32]. The World 

Health Organization recommends the administration of sulfadoxine-pyrimethamine (SP) 

as intermittent preventive treatment in pregnancy (IPTp)  at scheduled antenatal visits 

starting in the 2nd trimester for women living in high transmission regions to prevent the 

adverse outcomes associated with malaria during pregnancy [22]. SP is a desirable choice 

for IPTp because the long elimination half-life provides prophylactic cover in between 

treatments, but widespread parasite resistance to SP is driving an effort to find alternatives, 

such as dihydroartemisinin-piperaquine (DP) [89]. DP is an even longer-acting 

combination therapy, which has much higher efficacy in treating malaria than SP [90]. 
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Placental malaria is also associated with increased risk of malaria in infants in 

observational studies [1]. This has been attributed to fetal exposure to P. falciparum during 

pregnancy increasing risk of malaria infection in early life by tolerizing the fetal immune 

system to blood-stage P. falciparum [91–93]. However, the clinical impact of this 

phenomenon has not been well characterized. Conclusions from observational studies of 

infant malaria and fetal malaria exposure are limited because they cannot control for risk 

factors shared by the mother and infant, such as post-natal environmental factors or a 

shared genetic basis for altered genetic susceptibility (e.g., hemoglobinopathy or HLA 

type). In a recent evaluation of a large cohort of mothers and infants, maternal malaria 

infection during pregnancy was not associated with infant risk of malaria after controlling 

for exposure to malaria-infected Anopheles bites [89]. This leaves open the possibility that 

the association between malaria in pregnancy and infant risk results from post-natal malaria 

exposure and not malaria parasite exposure in utero [34]. Clinical trials of IPTp represent 

a unique opportunity to determine if maternal malaria exposure affects infant malaria 

susceptibility because the randomized regimen will help ensure comparable exposure.  

We designed a study to take advantage of the randomized allocation of IPTp in a 

clinical trial comparing IPTp-SP to IPTp-DP (NCT03009526) to determine if malaria 

during pregnancy has a causal effect on infant risk of malaria. We hypothesized that infants 

born to mothers who received IPTp-DP would have lower risk of malaria during the first 

two years of life than infants born to mothers randomized to receive IPTp-SP, a drug 

regimen  with limited antimalarial efficacy due to widespread resistance. We further 

hypothesized that if shared risk of malaria infection between mothers and infants leads to 

higher rates of malaria in infants born to mothers with placental malaria infection, we 
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would detect an association between placental malaria and malaria in infancy that is  

independent of IPTp regimen. 

 

C. Methods 

Participants 

We enrolled a cohort of infants born to mothers who participated in a clinical trial 

that randomly allocated 602 pregnant women to receive monthly administration of either 

IPTp-DP or IPTp-SP during pregnancy. Women aged 16 years or older, with a viable 

singleton pregnancy at less than or equal to 28 gestational weeks were included in the 

clinical trial if they were HIV-negative and were not experiencing a high-risk pregnancy 

or severe anemia. Women were randomly assigned to receive the standard of care, SP-

IPTp, or the experimental arm, DP-IPTp, every month from enrollment until delivery. All 

women in the clinical trial delivered in the maternity wards at Machinga District Hospital 

in Liwonde, Southern Malawi. Placental malaria was determined using placental tissue and 

placental blood collected at delivery. The methods for sample collection and processing 

have been described previously [94]. Infants were assessed and weighed at delivery and 

again 6 weeks after delivery.  

During pregnancy, women were offered the opportunity to enroll their babies in the 

infant cohort after completing the clinical trial. Inclusion criteria for mothers enrolling their 

babies in the infant cohort included enrollment in the clinical trial, intention to stay in the 

study area for at least one year following delivery, and provision of informed consent. 

Infants were excluded from the cohort if they were HIV-positive or had a chronic medical 
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condition that prevented compliance with study procedures. Participant enrollment in the 

infant cohort began in May 2017 and follow up was completed in May 2019.  

 

Study Procedures 

Infants enrolled in the cohort study were followed up at 3-month intervals for up to 

24 months.  In addition to scheduled quarterly visits, mothers were encouraged to bring 

infants to the clinic in the event of illness. If an infant presented with signs and symptoms 

consistent with malaria at any visit, a Paracheck-Pf (Orchid Biomedical Systems, Goa, 

India) rapid diagnostic test (RDT) for malaria was performed. Signs and symptoms 

consistent with clinical malaria included an axillary fever of >37.5°C, report of fever in the 

previous 48 hours, vomiting, irritability or weakness. All cases of malaria detected by RDT 

were treated with artemether-lumefantrine according to the national treatment policy in 

Malawi. Dried blood spots on 3M Whatman filter paper were collected at every scheduled 

and unscheduled visit.  

 

Laboratory Procedures 

All dried blood spots underwent DNA extraction and real-time polymerase chain 

reaction (PCR) at the University of Maryland malaria laboratory in Baltimore, MD for 

multiplexed detection of the P. falciparum 18S ribosomal RNA gene  [95,96]. The 

placental biopsy was evaluated at the Medical College of Malawi histopathology to detect 

the presence of hemozoin pigment and malaria parasites [73]. 

Placental malaria exposure was defined as a positive PCR from placental blood 

and/or detection of parasites or pigment in the histopathology after delivery. Clinical 



39 

 

malaria episodes were defined as presence of malaria symptoms accompanied by a positive 

RDT; incident P. falciparum infections in the infants were defined by either clinical 

malaria or a positive qPCR not preceded by another positive qPCR or RDT for 21 days.  

 

Statistical analysis  

Maternal demographic characteristics including age at enrollment, marital status, 

years of education, sources of income (both maternal and paternal), gravidity, and 

ownership of a bed net at enrollment were compared between those who consented to the 

infant follow-up study and those who did not (Appendix A).  

Four primary outcomes were evaluated: time to first P. falciparum infection and 

clinical malaria and incidence density of P. falciparum infection during the first 24 months 

of life, and clinical malaria during the first 24 months of life. Time from birth to first 

occurrence of P. falciparum infection and time from birth to first occurrence of clinical 

malaria were measured in days. Infants who did not experience an event were right 

censored at the date of their withdrawal from the study or at the end of the study. Two 

primary exposures were evaluated: maternal IPTp assignment (DP vs SP) and the presence 

of placental malaria at time of delivery. Covariates assessed included maternal gravidity, 

season of birth, and infant sex. Maternal gravidity was defined dichotomously as 

primigravida or multigravida; season of birth was dichotomized as rainy season (December 

– March) or dry season (April – November). Infant age was used to stratify some results 

and grouped into 0-6 months, 6-12 months, and 12-24 months groups.  

The association between maternal IPTp assignment and the time-to-event for 

clinical malaria or P. falciparum infection was evaluated using Kaplan-Meier (KM) curves 
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with the log rank test. Cox proportional hazard models were developed to evaluate the 

effect of IPTp regimen on time-to-first clinical malaria or P. falciparum infection while 

controlling for the other covariates. The effect of IPTp regimen on the incidence of clinical 

malaria and the incidence of P. falciparum infections was assessed using Poisson 

regression with the same covariates. Interaction terms for IPTp regimen and follow-up time  

and IPTp regimen and infant sex were assessed in the model for potential effect 

modification. Similar statistical analyses were repeated for the placental malaria exposure. 

All analyses were conducted using SAS software, Version 9.4 of the SAS System for 

Microsoft Windows. 

 

D. Results 

A total of 387 mother-infant pairs were enrolled in the follow-up infant cohort study. 

Most infants (n=364, 94%) were followed for at least 6 months and 241 (60%) infants were 

followed for at least 1 year. We detected no statistically significant differences in maternal 

demographic characteristics between those who consented to the infant follow-up study 

compared to those who did not consent (see supplementary data). In each IPTp exposure 

group, two-thirds of the infants were born during the dry season. There were no statistically 

significant differences in the baseline maternal and infant characteristics between those 

assigned to take IPTp-SP and those assigned to take IPTp-DP (Tables 4A and 4B). Infants 

in both exposure groups were followed for a mean of 1.2 years (SD=0.4). In total 343 

infants (89%) had corresponding placental malaria test results and were included in the 

analysis of placental malaria exposure. Mothers with placental malaria were approximately 

1 year younger than mothers without placental malaria (p= 0.02). There were no 
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statistically significant differences in sex or season of birth observed between infants 

exposed and those not exposed to placental malaria.  

Several infants experienced multiple episodes of infection or clinical malaria. 

Among the enrolled infants, 71 (18%) infants experienced a total of 117 discrete episodes 

of clinical malaria, and 202 (52%) infants experienced a total of 400 incident P. falciparum 

infections.  

 

Table 4A. Maternal and infant characteristics in infant cohort by IPTp 

 All 

(N=387) 

IPTp-SP 

(n=192) 

IPTp-DP 

(n=195) 

P-value 

Mothers 

 Age at enrollment, year     

Mean (SD) 24.7 (6.1) 
24.7 

(6.4) 
24.8 (5.8) 0.84b 

Years of education, n(%)     

 0 – 4 

5 – 8 

9+ 

65 (17) 

201 (52) 

121 (31) 

31 (16) 

105 (55) 

56 (29) 

34 (17) 

96 (49) 

65 (33) 

0.55a 

Maternal source of 

income, n(%) 

   
 

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

23 (6) 

83 (22) 

35 (9) 

244 (63) 

11 (6) 

39 (20) 

24 (13) 

117 (61) 

12 (6) 

44 (23) 

11 (6) 

127 (65) 

0.13a 

Spouse source of income, 

n(%) 

 
   

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

106 (28) 

208 (55) 

27 (7) 

34 (9) 

54 (29) 

100 (53) 

18 (10) 

15 (8) 

52 (28) 

108 (57) 

9 (5) 

19 (10) 

0.31a 

aChi-square; bt-test; cFisher’s exact test 

Abbreviations: SD, standard deviation; IQR, interquartile range; IPTp, intermittent preventive 

treatment during pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Table 4A continued 

 All 

(N=387) 

IPTp-SP 

(n=192) 

IPTp-DP 

(n=195) 

P-value 

Gravidity, n(%)      

First pregnancy 

2+ 

271 (70) 

114 (30) 

132 (69) 

58 (30) 

139 (71) 

56 (29) 
0.33a 

Bed net at home, n(%)     

 No  

Yes 

146 (38) 

241 (62) 

69 (36) 

123 (64) 

77 (39) 

118 (61) 
0.47a 

Infants 

Sex, n(%)     

Male 

Female 

208 (54) 

175 (46) 

105 (55) 

87 (45) 

103 (54) 

88 (46) 
0.60a 

Season of birth, n(%)     

Dry 

Rainy 

254 (66) 

133 (34) 

131 (68) 

61 (32) 

123 (63) 

72 (37) 
0.29a 

Follow-up time in days     

Mean (SD) 

Median (IQR) 

Range  

425 (151) 

414 (229) 

41 – 730 

420 (159) 

406 (230) 

41 – 730 

429 (144) 

427 (223) 

42 – 691 

0.57b 

 

aChi-square; bt-test; cFisher’s exact test 

Abbreviations: SD, standard deviation; IQR, interquartile range; IPTp, intermittent preventive 

treatment during pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Table 4B. Maternal and infant characteristics in infant cohort by placental malaria 

 All 

(N=343) 

No  

(n=231) 

Yes 

(n=112) 

P-value 

Mothers    

 Age at enrollment, year     

Mean (SD) 24.8 (6.1) 25.3 (6.2) 23.7 (5.7) 0.02 b 

Years of education, n(%)     

 0 – 4 

5 – 8 

9+ 

59 (17) 

177 (52) 

107 (31) 

33 (14) 

120 (52) 

78 (34) 

26 (23) 

57 (51) 

29 (26) 

0.08a 

Maternal source of 

income, n(%) 

    

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

21 (6) 

72 (21) 

32 (9) 

217 (64) 

16 (7) 

54 (23) 

21 (9) 

140 (61) 

5 (5) 

18 (16) 

11 (10) 

77 (69) 

0.32a 

Spouse source of 

income, n(%) 

    

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

93 (28) 

185 (55) 

25 (7) 

30 (9) 

67 (30) 

118 (53) 

18 (8) 

20 (9) 

26 (24) 

67 (61) 

7 (7) 

10 (9) 

0.53a 

Gravidity, n(%)      

First pregnancy 

2+ 

242 (70) 

101 (30) 

166 (71) 

66 (29) 

76 (68) 

35 (32) 
0.57a 

Bed net at home, n(%)     

 No  

Yes 

130 (38) 

213 (62) 

89 (39) 

142 (61) 

41 (37) 

71 (63) 
0.78 a 

Infants    

Sex, n(%)     

Male 

Female 

185 (54) 

157 (46) 

125 (54) 

105 (46) 

60 (55) 

52 (46) 
0.89a 

Season of birth, n(%)     

Dry 

Rainy 

218 (64) 

125 (36) 

146 (63) 

85 (37) 

72 (64) 

40 (36) 
0.85a 

Follow-up time in days     

Mean (SD) 

Median (IQR) 

Range  

420 (150) 

412 (217) 

41 – 730 

429 (154) 

426 (237) 

41 – 730 

399 (142) 

387 (170) 

42 – 730 

0.07b 

 

aChi-square; bt-test; cFisher’s exact test 

Abbreviations: SD, standard deviation; IQR, interquartile range; IPTp, intermittent preventive 

treatment during pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Impact of IPTp exposure on infant risk of infection and disease 

Kaplan-Meier (KM) curves show no significant differences in time-to-first P. 

falciparum infection by IPTp exposure. Median survival time to first infection was 299 

days for infants exposed to IPTp-SP and 272 days for those exposed to IPTp-DP (p=0.89, 

Figure 6). In Cox regression analysis adjusting for infant sex, season of birth, and maternal 

gravidity, IPTp exposure was not significantly associated with risk of infant P. falciparum 

infection (HR[95% CI]=1.05[0.8, 1.39], p=0.74, Table 2). The KM analysis for time-to-

first clinical malaria showed no significant difference by IPTp exposure (p=0.80). Because 

fewer than half of participants experienced a clinical malaria episode during follow-up 

(IPTp-SP n=36, IPTp-DP n=35), median survival time to first episode could not be 

calculated. Among infants exposed to IPTp-DP all the first clinical malaria events occurred 

within the first year of follow-up. After adjusting for infant sex, season of birth, and 

maternal gravidity, IPTp regimen was not significantly associated with risk of clinical 

malaria (HR[95% CI]=0.92[0.58, 1.48], p=0.73, Table 2).  
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Figure 6. Kaplan-Meier curve of days-to-first event by IPTp regimen and placental 

malaria  

  
 

A) P. falciparum infection by IPTp regimen; B) Clinical malaria by IPTp regimen; C) P. 

falciparum infection by placental malaria; D) Clinical malaria by placental malaria 

 

In unadjusted Poisson models, IPTp regimen, placental malaria,  infant sex, season 

of birth, and maternal gravidity were not significantly associated with incidence of clinical 

malaria or with incidence of P. falciparum infection over the total study period (Table 3). 

Repeated measure Poisson model with the interaction between IPTp regimen and follow-

up time (0-6 months, 6-12 months, 12-24 months) showed that follow-up time was a 

statistically significant effect modifier for clinical malaria when assessing the impact of 
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IPTp (Table 4, p=0.04 for the interaction term). Infant sex was not a statistically significant 

effect modifier. Despite presence of effect modification, the incidence rate ratios of infants 

exposed to IPTp-SP or IPTp-DP and incidence of clinical malaria and P. falciparum 

infection did not differ significantly within each stratum of follow-up time.  

 

Table 5. Adjusted hazard ratios for time-to-first P. falciparum infection and time-to-

first clinical malariaa 

 P. falciparum infection Clinical malaria 

  

  

Median 

survival time 

HRb  

(95% CI) 

P-value HRb 

 (95% CI) 

P-value 

IPTp      

IPTp-SP 

IPTp-DP 

299  

272 

REF 

1.05 (0.80-1.39) 
0.74 

REF 

0.92 (0.58-1.48) 
0.73 

Placental 

malaria 

 
    

No 

Yes 

358 

289 

REF 

1.61 (0.92-2.27) 
0.16 

REF 

1.18 (0.86-1.60) 
0.31 

Infant sex      

Male 

Female 

264 

354 

REF 

0.95 (0.72-1.26) 
0.72 

REF 

1.25 (0.79-2.02) 
0.34 

Season of 

birth 
     

Dry 

Rainy 

354 

252 

REF 

1.15 (0.86-1.54) 
0.34 

REF 

1.02 (0.62-1.69) 
0.93 

 Gravidity      

1st Pregnancy 

2+ 

360 

255 

REF 

1.20 (0.84-1.73) 
0.57 

 REF 

1.09 (0.66-1.82) 
 0.73 

a Median survival time for clinical malaria not available because fewer than half of participants experienced an event 
b Cox proportional hazards model adjusted for IPTp, placental malaria, infant sex, season of birth, and gravidity 

Abbreviations: HR, hazard ratio; IRR, incidence rate ratio; IPTp, intermittent preventive treatment during pregnancy; 

SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Impact of placental malaria on infant risk of infection and disease 

Kaplan-Meier analyses showed no difference in time to first P. falciparum infection 

by placental malaria exposure (p=0.30, Figure 1), and in Cox regression analysis adjusting 

for infant sex, season of birth, and maternal gravidity, placental malaria exposure was not 

significantly associated with risk of infant P. falciparum infection (HR[95% CI]= 

1.61[0.92,2.27], p=0.16). Median time to first infection was 289 days for infants exposed 

to placental malaria and 358 days for those not exposed to placental malaria. The KM 

survival curves for time to first clinical malaria showed no significant difference by 

placental malaria exposure (p=0.69). After adjusting for infant sex, season of birth, and 

maternal gravidity, placental malaria did not significantly affect time-to-first clinical 

malaria episodes either (HR[95% CI]= 1.18 [0.86-1.60], p=0.31). In unadjusted Poisson 

analysis, placental malaria exposure was not significantly associated with incidence of 

clinical malaria (IRR= 1.03; 95% CI: 0.66-1.59) or incidence of P. falciparum infection 

(IRR:= 1.15; 95% CI: 0.88-1.50).  

 

Table 6. Bivariate association of each variable with clinical malaria and P. 

falciparum incidence using Poisson regression 

 P. falciparum infection Clinical malaria 

 IRR (95% CI) P-value IRR (95% CI) P-value 

IPTp     

IPTp-SP 

IPTp-DP 

REF 

1.18 (0.92-1.55) 
0.19 

REF 

1.03 (0.58-1.86) 
0.92 

Placental malaria     

No 

Yes 

REF 

1.13 (0.65-1.92) 
0.67 

REF 

1.03 (0.66-1.59) 
0.91 

Abbreviations: IRR, incidence rate ratio; IPTp, intermittent preventive treatment during pregnancy; SP, 

sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Table 6 continued 

 P. falciparum infection Clinical malaria 

 IRR (95% CI) P-value IRR (95% CI) P-value 

Infant sex     

Male 

Female 

REF 

0.97 (0.74-1.27) 
0.80 

REF 

1.43 (0.80-2.57) 
0.22 

Season of birth     

Dry 

Rainy 

REF 

0.95 (0.72-1.26) 
0.72 

REF 

1.00 (0.54-1.84) 
0.99 

 Gravidity     

1st Pregnancy 

2+ 

REF 

1.08 (0.76-1.51) 
0.40 

 REF 

0.92 (0.48-1.75) 
0.80 

Abbreviations: IRR, incidence rate ratio; IPTp, intermittent preventive treatment during pregnancy; SP, 

sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 

 

Table 7A. Incidence of P. falciparum infection by IPTp regimen and placental 

malaria exposure 

Time Interval 

 
Incidence, PPY  

(95% CI) 

IRRa (95% CI) P-Value 

IPTp 

Total follow-up 
IPTp-SP 

IPTp-DP 

0.85 (0.74 – 0.99) 

1.02 (0.90 – 1.17) 

REF 

1.18 (0.92-1.55) 
0.19 

0-6 months 
IPTp-SP 

IPTp-DP 

0.77 (0.61 – 0.98) 

0.81 (0.64 – 1.02) 

REF 

1.04 (0.71 – 1.51) 
0.84 

6-12 months 
IPTp-SP 

IPTp-DP 

1.01 (0.81 – 1.27) 

1.28 (1.05 – 1.56) 

REF 

1.27 (0.90 – 1.79) 
0.18 

12-24 months 
IPTp-SP 

IPTp-DP 

0.74 (0.53 – 1.03) 

1.03 (0.78 – 1.35) 

REF 

1.40 (0.86 – 2.27) 
0.18 

a repeated measure Poisson model with time interval, study arm and their interaction term as explanatory 

values  

Abbreviations: PPY, per person-year; CI, confidence interval; IPTp, intermittent preventive treatment during 

pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Table 7A continued 

Time Interval 

 
Incidence, PPY  

(95% CI) 

IRRa (95% CI) P-Value 

Placental malaria 

Total follow-up 
No 

Yes 

0.84 (0.73 – 1.16) 

0.96 (0.80 – 1.16) 

REF 

1.15 (0.88-1.50) 
0.31 

0-6 months 
No 

Yes 

0.78 (0.52 – 0.98) 

0.81 (0.64 – 1.01) 

REF 

0.93 (0.59 – 1.46) 
0.74 

6-12 months 
No 

Yes 

0.97 (0.79-1.20) 

1.30 (1.00-1.68) 

REF 

1.33 (0.91-1.95) 
0.14 

12-24 months 
No 

Yes 

0.73 (0.55-0.98) 

0.80 (0.49-1.31) 

REF 

1.09 (0.57-2.10) 
0.80 

a repeated measure Poisson model with time interval, study arm and their interaction term as explanatory 

values  

Abbreviations: PPY, per person-year; CI, confidence interval; IPTp, intermittent preventive treatment during 

pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 

 

Table 7B. Incidence of clinical malaria by IPTp regimen and placental malaria 

exposure 

Time Interval 

 
Incidence, PPY  

(95% CI) 

IRRa (95% CI) P-Value 

IPTp 

Total follow-up 
IPTp-SP 

IPTp-DP 

0.25 (0.19 – 0.33) 

0.27 (0.21 – 0.34) 

REF 

1.03 (0.58-1.86) 
0.92 

0-6 months 
IPTp-SP 

IPTp-DP 

0.23 (0.15 – 0.35) 

0.20 (0.13 – 0.31) 

REF 

0.79 (0.36 – 1.73) 
0.56 

6-12 months 
IPTp-SP 

IPTp-DP 

0.29 (0.19 – 0.44) 

0.45 (0.33 – 0.63) 

REF 

1.56 (0.78 – 3.14) 
0.22 

12-24 months 
IPTp-SP 

IPTp-DP 

0.24 (0.14 – 0.43) 

0.10 (0.04 – 0.23) 

REF 

0.37 (0.11 – 1.23) 
0.11 

a repeated measure Poisson model with time interval, study arm and their interaction term as explanatory 

values  

Abbreviations: PPY, per person-year; CI, confidence interval; IPTp, intermittent preventive treatment during 

pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 
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Table 7B continued 

Time Interval 

 
Incidence, PPY  

(95% CI) 

IRRa (95% CI) P-Value 

Placental malaria 

Total follow-up 
No 

Yes 

0.24 (0.19-0.31) 

0.24 (0.16-0.34) 

REF 

1.03 (0.66-1.59) 
0.91 

0-6 months 
No 

Yes 

0.20 (0.13-0.30) 

0.22 (0.13-0.39) 

REF 

1.14 (0.52-2.49) 
0.75 

6-12 months 
No 

Yes 

0.34 (0.24-0.48) 

0.37 (0.23-0.59) 

REF 

1.09 (0.57-2.10) 
0.80 

12-24 months 
No 

Yes 

0.19 (0.11-0.33) 

N/A 
N/A 0.98 

a repeated measure Poisson model with time interval, study arm and their interaction term as explanatory 

values  

Abbreviations: PPY, per person-year; CI, confidence interval; IPTp, intermittent preventive treatment during 

pregnancy; SP, sulfadoxine-pyrimethamine; DP, dihydroartemisinin-piperaquine 

 

E. Discussion 

This longitudinal cohort study in southern Malawi showed that in utero exposure 

to maternal administration of a highly effective IPTp regimen with DP did not affect infant 

incidence of  P. falciparum infection or clinical malaria compared to the standard of care 

with SP-IPTp. We are confident that these results reflect the true effect of IPTp regimen 

on incidence of malaria in infants because the exposure status was determined during the 

previous randomized control trial. The administration of DP, the more effective 

antimalarial drug, to pregnant women did not delay first episodes of clinical malaria or P. 

falciparum infection in infants, compared to SP. The lack of impact on malaria at any time 

during infancy suggests that DP during pregnancy did not change the protection offered by 

the transfer of maternal antibodies to malaria across the placenta or alter the infant’s cell-

mediated response to infection early in life. We speculate that this was likely due to low 

malaria incidence. Our results also indicated that age is an effect modifier for clinical 



51 

 

malaria incidence, which we speculate is due to a change in risk of clinical malaria as the 

infant ages and loses the protection of maternal antibodies . 

Our findings are consistent with those of a recently published study that showed no 

difference in malaria risk during infancy among infants born to mothers who received 

IPTp-DP compared to those born to mothers who received IPTp-SP in a randomized 

control trial [97]. That study found male infants exposed to IPTp-DP had lower malaria 

incidence between <3 and 12 months of age and posited that IPTp-DP may provide 

additional benefits beyond birth. The results of our analysis did not find a similar effect 

among male infants and showed no effect modification by infant sex (data not presented). 

Results from a randomized control trial conducted in Uganda indicate that IPTp-DP was 

associated with lower rates of malaria in pregnancy compared to IPTp-SP, but the 

incidence of malaria was higher among infants exposed to IPTp-DP compared to those 

exposed to IPTp-SP [35,98]. In a systematic review evaluating the effect of various IPTp 

regimens on infant risk of malaria, risk was not significantly associated with IPTp exposure 

[34]. However, the studies included in the review did not include a comparison of IPTp-

DP with IPTp-SP, and the interpretation of the results was limited by the failure of the non-

IPTp-SP regimens to significantly reduce placental malaria [48,99,100].  

The primary limitation of this study is inadequate power to detect small differences 

in clinical malaria incidence between the exposure groups. When designing the study, we 

expected to see a mean infection incidence of close to two cases per person-year and 

clinical malaria incidence slightly below one case per person-year [101]. The actual 

incidence was much lower in both exposure groups leading to  wide confidence intervals 

around the incidence rate ratios and the possibility that our results are due to chance. P. 
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falciparum infection incidence was sufficient to detect differences of similar magnitudes 

in malaria risk between the IPTp groups and there was still no significant association 

between IPTp regimen and time to first infection or infection incidence. However, 

increased community development in the Machinga area combined with expanded malaria 

prevention initiatives may have resulted in lower incidence of malaria over the course of 

the study period [101]. Another potential limitation of the study is the difficulty 

distinguishing between the effect of in utero exposure and post-natal exposure on infant 

malaria, however our study design that enrolled newborns from a randomized, controlled 

study provides the best opportunity to approximate causal inference in the absence of a 

controlled human malaria infection study. There was also a risk of unmeasured 

confounding if randomization was broken in our cohort. To address this, we looked for 

post-randomization bias between the women assigned to each IPTp group and found none.  

In conclusion, our study shows that neither selection of SP or DP for IPTp nor 

exposure to placental malaria at the time of delivery alters time to first malaria episode or 

incidence of malaria during infancy. These results suggest that findings linking IPTp 

regimen and infant risk of malaria may be due to environmental exposure instead of 

exposure to placental malaria. 
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CHAPTER IV. P. FALCIPARUM INFECTION AND CLINICAL MALARIA 

DURING INFANCY IS ASSOCIATED WITH HIGHER INCIDENCE OF 

MALARIA INFECTION AND DISEASE THROUGH 24 MONTHS OF AGE 

 

A. Abstract 

Background: P. falciparum infections and clinical malaria remains understudied in infants 

prior to 6 months because of perceived protection from maternal antibodies. Infants 

presenting with malaria at an age they should be protected may indicate increased risk of 

subsequent malaria due to immunological factors or an indication of increased 

environmental exposure risk. 

Methods: Infants from two longitudinal cohorts in Malawi were monitored from through 

24 months for P. falciparum infections and clinical malaria. Participants visited the clinic 

quarterly for scheduled visits and in between in the event of illness. Dried blood spots were 

collected at every visit for PCR testing. Clinical malaria was diagnosed by positive rapid 

diagnostic test administered when signs and symptoms of malaria were observed. Poisson 

regression was employed to measure the effect of exposure to malaria in infancy on 

subsequent malaria incidence. 

Results: Infants exposed to any infection during the first 6 months had increased  incidence 

of  P. falciparum infection (IRR[95% CI]=1.27[1.06, 1.52]) and clinical malaria (IRR[95% 

CI]=2.37[2.02, 2.80]) compared to unexposed infants.  

Similarly, infants who experienced clinical malaria during the first 6 months of life, had 

and increased risk of P. falciparum infection incidence between 6 and 24 months  
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(IRR[95% CI]=1.64[1.38, 1.94]) and clinical malaria (IRR[95% CI]=1.85[1.48, 2.32]). All 

models control for study site, season of birth, maternal age, and gravidity. 

Conclusions: Infants who experience asymptomatic infection or clinical malaria are at an 

increased risk of subsequent infection and disease, however we could not infer causality 

because environmental exposure risk for malaria was not measured. 
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B. Background 

Malaria prevalence remains high across much of sub-Saharan Africa, but the 

burden of infection and clinical disease is highest among children under five [6]. Children 

aged 6 months to 2 years in high transmission areas have been known to have up to five 

episodes of clinical malaria per year [102]. Although malaria morbidity and mortality are 

high among young children, infants under six months of age are typically left out of 

observational studies, clinical trials, and malaria surveillance programs. This exclusion is 

due to the fact that infants are not considered high risk for malaria because of the perceived 

protective effects of maternal antibodies transferred through the placenta, lactoferrin from 

breastmilk, and fetal hemoglobin [2,37].  

The limited observational research that includes infants under 6 months confirms 

that P. falciparum infection and clinical malaria are prevalent in this population in sub-

Saharan Africa [5,38,39]. Historical data from Malawi also indicates nearly 10% of 

hospital admissions with confirmed malaria among children under 5 years of age occur in 

infants under 6 months of age [4]. Despite a growing body of evidence that malaria in 

young infants is not the rare occurrence previously believed, the epidemiology of malaria 

in this group remains poorly defined. It remains unclear, for example, why infants become 

susceptible to clinical malaria as early as 3 months while others are seemingly protected 

up to 6 months and whether this is indicative of higher exposure risk or an indicator of 

increased susceptibility to clinical symptoms. Evaluating malaria incidence in infants less 

than 6 months old will provide important data on the risk of malaria infection and clinical 

illness in this vulnerable population that has historically been left out of studies and 

surveillance efforts. Further, malaria before six months may be an indicator of infant 
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immune tolerance to malaria parasites and a failure to mount an immune response to 

infection [43]. 

 We designed a study using longitudinal data to measure malaria infection and 

disease in 0–6-month-old infants and the association this exposure has with subsequent 

malaria incidence in early childhood. Because malaria during early infancy may enhance 

or interfere with immunity and subsequent clinical response to malaria infection, we 

hypothesized that infants with clinical malaria in the first 6 months of life, when they are 

believed to be protected by maternal antibodies, would be associated with a statistically 

significant difference in incidence of P. falciparum infection and clinical malaria during 

early childhood. 

 

C. Methods 

Participants 

Study participants came from two longitudinal cohorts in southern Malawi. The 

Mfera cohort enrolled 100 infants either at delivery or at three months of age. Mothers were 

approached for recruitment into the study at the antenatal clinic or the well-child clinic. 

Enrollment criteria included: provision of informed consent by the parent or guardian, an 

infant aged three months or less, infant born to a mother with documented HIV-negative 

status, intention to reside in the study region for two years, and willingness to comply with 

study procedures and attend the health center for regular medical care. Potential infant 

participants were excluded from enrollment if they had an acute illness requiring 

hospitalization, showed signs or symptoms of severe malaria, signs or symptoms of 

moderate to severe anemia, or took chronic medication with any drug with antimalarial 
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activity. Enrollment for the Mfera cohort ended in March 2015 and the final participant 

completed the study in November 2018. 

In the Liwonde cohort, we enrolled infants born to mothers who participated in a 

clinical trial that randomly allocated 602 pregnant women to receive monthly 

administration of either IPTp-DP or IPTp-SP during pregnancy. Women aged 16 years or 

older, with a viable singleton pregnancy at less than or equal to 28 gestational weeks were 

included in the clinical trial if they were HIV-negative and were not experiencing a high-

risk pregnancy or severe anemia. During pregnancy, women were offered the opportunity 

to enroll their babies in the infant cohort after completing the clinical trial. Inclusion criteria 

for mothers enrolling their babies in the infant cohort included enrollment in the clinical 

trial, intention to stay in the study area for at least one year following delivery, and 

provision of informed consent. Infants were excluded from the cohort if they were HIV-

positive or had a chronic medical condition that prevented compliance with study 

procedures. Participant enrollment in the infant cohort began in May 2017 and follow up 

was completed in May 2019.   

 

Study procedures 

All women in the Liwonde clinical trial delivered in the maternity wards at 

Machinga District Hospital in Liwonde, while infants in the Mfera cohort were born at the 

Mfera Health Center in Chikwawa, both in southern Malawi. Infants were assessed and 

weighed either at delivery and again 6 weeks after delivery, or at 3 months if they were 

enrolled later for the Mfera cohort.  
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Follow-up procedures were the same in both cohorts. Infants enrolled in the studies 

were followed up at 3-month intervals for up to 24 months.  In addition to scheduled 

quarterly visits, mothers were encouraged to bring infants to the clinic in the event of 

illness. If an infant presented with signs and symptoms consistent with malaria at any visit, 

a Paracheck-Pf (Orchid Biomedical Systems, Goa, India) rapid diagnostic test (RDT) for 

malaria was performed. Signs and symptoms consistent with clinical malaria included an 

axillary fever of >37.5°C, report of fever in the previous 48 hours, vomiting, irritability, or 

weakness. All cases of malaria detected by RDT were treated with artemether-lumefantrine 

according to the national treatment policy in Malawi. Dried blood spots on 3M Whatman 

filter paper were collected at every scheduled and unscheduled visit.  

 

Laboratory procedures 

Asymptomatic and submicroscopic infections were detected by qPCR using the 

dried blood spots collected at every visit. Dried blood spots underwent DNA extraction 

and qPCR for detection of P. falciparum parasite DNA targeting the lactate dehydrogenase 

gene [72]. qPCR for infant infections was performed by the Division of Malaria Research 

laboratory in Baltimore at a date after sample collection and results were not reported to 

participants. Clinical malaria episodes in the infants were defined as presence of malaria 

symptoms accompanied by a positive RDT; P. falciparum infections in the infants were 

defined by a positive qPCR not accompanied by a positive RDT  from the same visit.  

 

 

 



59 

 

Statistical analysis 

Only infants with a minimum of nine months follow-up from birth were included 

for this analysis. The exposures of any malaria, asymptomatic P. falciparum infection only, 

and clinical malaria only in the first six months were assessed separately for their effect on 

incidence of any malaria and clinical malaria.  

Covariates assessed include infant sex, study site, season of birth, percent of follow-

up time in the rainy season, maternal age at delivery, and maternal gravidity. Although the 

data sets from the two studies were combined, study site is an important factor due to 

varying environmental factors between the two sites. Maternal age at delivery and gravidity 

were assessed continuously. Season of birth was categorized into two groups, defined as: 

rainy season (December – March) and dry season (April – November). Percent of time 

follow-up time spent in the rainy season is a continuous variable that measures how much 

time infants spent in the high transmission rainy season and was included because of 

variation in follow-up times. A dichotomous variable for infant sex was also assessed. 

Univariate analysis using Chi-square tests and Student’ t-tests were conducted to 

describe participant characteristics and bivariate Poisson regression was conducted to 

measure the association between the covariates, exposures and outcomes. Direct and 

indirect effects of season of birth on outcomes were assessed for potential mediation effect 

through exposures. To adjust for the effect of covariates on the association between the 

predictors and outcomes, multivariable Poisson regression models were developed with 

offset to control for varying infection and disease rates. All analyses were conducted using 

SAS software, Version 9.4 of the SAS System for Microsoft Windows. 
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D. Results 

A total of 437 infants were included in the final analysis, 344 from the Liwonde 

cohort and 93 from the Mfera cohort (Table 8A). One-third of the infants were born during 

the rainy season and the mean proportion of follow-up time spent in the rainy season for 

all infants was 53% (SD=7%). Infant sex was not significantly  differentially distributed in 

any of the exposure categories. Study site was differentially distributed among infants 

exposed to clinical malaria in their first 6 months, but not among infants exposed to P. 

falciparum infection. While infants in the Mfera cohort comprise 21% of the total study 

population, they make up 47% in the infants exposed to clinical malaria (Table 8C). Infants 

born in the rainy season were found to have OR of 1.83 for having infection exposures, but 

no significant increase in having disease exposures in  the first 6 months. 

 

Table 8A. Baseline characteristics of infants by any malaria infection 

 All 

(N=437) 

Yes 

(n=127) 

No 

(n=310) 
P-value 

Infant sex
a

 
Male 

Female 

195 (45) 

238 (55) 

58 (46) 

68 (54) 

137 (45) 

170 (55) 0.79
b

 

Study site 
Liwonde 

Mfera 

344 (79) 

93 (21) 

93 (73) 

34 (27) 

251 (81) 

59 (19) 0.07
 b

 

Season of birth 
Dry 

Rainy 

291 (67) 

146 (33) 

72 (57) 

55 (43) 

219 (71) 

91 (29) 0.005
b

 

Rainy season (%) Mean (SD) 53 (7) 52 (7) 54 (7) 0.0009
c

 

Maternal age  Mean (SD) 25 (6) 26 (7) 25 (6) 0.05
c

 

Gravidity Mean (SD) 1.9 (1.8) 2.1 (1.9) 1.8 (1.7) 0.08
c

 
a missing 4 infant sex values; b Chi-square; c t-test 
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Table 8B. Baseline characteristics of infants by asymptomatic P. falciparum 

infection 

 Yes 

(n=99) 

No 

(n=289) 
P-value 

Infant sex
a

 
Male 

Female 

43 (44) 

55 (56) 

124 (43) 

162 (57) 0.93
b

 

Study site 
Liwonde 

Mfera 

81 (82) 

18 (18) 

237 (82) 

52 (18) 0.97
 b

 

Season of birth 
Dry 

Rainy 

56 (57) 

43 (43) 

204 (71) 

85 (29) 0.01
b

 

Rainy season (%) Mean (SD) 52 (7) 54 (7) 0.005
c

 

Maternal age  Mean (SD) 26 (7) 25 (6) 0.06
c

 

Gravidity Mean (SD) 1.9 (1.8) 1.8 (1.7) 0.44
c

 
a missing 4 infant sex values; b Chi-square; c t-test 

 

 

Table 8C. Baseline characteristics of infants by clinical malaria 

 Yes 

(n=49) 

No 

(n=388) 
P-value 

Infant sex
a

 
Male 

Female 

28 (57) 

21 (43) 

167 (43) 

217 (57) 0.07
b

 

Study site 
Liwonde 

Mfera 

26 (53) 

23 (47) 

318 (82) 

70 (18) <.0001
b

 

Season of birth 
Dry 

Rainy 

31 (63) 

18 (37) 

260 (67) 

128 

(33)  
0.60

b

 

Rainy season (%) Mean (SD) 52 (7) 54 (7) 0.19
c

 

Maternal age  Mean (SD) 25 (7) 25 (6) 0.82
c

 

Gravidity Mean (SD) 2.2 (2.1) 1.8 (1.7) 0.21
c

 
a missing 4 infant sex values; b Chi-square; c t-test 

 

Total follow-up time, which started at 6 months, for all the infants was 393.7 person 

years (Table 9A). Mfera cohort infants averaged 1.4 years of follow-up, while Liwonde 

cohort infants had a mean of 0.76 years of follow-up. There were 241 episodes of any 
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malaria in the first six months of life with an incidence rate of 1.1 episode per person-year 

and 69 episodes of clinical malaria with an incidence rate of  0.32 cases per person-year. 

Of the 437 infants included for analysis, the 127 (29%) infants exposed to P. falciparum 

infection in the first six months experienced 303 P. falciparum infections and 161 episodes 

of clinical malaria during follow-up (Tables 9A and 9B). The 49 (11%) infants exposed to 

clinical malaria in the first six months experienced 197 P. falciparum infections and 119 

episodes of clinical malaria reported during follow-up (Tables 9A and 9B).  

Infants born during the rainy season were more likely to be exposed to 

asymptomatic P. falciparum infection during the first six months of life (P=0.005).  Infants 

from the Mfera cohort were more likely to be exposed to asymptomatic P. falciparum 

infection (p=0.07) and/or clinical malaria (p=<.0001) in the first six months of life 

compared to infants in the Liwonde cohort. Mothers had a mean of 2 children and a mean 

age of 25 years, though  mothers of  infants exposed to asymptomatic P. falciparum 

infection during the first six months of life were more likely to be older than mothers of 

unexposed infants (p=0.05). 

Unadjusted Poisson analysis showed a significant increase in incidence of P. 

falciparum infection (IRR[95% CI]=1.68[1.45, 1.95], p=<.0001, Table 9A) and clinical 

malaria (IRR[95% CI]=1.87[1.52, 2.29], p=<.0001, Table 9B) among infants exposed to 

P. falciparum infection in the first six months of life. A similar association was found for 

incidence of P. falciparum infection (IRR[95% CI]=2.37[2.02, 2.80], p=<.0001) and 

clinical malaria (IRR[95% CI]=3.10[2.49, 3.87], p=<.0001) among infants exposed to 

clinical malaria in the first six months of life. Infants born in the rainy season were 

associated with 20% lower P. falciparum incidence (p=0.007) and 34% lower incidence of 
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clinical malaria (p=0.0005) during follow-up when compared to infants born during the 

dry season. Similarly, for each percent increase in time spent in the rainy season starting 

from birth infants experienced a 5% reduction in P. falciparum incidence (p=<.0001) and 

a 6% reduction in clinical malaria incidence (p=<.0001). 

 

Table 9A. Incidence of any malaria infection between 6 months and 24 months 

  
N=437 

Follow-up 
(person 

years) 
Cases Incidence 

PPY
a IRR (95% CI) P-value

b 

Any malaria 
(first 6 months) 

No 
Yes 

310 
127 

279.1 
114.6 

439 
303 

1.57 
2.64 

REF 
1.68 (1.45-1.95) <.0001 

Asymp. Pf 

infection 
(first 6 months) 

No 
Yes 

289 
99 

259.8 
81.9 

381 
164 

1.47 
2.00 

REF 
1.37 (1.14-1.64) 0.0009 

Clinical malaria 
(first 6 months) 

No 
Yes 

388 
49 

341.7 
52.0 

545 
197 

1.59 
3.79 

REF 
2.37 (2.02-2.80) <.0001 

Infant sex Female 
Male 

238 
195 

209.4 
182.0 

389 
346 

1.86 
1.90 

REF 
1.02 (0.88-1.18) 0.76 

Study site Liwonde 
Mfera 

344 
93 

260.7 
133.0 

258 
484 

0.99 
3.64 

REF 
3.68 (3.16-4.28) <.0001 

Season of Birth Dry 
Rainy 

146 
291 

262.4 
131.3 

529 
213 

2.02 
1.62 

REF 
0.80 (0.69-0.94) 0.007 

% follow-up 

time in rainy 

season 
Each unit 

increase 437 393.7 742 1.88 0.95 (0.94- 0.96) <.0001 

Maternal age Each year 

increase 437 393.7 742 1.88 0.98 (0.97-0.99) 0.001 

Gravidity Each unit 

increase 437 393.7 742 1.88 1.05 (1.01-1.09) 0.01 

a 
Per person-year;

 b 
Chi-square 
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Table 9B. Incidence of clinical malaria 

  
N=437 

Follow-up 

(years) 
Cases 

Incidence 

PPY
a
 

IRR (95% CI) P-value
b
 

Any malaria 

(first 6 months) 
No 

Yes 

310 

127 
279.1 

114.6 

210 

161 

0.75 

1.40 

REF 

1.87 (1.52-2.29) 
<.0001 

Asymp. Pf 

infection 

(first 6 months) 

No 

Yes 

289 

99 

259.8 

81.9 

179 

73 

0.69 

0.89 

REF 

1.29 (0.98-1.70) 
0.06 

Clinical malaria 

(first 6 months) 
No 

Yes 

388 

49 

341.7 

52.0 

252 

119 

0.74 

2.29 

REF 

3.10 (2.49-3.87) 
<.0001 

Infant sex 
Female 

Male 

238 

195 

209.4 

182.0 

186 

184 

0.89 

1.01 

REF 

1.14 (0.93-1.40) 
0.21 

Study site 
Liwonde 

Mfera 

344 

93 

260.7 

133.0 

76 

295 

0.29 

2.22 

REF 

7.61 (5.91-9.79) 
<.0001 

Season of Birth 
Dry 

Rainy 

146 

291 

262.4 

131.3 

279 

92 

1.06 

0.70 

REF 

0.66 (0.52-0.83) 
0.0005 

% follow-up 

time in rainy 

season 

Each unit 

increase 
437 393.7 371 0.94 0.94 (0.93-0.94) <.0001 

Maternal age 
Each year 

increase 
437 393.7 371 0.94 0.97(0.95-0.98) 0.0002 

Gravidity 
Each unit 

increase 
437 393.7 371 0.94 1.04 (0.98-1.09) 0.21 

a 
Per person-year;

 b 
Chi-square 

 

No significant interaction terms were identified during multivariable analysis. 

Infant sex and amount of study time spent in the rainy season were excluded from the final 

models due to insignificant associations, but all other covariates were included. When 

controlling for study site, season of birth, maternal age, and gravidity, P. falciparum 

infection incidence among infants exposed to P. falciparum infection during the first six 

months is 27% higher than unexposed infants (IRR[95% CI]=1.27[1.06, 1.52], p=0.009, 

Table 10) and clinical malaria incidence is 76% higher in exposed infants (IRR[95% 

CI]=1.76[1.42, 2.19], p=<.0001). P. falciparum infection incidence among infants exposed 

to clinical malaria during the first six months is 64% higher than unexposed infants 
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(IRR[95% CI]=1.64[1.38, 1.94], p=<.0001) and clinical malaria incidence is 85% higher 

in exposed infants (IRR[95% CI]=1.85[1.48, 2.32], p=<.0001) when controlling for study 

site, season of birth, maternal age, and gravidity. 

 

Table 10. Multivariable associationa malaria in the first 6 months and incidence 

  
Any malaria incidence Clinical malaria incidence 

  
IRR (95% CI) P-value IRR (95% CI) P-value 

Any malaria exposure 

Any malaria None 
Malaria 

REF 
1.27 (1.06-1.52) 0.009 REF 

1.76 (1.42-2.19) <.0001  

Study site Liwonde 
Mfera 

REF 
3.52 (2.83-3.90) <.0001 REF 

6.98 (5.37-9.08) <.0001  

Season of 

birth 
Dry 

Rainy 
REF 

0.84 (0.71-0.99) 0.03 REF 
0.72 (0.57-0.92) 0.0002 

Maternal 

age Per unit increase 0.94 (0.92-0.96) <.0001 0.92 (0.90-0.95) <.0001 

Gravidity Per unit increase 1.13 (1.05-1.20) <.0001 1.13 (1.04-1.22) 0.005 

Asymptomatic P. falciparum exposure 

Asymp. Pf 

infection  

None 

Pf infection 

REF 

1.53 (1.26-1.85) 
<.0001 

REF 

1.56 (1.18-2.07) 
0.002 

Study site 
Liwonde 

Mfera 

REF 

3.24 (2.71-3.89) 
<.0001 

REF 

7.41 (5.44-10.07) 
<.0001  

Season of 

birth 

Dry 

Rainy 

REF 

0.71 (0.58-0.87) 
0.001 

REF 

0.55 (0.40-0.77) 
0.0004 

Maternal 

age 
Per unit increase 0.95 (0.93-0.97) <.0001 0.92 (0.89-0.95) <.0001 

Gravidity Per unit increase 1.13 (1.05-1.22) 0.001 1.19 (1.07-1.31) 0.0009 

a
 Poisson regression 
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Table 10 continued 

  
Any malaria incidence Clinical malaria incidence 

  
IRR (95% CI) P-value IRR (95% CI) P-value 

Clinical malaria exposure 

Clinical 

malaria  

None 

Clinical malaria 

REF 

1.64 (1.38-1.94) 
<.0001 

REF 

1.85 (1.48-2.32) 
<.0001 

Study site 
Liwonde 

Mfera 

REF 

3.19 (2.71-3.75) 
<.0001 

REF 

6.58 (5.04-8.60) 
<.0001 

Season of 

birth 

Dry 

Rainy 

REF 

0.83 (0.70-0.97) 
0.02 

REF 

0.69 (0.54-0.87) 
0.002 

Maternal 

age 
Per unit increase 0.95 (0.93-0.96) <.0001 0.93 (0.90-0.95) <.0001 

Gravidity Per unit increase 1.11 (1.05-1.18) 0.0005 1.12 (1.03-1.22) 0.006 

a
 Poisson regression 

 

E. Discussion 

This study described the incidence of P. falciparum infection and clinical malaria 

among children under 2 years. The analysis suggests exposure to P. falciparum infection 

or clinical malaria before 6 months of life is associated with higher incidence of both 

infection and clinical malaria in early childhood compared to unexposed infants. Malaria 

incidence differed by study site with higher infection and clinical malaria rates in observed 

in the Mfera cohort. Season of birth was confirmed to have a mediating effect on the 

association between malaria exposure and subsequent incidence rates, indicating that being 

born in the rainy season increased an infant’s odds of being categorized as exposed.  

Infants under 6 months of age have historically been excluded from malaria studies, 

though the protection offered by maternal antibodies begins to wane around 3 months 

[103]. One-third of infants in our study had at least one episode of clinical malaria or  P. 
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falciparum infection before reaching 6 months, confirming that infants are susceptible to 

malaria during early infancy. Nearly twice as many infants had asymptomatic P. 

falciparum infections before 6 months as infants who experienced clinical malaria during 

that period, which is consistent with other findings that have shown relatively high rates of 

parasitemia and lower rates of febrile illness before six months [104]. Infants in our study 

who experienced asymptomatic P. falciparum infections or clinical malaria before 6 

months of age had higher incidence of infection and disease throughout follow-up, 

suggesting acquired immunity has not yet developed in this early stage of life.  

The primary limitation of this study is the lack variables to measure malaria 

exposure resulting in the likelihood of substantial unmeasured confounding. As is evident 

from the difference in malaria incidence rates in the Liwonde and Mfera cohorts, 

environmental variables are critical for understanding exposure risk. Without that data, we 

are limited in the conclusions we can draw based on the results of this analysis because it 

is unclear if infants in the exposure groups who have higher overall incidence are simply 

at higher risk of malaria due to environmental factors or if these results reflect an 

immunological difference between the exposed and unexposed infants. Interpretation of 

our results is also limited because we could not measure the indirect effect of season of 

birth on our outcomes in our mediation analysis. There is currently no consensus on the 

appropriate methodology needed to quantify the size of the effect using logistic and Poisson 

regression and current methods produce biased results [105]. 

Our analysis described the incidence of P. falciparum infections and clinical 

malaria in infancy, including infants younger than 6 months who are often excluded from 

studies. These results point to an association between early malaria exposure and 
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subsequent incidence of both malaria infection and disease, however further analysis that 

includes environmental exposure data would clarify the significance of these findings. 
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CHAPTER V. EFFECT OF P. FALCIPARUM  INFECTION AND CLINICAL 

MALARIA DURING INFANCY ON WEIGHT AND HEMOGLOBIN 

CONCENTRATION IN EARLY CHILDHOOD 

A. Abstract 

Background: Infants under 6 months of age are often excluded from malaria studies 

resulting in a knowledge gap around the association between infant malaria exposure and 

downstream health outcomes. Malaria is a known risk factor for low hemoglobin and is 

hypothesized to play a role in impaired growth in young children, but the associations are 

poorly characterized in infants. 

Methods: Two cohort studies were conducted in Southern Malawi where infants were 

followed from birth up to 24 months. Infants were seen quarterly for scheduled visits and 

between scheduled visits in the event of illness. Data was analyzed using linear mixed 

effects models to measure the effect of exposure to clinical malaria and asymptomatic 

infection in infancy on weight-for-age z-scores (WAZ) and hemoglobin concentrations 

after 6 months. 

Results: After controlling for infant sex and low birthweight, infant exposure to P. 

falciparum infection was associated with a lower WAZ over time (p=0.02) compared to 

unexposed infants. Mean WAZ trended downwards in exposed and unexposed infants but 

did not go below -2 (underweight). Infants from one cohort exposed to clinical malaria had 

lower hemoglobin levels than unexposed infants at every time interval (p=0.02), even when 

controlling for any malaria episodes during follow-up. Mean hemoglobin concentrations 

trended upwards but exposed infants in every analysis had lower concentrations over time 

compared to unexposed infants. 
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Conclusion: Infants exposed to asymptomatic P. falciparum infections or clinical malaria 

in their first 6 months of life have lower mean hemoglobin levels than unexposed infants 

and these differences persist for at least 24 months. Growth was not significantly impacted.  

 

B. Background 

Malaria prevalence remains high across much of sub-Saharan Africa, but the 

burden of infection and disease in high transmission regions is highest among children 

under five years old [6]. Although malaria morbidity and mortality are high among young 

children, infants under six months of age are typically excluded from observational studies, 

clinical trials, and malaria surveillance programs. Incidence of malaria in infants less than 

6 months of age is not regularly measured because they are typically considered a low risk 

group for clinical malaria due to the  protective effects of maternal antibodies transferred 

through the placenta [2,37]. The association between malaria and other health outcomes 

has been studied in older children, but there is a gap in the literature around the association 

between malaria exposure before six months and the potential for poor health outcomes. 

Infections of all varieties are known to impair nutritional status resulting in growth 

faltering, but the role of early P. falciparum infections in growth and development remains 

poorly defined with inconclusive data [49–51]. Parasitemia is hypothesized to contribute 

to growth retardation in endemic regions, but the literature contains a lot of heterogeneity 

in study designs examining this issue, resulting in mixed outcomes and conclusions. A 

systematic review of the literature on this topic surmised that most studies found no 

association between malaria exposure and subsequent malnutrition among populations in 

P. falciparum endemic areas [56]. Conflicting data on the association between 
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anthropometry and malaria warrants further exploration and there continues to be a lack of 

data on infant malaria exposure and subsequent risk, with most studies looking at school 

age children or children after 6 months of age. 

P. falciparum infection causes both red blood cell destruction and reduced red 

blood cell production making it a leading cause of anemia among young children in 

endemic regions of sub-Saharan Africa; so much so, that anemia prevalence has been 

proposed as an indicator of malaria prevalence in malaria endemic regions [54,55,57,64]. 

Young children have an increased risk of developing anemia, and the proportion of malaria 

parasitemia among children with anemia rises with increasing severity of anemia [65–67]. 

Malarial anemia can present in patients with clinical malaria disease or asymptomatic 

parasitemia and there is evidence that anemia may protect against the erythrocytic stage of 

P. falciparum infection [68,69]. Conversely, there is also evidence that lower hemoglobin 

levels may not be protective against malaria infection and high iron levels are associated 

with an increased risk of malaria [70,71]. Since anemia may be protective against P. 

falciparum infection, but infection may induce anemia, a better understanding of the 

relationship between malaria and anemia in infants may improve clinical management of 

anemia in this age group by identifying infants at greater risk of anemia. 

 This study uses data from two longitudinal cohorts in southern Malawi to determine 

whether malaria in the first 6 months of life is associated with poor health outcomes in 

early childhood. We hypothesized that infants with P. falciparum infection or clinical 

malaria in the first six months may have lower weight-for-age z-scores and lower 

hemoglobin concentrations over time compared to unexposed infants. 
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C. Methods 

Participants 

Study participants came from two longitudinal cohorts in southern Malawi. The 

Mfera cohort enrolled 100 infants at delivery. Infant’s mothers were recruited for the study 

at the antenatal clinic or the well-child clinic. Enrollment criteria included: provision of 

informed consent by the parent or guardian, an infant aged three months or less, infant born 

to a mother with documented HIV-negative status, intention to reside in the study region 

for two years, and willingness to comply with study procedures and attend the health center 

for regular medical care. Potential infant participants were excluded from enrollment if 

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

malaria, signs or symptoms of moderate to severe anemia, or took chronic medication with 

any drug with antimalarial activity. Enrollment for the Mfera cohort ended in March 2015 

and the final participant completed the study in November 2018. 

In the Liwonde cohort, we enrolled infants born to mothers who participated in a 

clinical trial that randomly allocated 602 pregnant women to receive monthly 

administration of either sulfadoxine-pyrimethamine or dihydroartemisinin-piperaquine as 

intermittent preventive treatment during pregnancy. Women aged 16 years or older, with a 

viable singleton pregnancy at less than or equal to 28 gestational weeks were included in 

the clinical trial if they were HIV-negative and were not experiencing a high-risk 

pregnancy or severe anemia. During pregnancy, women were offered the opportunity to 

enroll their babies in the infant cohort after completing the clinical trial. Inclusion criteria 

for mothers enrolling their babies in the infant cohort included enrollment in the clinical 

trial, intention to stay in the study area for at least one year following delivery, and 
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provision of informed consent. Infants were excluded from the cohort if they were HIV-

positive or had a chronic medical condition that prevented compliance with study 

procedures. Participant enrollment in the infant cohort began in May 2017 and follow up 

was completed in May 2019.   

 

Study procedures 

All women in the Liwonde clinical trial delivered in the maternity wards at 

Machinga District Hospital in Liwonde, while infants in the Mfera cohort were born at the 

Mfera Health Center in Chikwawa, both in southern Malawi. Infants were assessed and 

weighed at delivery and again 6 weeks after delivery.  

Follow-up procedures were the same in both cohorts. Infants enrolled in the studies 

were followed up at 3-month intervals for up to 24 months.  In addition to scheduled 

quarterly visits, mothers were encouraged to bring infants to the clinic in the event of 

illness. If an infant presented with signs and symptoms consistent with malaria at any visit, 

a Paracheck-Pf (Orchid Biomedical Systems, Goa, India) rapid diagnostic test (RDT) for 

malaria was performed. Signs and symptoms consistent with clinical malaria included an 

axillary fever of >37.5°C, report of fever in the previous 48 hours, vomiting, irritability or 

weakness. All cases of malaria detected by RDT were treated with artemether-lumefantrine 

according to the national treatment policy in Malawi. Dried blood spots on 3M Whatman 

filter paper were collected at every scheduled and unscheduled visit. Hemoglobin was only 

measured in infants enrolled in the Mfera cohort. 
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Laboratory procedures 

All dried blood spots underwent DNA extraction and real time polymerase chain 

reaction (rt-PCR) at the University of Maryland malaria laboratory in Baltimore, MD for 

multiplexed detection of the 18S ribosomal RNA gene of Plasmodium falciparum [95,96]. 

Clinical malaria episodes in the infants were defined as presence of malaria symptoms 

accompanied by a positive RDT; P. falciparum infections in the infants were defined by a 

positive qPCR not accompanied by a positive RDT  from the same visit.  

 

Statistical analysis 

 Two primary outcomes were evaluated: mean weight-for-age Z-score (WAZ) at 

three-month intervals during follow-up (6-24 months) and mean hemoglobin concentration 

at three-month intervals during follow-up. For the first outcome, WAZ was measured using 

the WHO child growth standards. Models were developed using data from both cohorts to 

evaluate three different exposures during the first six months of life: any malaria, P. 

falciparum infection only, and clinical malaria only. Covariates assessed in this analysis 

included infant sex, season of birth, low birth weight (<2.5 kg), study site, maternal 

gravidity and maternal age. Season of birth was dichotomized as rainy (December – March) 

or dry (April – November), gravidity was dichotomized to one or more than one pregnancy, 

and maternal age was continuous. The analysis of hemoglobin used the same exposures as 

the WAZ models and included infant sex, season of birth, maternal age, and maternal 

gravidity as covariates. Exposure to malaria during the follow-up period was also included 

as a covariate of clinical relevance and was measured dichotomously at each time point as 

any malaria or none in the preceding 3 months. 
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Unadjusted mean WAZ and hemoglobin were plotted over time and adjusted linear 

mixed effects models, with participant as the random effect, were developed and graphed. 

An interaction term of exposure and infant age was included in every model, regardless of 

statistical significance, to visualize the difference in slope between the exposed and 

unexposed infants. All analyses were conducted using SAS software, Version 9.4 of the 

SAS System for Microsoft Windows. 

 

D. Results 

The first analysis looking at the association between exposure to malaria before 6 

months and weight-for-age z-scores during follow-up combined infants from the Mfera 

and Liwonde cohorts into a single data set, resulting in a sample size of 429 (Table 11A). 

The analysis for asymptomatic P. falciparum exposure had a sample size of 377 after 

removing 52 infants exposed to clinical malaria in their first 6 months. Male and female 

infants were evenly distributed between all the exposed and unexposed categories with no 

significant difference. One-third of infants were born in the rainy season, but among infants 

exposed to asymptomatic P. falciparum in their first six months that proportion increased 

to 41% and was significantly different from the unexposed infants (p=0.05). Only 33 (8%) 

infants were categorized as having low birthweight and their distribution was not 

significantly different by exposure status. Infants in the Mfera cohort comprised 22% of 

the total sample size, however they comprised of 46% of infants exposed to clinical malaria 

and 28% of infants exposed to any malaria (p<0.0001 and p=0.03, respectively). The 

distribution of maternal age and gravidity were not significantly different by exposure 

status. 
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Table 11A. Baseline characteristics of infants and mothers by exposure to any 

malaria in the first 6 months of life 

  
All 

(N=429) 

Yes 

(n=139) 

No 

(n=290) 
P-valuea 

Infant sex 
Male 

Female 

224 (53) 

201 (47) 

75 (54) 

63 (46) 

149 (52) 

138 (48) 
0.64 

Season of birth 
Dry 

Rainy 

285 (67) 

144 (33) 

82 (59) 

57 (41) 

203 (70) 

87 (30) 
0.07 

Low birth weight 

(<2.5kg) 

Yes 

No 

33 (8) 

396 (92) 

8 (6) 

131 (94) 

25 (9) 

265 (91) 
0.29 

Study site 
Mfera 

Liwonde 

93 (22) 

336 (78) 

39 (28) 

100 (72) 

54 (19) 

236 (81) 
0.03 

Gravidity 
≤ 1 

>1 

220 (51) 

209 (49) 

68 (49) 

71 (51) 

152 (52) 

138 (48) 
0.50 

Maternal age 
Mean 

(SD) 
25 (6) 26 (7) 25 (6) 0.07

c

 
a 

Chi-square test; 
b

Fisher’s exact test; 
c 

t-test 

 

Table 11B. Baseline characteristics of infants and mothers by exposure to 

asymptomatic P. falciparum infection in the first 6 months of life 

  
Yes 

(n=108) 

No 

(n=269) 
P-valuea 

Infant sex 
Male 

Female 

59 (55) 

48 (45) 

141 (53) 

125 (47) 
0.71 

Season of birth 
Dry 

Rainy 

64 (59) 

44 (41) 

188 (70) 

81 (30) 
0.05 

Low birth weight 

(<2.5kg) 

Yes 

No 

6 (6) 

102 (94) 

23 (9) 

246 (91) 
0.32 

Study site 
Mfera 

Liwonde 

20 (19) 

88 (81) 

49 (18) 

220 (82) 
0.95 

Gravidity 
≤ 1 

>1 

55 (51) 

53 (49) 

138 (51) 

131 (49) 
0.95 

Maternal age Mean (SD) 25 (6) 23 (5) 0.14
c

 
a 

Chi-square test; 
b

Fisher’s exact test; 
c 

t-test 
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Table 11C. Baseline characteristics of infants and mothers by exposure to clinical 

malaria in the first 6 months of life 

  
Yes 

(n=52) 

No 

(n=377) 
P-valuea 

Infant sex 
Male 

Female 

24 (46) 

28 (54) 

200 (54) 

173 (46) 
0.31 

Season of birth 
Dry 

Rainy 

33 (63) 

19 (37) 

252 (67) 

125 (33) 
0.63 

Low birth weight 

(<2.5kg) 

Yes 

No 

4 (8) 

48 (92) 

29 (8) 

348 (92) 1.0
b

 

Study site 
Mfera 

Liwonde 

24 (46) 

28 (54) 

69 (18) 

308 (82) 
<.0001 

Gravidity 
≤ 1 

>1 

27 (52) 

25 (48) 

193 (51) 

184 (49) 
0.92 

Maternal age Mean (SD) 25 (7) 25 (6) 0.65
c

 
a 

Chi-square test; 
b

Fisher’s exact test; 
c 

t-test 

 

The unadjusted mean WAZ for exposed and unexposed infants in all three analyses 

were between -0.4 and -1.2 (Figure 7). Season of birth, study site, maternal gravidity, and 

maternal age were not included in the final longitudinal model because they were not 

statistically significant. An interaction term comprising infant age and exposure status was 

included in each model to look at how the slopes for each exposure group differed, though 

the interaction terms were not statistically significant (Table 12). Infants exposed to any 

malaria before 6 months had lower mean z-scores than unexposed infants for the duration 

of follow-up, though the gap narrows over time (Figure 7B). Starting with a difference of 

-0.18 (p=0.08) at 6 months, the difference decreases to -0.16 (p=0.10) at 12 months,  -0.09 

(p=0.36) at 18 months, and -0.05 (p=0.67) at 24 months. The gap also narrows between 

infants exposed to asymptomatic P. falciparum infections and unexposed infants (Figure 

7D). The difference between exposed and unexposed infants at 6 months is -0.27 (p=0.02) 
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and narrows to -0.23 (p=0.04) by 12 months. The difference continues to narrow and is no 

longer statistically significant by 18 months (-0.20, p=0.12) and 24 months (-0.15, p=0.26). 

Unlike the infection exposed infants, the WAZ trajectories of clinical malaria exposed and 

unexposed infants cross (Figure 7F). At 6 months infants exposed to clinical malaria have 

a lower mean WAZ (difference=-0.03, p=0.85), but by 12 months they have a higher mean 

WAZ by 0.05 (p=0.70), which stays higher at 18 months (0.12, p=0.36), and at 24 months 

(0.22, p=0.20). Across all 3 analyses mean WAZ decreases over time in both the exposed 

and unexposed infants, but never drops below the underweight threshold (-2.0). 

 

Table 12. Adjusted linear continuous mixed effects models of weight-for-age Z-score 

by malaria exposures before 6 months 

Any malaria infection 
 Parameter estimate P-value 

Exposed -0.2085 0.06 

Infant age*exposed 0.02242 0.21 

Infant age -0.1271 <.0001 

Male -0.2448 0.008 

Low birth weight (<2.5kg) -0.4954 0.006 

Asymptomatic P. falciparum infection 

Exposed -0.2837 0.02 

Infant age*exposed 0.01856 0.34 

Infant age -0.1312 <.0001 

Male -0.2703 0.008 

Low birth weight (<2.5kg) -0.5283 0.007 

Clinical Malaria 

Exposed -0.06832 0.67 

Infant age*exposed 0.04099 0.08 

Infant age -0.1260 <.0001 

Male 0.2467 0.008 

Low birth weight (<2.5kg) -0.4864 0.007 
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Figure 7. Mean weight-for-age z-scores by malaria exposure 

 

A) Unadjusted mean WAZ by any malaria exposure; B) WAZ over follow-up time by any 

malaria exposure adjusted for infant age, infant sex, low birthweight, and an interaction 

term of infants age and malaria exposure (p=0.21) 
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Figure 7 continued 

 

C) Unadjusted mean WAZ by asymptomatic P. falciparum infection exposure; D) WAZ 

over follow-up time by asymptomatic P. falciparum infection exposure adjusted for infant 

age, infant sex, low birthweight, and an interaction term of infants age and malaria 

exposure (p=0.34) 
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Figure 7 continued 

 

E) Unadjusted mean WAZ by clinical malaria exposure; F) WAZ over follow-up time by 

clinical malaria exposure adjusted for infant age, infant sex, low birthweight, and an 

interaction term of infants age and malaria exposure (p=0.08) 
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Effect of malaria exposure on hemoglobin concentration 

The second analysis looking at the association between exposure to malaria before 

6 months and hemoglobin concentrations during follow-up only used infants from the 

Mfera cohort, resulting in a sample size of 93 for exposure to any malaria or clinical malaria 

(Tables 13A and 13C). The analysis for asymptomatic P. falciparum exposure had a sample 

size of 70 after removing 23 infants exposed to clinical malaria in their first 6 months 

(Table 13B). Male and female infants were evenly distributed between all the exposed and 

unexposed categories with no significant difference. There were 25 (27%) infants born in 

the rainy season, but among infants exposed to asymptomatic P. falciparum in their first 

six months that proportion increased to 40% and was significantly different from the 

unexposed infants (p=0.05). The distribution of maternal age and gravidity were not 

significantly different by exposure status. There were 23 (25%) infants who had any kind 

of malaria during the follow-up period. 

 

Table 13A. Characteristics of infants and mothers in the Mfera cohort by exposure 

to any malaria in the first 6 months of life 

  
All 

(N=93) 

Yes 

(n=39) 

No 

(n=54) 
P-valuea 

Infant sex 
Male 

Female 

42 (45) 

51 (55) 

19 (49) 

20 (51) 

23 (43) 

31 (57) 
0.56 

Season of birth 
Dry 

Rainy 

68 (73) 

25 (27) 

23 (59) 

16 (41) 

45 (83) 

9 (17) 
0.009 

Gravidity 
≤ 1 

>1 

40 (43) 

53 (57) 

15 (38) 

24 (62) 

25 (46) 

29 (54) 
0.45 

Maternal age Mean (SD) 26 (7) 27 (6) 26 (7) 0.61b 

a 

Chi-square test; 
b 

t-test 
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Table 13B. Characteristics of infants and mothers in the Mfera cohort by exposure 

to asymptomatic P. falciparum infection in the first 6 months of life 

  
Yes 

(n=20) 

No 

(n=50) 
P-valuea 

Infant sex 
Male 

Female 

9 (45) 

11 (55) 

21 (42) 

29 (58) 
0.82 

Season of birth 
Dry 

Rainy 

12 (60) 

8 (40) 

41 (82) 

9 (18) 
0.05 

Gravidity 
≤ 1 

>1 

7 (35) 

13 (65) 

22 (44) 

28 (56) 
0.49 

Maternal age Mean (SD) 27 (6) 26 (7) 0.79b 

a 

Chi-square test; 
b 

t-test 

 

Table 13C. Characteristics of infants and mothers in the Mfera cohort by exposure 

to clinical malaria in the first 6 months of life 

  
Yes 

(n=23) 

No 

(n=70) 
P-valuea 

Infant sex 
Male 

Female 

12 (52) 

11 (48) 

30 (43) 

40 (57) 
0.44 

Season of birth 
Dry 

Rainy 

15 (65) 

8 (35) 

53 (76) 

17 (24) 
0.32 

Gravidity 
≤ 1 

>1 

11 (48) 

12 (52) 

29 (41) 

41 (59) 
0.59 

Maternal age Mean (SD) 26 (7) 26 (7) 0.76b 

a 

Chi-square test; 
b 

t-test 
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Table 14. Any malaria during the preceding 3 months in the Mfera cohort 

  
Any malaria  

Before 6 months 

Asymptomatic P. 

falciparum infection 

before 6 months 

Clinical malaria 

before 6 months 

   
Yes  

(n=39) 

No 

 (n=53) P-value
a

 
Yes 

(n=20) 

No 

(n=50) P-value
a

 
Yes  

(n=23) 

No  

(n=70) P-value
a

 

9 

months 

Yes 

No 

19 (49) 

20 (51) 

14 (26) 

39 (74) 
0.03 

12 (60) 

8 (40) 

13 (27) 

36 (73) 
0.009 

8 (35) 

15 (65) 

25 (36) 

45 (64) 
0.90 

12 

months 

Yes 

No 

18 (49) 

19 (51) 

15 (28) 

38 (72) 
0.05 

10 (53) 

9 (47) 

14 (28) 

36 (72) 
0.06 

9 (43) 

12 (57) 

24 (35) 

45 (65) 
0.50 

15 

months 

Yes 

No 

16 (46) 

19 (54) 

8 (15) 

44 (85) 
0.002 

6 (35) 

11 (65) 

8 (16) 

41 (84) 
0.10 

10 (48) 

11 (52) 

14 (21) 

52 (79) 
0.02 

18 

months 

Yes 

No 

19 (56) 

15 (44) 

12 (24) 

37 (76) 
0.004 

8 (50) 

8 (50) 

11 (24) 

35 (76) 
0.06 

12 (57) 

9 (43) 

19 (31) 

43 (69) 
0.03 

21 

months 

Yes 

No 

8 (23) 

27 (77) 

14 (28) 

36 (72) 
0.59 

6 (35) 

11 (65) 

13 (28) 

34 (72) 
0.55 

 3 (14) 

18 (86) 

19 (30) 

45 (30) 
0.16 

24 

months 

Yes 

No 

10 (29) 

24 (71) 

8 (16) 

41 (84) 
0.15 

5 (29) 

12 (71) 

7 (15) 

39 (85) 
0.28 

6 (30) 

14 (70) 

12 (19) 

51 (81) 
0.030 

 

The unadjusted mean hemoglobin concentration for exposed and unexposed infants 

is below 11 g/dL before 12 months of age, indicating mild to moderate anemia (Figures 

8A, 8C, and 8E). Season of birth, maternal gravidity, and maternal age were not included 

in the final longitudinal model because they were not statistically significant. An 

interaction term comprising infant age and exposure status was included in each model to 

look at how the slopes for each exposure group differed, though the interaction terms were 

not statistically significant (Table 15).  
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Table 15. Adjusted linear continuous mixed effects models of hemoglobin 

concentration by malaria exposures in the first six months 

Any malaria infection 
 Parameter estimate P-value 

Exposed -0.3945 0.09 

Infant age*exposed -0.03772 0.41 

Infant age 0.2676 <.0001 

Any malaria during follow-up -0.1729 0.10 

Asymptomatic P. falciparum infection 

Exposed -0.2639 0.35 

Infant age*exposed -0.08695 0.12 

Infant age 0.2597 <.0001 

Any malaria during follow-up -0.06486 0.58 

Clinical Malaria 

Exposed -0.6356 0.02 

Infant age*exposed 0.05164 0.33 

Infant age 0.2383 <.0001 

Any malaria during follow-up -0.1906 0.06 

 

After adjusting for infant age and malaria during follow-up, the mean difference in 

hemoglobin levels between infants exposed to asymptomatic P. falciparum infections and 

unexposed infants at 6 months was not significant (-0.35, p=0.16) but steadily increased 

over time (Figure 8D). By 12 months the difference was -0.52 (p=0.01), at 18 months -0.70 

(p=0.002), and at 24 months -0.87 (p=0.002). This widening gap means that the mean 

hemoglobin levels of unexposed infants reach the normal range (<11 g/dL) around 12 

months while exposed infants only reach that threshold around 21 months. The widening 

gap between the mean hemoglobin levels of infants is seen among those exposed to any 

malaria as well with the difference of -0.43 (p=0.03) at 6 months steadily increasing to a 

difference of -0.66 (p=0.004) by 24 months (Figure 8B). Mean hemoglobin levels among 
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unexposed infants crosses the normal threshold between 12 and 15 months while it takes 

until 21 months for exposed. Conversely, the hemoglobin gap between infants exposed to 

clinical malaria and unexposed infants narrows from 6 to 24 months (Figure 8F). The 

difference is widest at 6 months (-0.58, p=0.01) and narrows to -0.48 (p=0.01) at 12 

months. By 18 months the gap is no longer statistically significant (-0.38, p=0.06) and at 

24 months it is -0.27 (p=0.29). Although the gap narrows, exposed infants have lower mean 

hemoglobin than unexposed infants for the duration of follow-up with hemoglobin levels 

rising above 11 g/dL around 15 months for unexposed infants and between 18-21 for 

exposed infants. 
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Figure 8. Mean hemoglobin concentrations by malaria exposures 

 

A) Unadjusted mean hemoglobin concentration by any malaria exposure; B) Hemoglobin 

concentration over follow-up time by any malaria exposure adjusted for infant age, any 

malaria during follow-up, and an interaction term of infants age and malaria exposure 

(p=0.41) 
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Figure 8 continued 

 

C) Unadjusted mean hemoglobin concentration by asymptomatic P. falciparum infection 

exposure; D) Hemoglobin concentration over follow-up time by asymptomatic P. 

falciparum infection exposure adjusted for infant age, any malaria during follow-up, and 

an interaction term of infants age and malaria exposure (p=0.12) 
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Figure 7 continued 

 

E) Unadjusted mean hemoglobin concentration by clinical malaria exposure; F) 

Hemoglobin concentration over follow-up time by clinical malaria exposure adjusted for 

infant age, any malaria during follow-up, and an interaction term of infants age and malaria 

exposure (p=0.33) 
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E. Discussion 

This study found that exposure to asymptomatic P. falciparum infection or clinical 

malaria during the first six months of life is associated with lower hemoglobin levels over 

time but is not a significant risk factor for growth faltering in early childhood. The results 

of the hemoglobin analysis show that the difference in mean hemoglobin concentrations is 

already present at six months of age and continues for the duration of follow-up with 

differences between exposed and unexposed infants ranging from 0.5 to 1.0 g/dL. We are 

confident that this observed trend is not due to repeated infections during the follow-up 

period because the analysis controlled for any kind malaria during the follow-up period. 

The relationship between infants exposed to clinical malaria and unexposed infants 

is different than the relationship between infants exposed to asymptomatic P. falciparum 

infection for both WAZ and hemoglobin outcomes. In the analysis focusing on clinical 

malaria, infants with asymptomatic P. falciparum infection are classified as unexposed 

while infants with clinical malaria would have been treated and likely clear their 

parasitemia sooner. We speculate that unexposed infants have lower mean WAZ compared 

to clinical malaria exposed infants because of the asymptomatic infections in that 

population, as seen in our analyses that looked at any malaria and asymptomatic exposures 

where the mean WAZ was lower over time in the exposed population. Similarly, 

hemoglobin levels can recover more quickly in infants exposed to clinical malaria 

compared to the unexposed infants because their infections are treated, which is consistent 

with recent research showing that asymptomatic malaria infections are prevalent in anemic 

children [106]. We believe this is one potential mechanism that explains why the slope of 

hemoglobin levels in clinical malaria unexposed infants rises more slowly over time 
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compared to their exposed peers. Other reasons could be clinical malaria being a sign of a 

robust immune system mounting a response to malaria infection or leading to faster 

acquired immunity. 

Our analysis did not find a significant association between early malaria exposure 

and lower weight-for-age Z-scores but did identify a trend of decreasing mean z-scores 

over time in all infants. Using WHO growth charts is standard practice for assessing growth 

around the world, but studies have shown that weight-for-age values vary widely, with the 

biggest variation occurring around 12 months [107]. This is consistent with data showing 

poor weight gain in children from low- and middle-income countries, starting at 3 months 

and continuing up to five years [108]. While the downward slope of z-scores is concerning, 

it is consistent with growth patterns in similar settings and what is known about using 

international standards to compare growth trajectories, confirming a need for standardized 

growth charts for low- and middle-income countries. 

Malaria is already a known cause of anemia and low hemoglobin; however, our 

study suggests that infants exposed to any kind of malaria during their first six months of 

life will continue to have lower hemoglobin levels compared to unexposed infants until 

through two years of age. Hemoglobin drops rapidly after initial malaria infection, with 1 

g/dL already lost by the time patients are symptomatic, and starts to rise quickly again 

when parasitemia is cleared, but can take 4-6 weeks to completely normalize [57]. Since 

infant hemoglobin levels drop off naturally after birth and only begin to recover around six 

months, it is possible that infection with P. falciparum during this sensitive period may be 

responsible for prolonged hemoglobin recovery times. Reducing the burden of malaria 

through increased ITN distribution, indoor residual spraying, and prompt treatment is 
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associated with reduced incidence on anemia in children in sub-Saharan Africa [109,110]. 

Our results show the long-lasting impact of early malaria infections and disease on infant 

hemoglobin levels, which put them at increased risk for anemia, and reinforce the need to 

control malaria transmission as part of a strategy to improve all cause morbidity and 

mortality in malaria endemic communities. 

The primary limitation in this analysis was the absence of nutritional and 

breastfeeding data as well as sparse data on intercurrent illnesses. No breastfeeding data 

was collected in the Liwonde cohort and the breastfeeding data for the Mfera cohort was 

limited to whether mothers were still breastfeeding or not at the time of the visit, with no 

indication of when mothers began supplementing with solid food. Mothers in the Mfera 

cohort all reported breastfeeding until the end of follow-up, so we are confident that dietary 

variation was not different between exposed and unexposed infants in the hemoglobin 

analysis. Without additional nutritional data, we could not measure the effect of diet on 

weight-for-age z-scores. Data was collected on illnesses such as diarrhea, which could 

potentially confound findings, but cases were so sparse that they ultimately were not 

included in the statistical analysis. Infants experience a natural decline in hemoglobin 

levels after birth that could also confound our results, but only measuring hemoglobin after 

six months ensured that this natural period of decline was passed and did not affect our 

results [111]. 

In conclusion, this study demonstrated that infants with P. falciparum infection or 

clinical malaria in the first six months of their lives have chronically lower hemoglobin 

levels than uninfected infants in the same cohort. These results suggest that early malaria 

exposure has a long-term impact on early childhood health. 
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CHAPTER VI. DISCUSSION 

With nearly half the world population at risk of malaria, control and elimination of 

the disease continues to be a leading goal of global public health institutions. Malaria is 

responsible for an estimated 229 million annual cases and over 400,000 deaths, most of 

which were in sub-Saharan Africa and among children under five [6]. Before infants reach 

six months of age, they are perceived to be protected from clinical malaria symptoms by 

maternal antibodies transferred through the placenta, lactoferrin from breastmilk, and fetal 

hemoglobin [2,37]. Because of this perception, infants have historically been excluded 

from observational studies, clinical trials, and malaria surveillance activities resulting in a 

lack of data pertaining to risk factors unique to infants and potential downstream health 

implications of early malaria exposure. 

The limited observational research that includes infants under 6 months confirms 

that P. falciparum infection and clinical malaria are prevalent in this population in sub-

Saharan Africa [5,38,39]. Observational studies have indicated that infants born to mothers 

with placental malaria are at an increased risk of malaria themselves [40–44]. IPTp is 

employed to reduce incidence of placental malaria but due to increases resistance to SP in 

the region, there is an active search for viable alternatives. DP is highly efficacious at 

clearing malaria parasitemia and is a leading candidate to replace SP as the new standard 

of care [35,36]. Other studies have measured the effect of SP and DP on placental 

parasitemia, anemia, and infant birthweight, but few studies have compared risk of malaria 

in infants exposed to IPTp-SP to infants exposed to IPTp-DP. 

Although infants should be protected from clinical malaria for their first six months 

of life, maternal antibodies actually begin to wane and infants can present with 



94 

 

symptomatic malaria several months earlier than that [103]. It is unclear why some infants 

experience clinical illness and not others and could be an indicator that these infants are 

predisposed to higher malaria risk because of increased environmental risk or a failure of 

their immune system to mount an appropriate inflammatory response. In addition to 

potentially being a risk factor for more malaria in early childhood, presenting with malaria  

before six months of age may be associated with other downstream health outcomes. 

Malaria is a known cause of anemia in children in endemic regions but again the literature 

comes up short in describing the association with malaria in infants under 6 months of age 

[57]. 

The aims of the research presented here were designed to define the risk factors for 

infant malaria and how infant exposure to malaria may impact health outcomes in early 

childhood. The aims were threefold: 1) Measure the impact of IPTp regimen on the 

subsequent risk of malaria in infants; 2) Characterize P. falciparum infection and clinical 

malaria incidence in the first six months and the subsequent risk of malaria in early 

childhood; 3) Assess the impact of early P. falciparum infection and clinical malaria on 

weight-for-age z-scores and hemoglobin concentrations in early childhood. 

 

Main findings 

 Infants experienced 241 episodes of any malaria during their first six months, 69 

of which were clinical malaria.  Overall incidence of malaria for the first 6 months was 1.1 

episodes per infant-year and incidence of clinical malaria was 0.32 cases per infant-year. 

Incidence of any malaria between 6 and 24 months among all infants was 1.88 infections 

per person-year and incidence of clinical malaria among all infants during this period was 



95 

 

0.94 episodes per person-year. Clinical malaria incidence was lower than expected in the 

Liwonde cohort at 0.29 episodes per-person year during follow-up, but in the Mfera cohort 

the incidence rate was closer to what was expected of a high transmission area with an 

incidence of 2.22 episodes of clinical malaria per person-year. Lastly, one-third of mothers 

in the Liwonde cohort had placental malaria at delivery. 

 Previous observational studies identified an association between maternal 

malaria and increased risk of clinical malaria in infants, but little data exists on the effect 

of IPTp regimen on infant risk of malaria infection or disease. Placental parasitemia is 

believed to impact infant immunity to malaria, therefore if there is a difference in the 

effectiveness of IPTp regimens, it may impact infant risk of infection or clinical malaria. 

In chapter 3 we used data from a cohort of infants assembled from a previous clinical trial 

that randomized pregnant women to IPTp-SP and IPTp-DP to measure the effect of IPTp 

regimen on infant risk of malaria. Since DP is expected to be more effective at preventing 

maternal malaria in regions of increasing resistance to SP, we hypothesized that infants 

born to women randomized to IPTp-DP will have a longer time to first P. falciparum 

infection and first clinical malaria episode compared to infants born to women randomized 

to IPTp-SP. This study design took advantage of the clinical trial randomization to control 

for exposure risks factors shared by mothers and infants which are otherwise difficult to 

control for in observational studies. 

There were no observed differences in days-to-first episode of clinical malaria 

(HR= 0.92, 95% CI: 0.58-1.48) or days to detection of first P. falciparum infection (HR= 

1.05, 95% CI: 0.8-1.39) based on IPTp exposure. The effect of IPTp regimen did not differ 

significantly regarding incidence of clinical malaria (IRR= 1.03; 95% CI: 0.58 – 1.86) or 
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incidence of infection (IRR= 1.18; 95% CI: 0.92-1.55). We also did not find that placental 

malaria exposure was associated with higher incidence of clinical malaria (IRR= 1.03; 95% 

CI: 0.66-1.59) or higher incidence of P. falciparum infection (IRR:= 1.15; 95% CI: 0.88-

1.50). Our models adjusted for infant sex, season of birth, and maternal gravidity. These 

findings may be due to the low overall incidence of infection and clinical malaria in the 

study sample. 

In chapter 4 we described the epidemiology of P. falciparum infection and clinical 

malaria in infants and young children. Early malaria infection was also assessed as a 

potential risk factor for higher incidence of subsequent malaria. It is believed that maternal 

antibodies and other immunological factors play a role in protecting infants from clinical 

malaria and infection in the first six months of life, but evidence shows that parasitemia 

can be high and clinical malaria not uncommon at this age in areas of high transmission. 

One cause could be that early infections build immune tolerance to Plasmodium parasites 

leading to a failure to mount an inflammatory response. Acquired immunity can also start 

to protect infants as early as 18 months, so early infections and clinical malaria could be 

associated with lower incidence in the first two years of life. We hypothesized that infants 

with early infections or episodes of clinical malaria may have a different risk profile for 

subsequent malaria compared to infants without parasitemia.  

Among infants exposed to P. falciparum infection during their first 6 months P. 

falciparum both infection incidence was higher (IRR= 1.59, 95% CI: 2.37-1.85) and 

clinical malaria incidence was higher (IRR= 1.76, 95% CI: 1.42-2.19) than among the 

unexposed. Similarly, among infants exposed to clinical malaria during their first 6 months 

both P. falciparum infection incidence was higher (IRR= 1.64, 95%CI: 1.38-1.94) and 
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clinical malaria incidence was higher (IRR= 1.85, 95% CI: 1.48-2.32) than among the 

unexposed. All  the final models controlled for study site, season of birth, maternal age, 

and gravidity. 

Chapter 5 explored the impact of exposure to P. falciparum infection or clinical 

malaria in the first six months of life on weight gain and hemoglobin levels before 2 years 

of age.  This aim is particularly important given the magnitude of the incidence identified 

in the previous aim, where it is expected that an infant is more likely than not to be infected 

in their first year. Infections of many types are known to be associated with malnutrition 

and poor weight gain. P. falciparum infection or clinical malaria in early life may impact 

weight gain in the same manner and prove to be a risk factor for growth faltering. 

Experiencing malaria infection or disease in the first six months of life, when maternal 

antibodies should be protective, may be indicative of more systemic issues with an infant’s 

health, issues that inhibit growth and development. We hypothesized that mean weight-

for-age Z-scores would be lower from 6 to 24 months among infants exposed to any malaria 

infection or clinical malaria before six months of life compared to unexposed infants. 

Clinical malaria disease or P. falciparum infection is a risk factor for low 

hemoglobin and anemia in young children and experiencing these events in the first six 

months of life may be a risk factor for chronic low hemoglobin in early childhood.  We 

hypothesized that absence of any malaria infection and clinical malaria in the first six 

months of life is associated with higher hemoglobin levels during early childhood 

compared to infants with any malaria infection or clinical malaria in the first six months.  

Infants exposed to asymptomatic P. falciparum infections or clinical malaria in 

their first 6 months of life had lower mean hemoglobin levels than unexposed infants that 
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persisted for at least 24 months, but weight-for-age z-scores are not significantly impacted, 

perhaps because of the likelihood of future infection due to the high incidence rate. After 

controlling for infant sex and low birthweight, infants exposed to clinical malaria had lower 

hemoglobin levels than unexposed infants at every time interval (p=0.02), even when 

controlling for any malaria episodes during follow-up. Mean hemoglobin concentrations 

trended upwards but exposed infants in every analysis had lower concentrations over time 

compared to unexposed infants. Mean WAZ trended downwards in both exposed and 

unexposed infants but did not go below -2 (underweight). These results suggest that infants 

with early episodes of clinical malaria should be monitored for signs and symptoms of 

anemia for at least the first two years of life. The downward trend of weight-for-age z-

scores merits further exploration to determine if the cause is primarily early infection, 

ongoing infections, or nutritional deficiencies.  

 

Strengths and limitations 

This research presented an opportunity to address some of the shortcomings from 

previous observational studies and fill in a few of the knowledge gaps identified in the 

literature. One strength of our study was the classification of infant IPTp exposure based 

on the randomization of mothers to IPTp regimens with very different efficacy in 

preventing malaria. The randomization from the preceding clinical trial made it possible to 

measure the specific contribution of IPTp regimen to infant risk of malaria while 

minimizing confounding by shared risk factors better than any prior study. This strength 

gave us confidence in the interpretation of our findings that IPTp regimen does not impact 

infant risk of malaria. 
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That design element only applied to the Liwonde, but other design elements present 

in both cohorts also lent strength to our study. Most epidemiological studies of malaria in 

young children begin observation at six months or later, while both of our cohorts begin at 

birth. This gives us data on period of life that has not been captured in other studies. 

Additionally, young children are typically clustered together in an age group covering six 

months to five years. With follow-up limited to two years in our cohorts, this study was 

able to assess risk at a particularly vulnerable period in a child’s growth and development 

without the confounding influence of older children. The longitudinal design of these 

cohort studies also allowed for measuring malaria incidence, a measure not widely 

available for infants. The estimates achieved here are accurate measures of incidence in 

their respective populations and point to a shift in malaria exposure risk in Liwonde, a 

previously high risk area. Finally, by collecting specimens at every visit and testing using 

multiple techniques, including microscopy and qPCR, we ensured that the smallest levels 

of parasitemia possible were captured and identified asymptomatic infections that might 

have been missed otherwise. 

The primary limitation of our study was limited power to detect a clinically relevant 

difference in malaria incidence between IPTp exposed infants. The Liwonde cohort that 

was used for this analysis had much fewer cases of clinical malaria than anticipated with 

an incidence of 0.25 episodes per person-year among infants exposed to SP and an 

incidence rate of 0.27 episodes per person-year among infants exposed to DP. We speculate 

that this was due to increased community development in the Machinga area combined 

with expanded malaria prevention initiatives resulting in transmission of malaria over the 

course of the study period [101]. 
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Another potential limitation in this study was unmeasured confounding. The first 

case of unmeasured confound was because of an inability to control for malaria exposure 

risk the exposure of interest was malaria. While the randomization of mothers to different 

IPTp regimens in the Liwonde study meant common malaria risk factors for infants and 

mothers are controlled for, there is no such randomization in the Mfera cohort. Further, the 

randomization only applied to analyses with IPTp as the exposure, so a sub-analysis of just 

the Liwonde infants would not have remedied the issue. Geospatial data is available and 

could be used in the future to look for clustering of cases in exposed and unexposed infants 

or to measure proximity to known mosquito hotspots. 

Unmeasured confounding was also a concern in our analysis of weight and 

hemoglobin outcomes. Nutrition is a key contributor to growth outcomes and malnutrition 

is strongly associated with anemia. Breastfeeding data was collected in the Mfera cohort, 

but on closer examination provided  an insufficient level of detail because all mothers 

reported breastfeeding until the end of follow-up and no data was collected on if those 

feedings started to be supplemented with solid food. No breastfeeding or nutritional data 

was available for the Liwonde cohort. 

 

Future research and policy implications 

Results from this study raised as many questions as they answered. Future research 

will need to clarify how much infant risk of clinical malaria in the first six months is 

comprised of environmental exposure versus maternal antibodies and other immunological 

elements that confer protection. One proposed analysis is to use geospatial data to look for 

clustering of exposed infants or to measure proximity to known mosquito hotspots.  
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One policy area that should be assessed as more data becomes available on infant 

malaria burden is the RTS,S administration schedule. Malawi was one of three countries 

selected for the pilot evaluation of the RTS,S/AS01 vaccine for children. The vaccine is 

designed to be administered in four doses, with the first three given between 5 and 9 months 

and the last administered at 2 years [112]. Our study found that clinical malaria episodes 

can begin as early as 3 months. In communities where clinical malaria regularly presents 

before children reach 6 months of age, it may be worthwhile to measure how infection or 

clinical malaria episodes prior to the first vaccination might impact vaccine efficacy.   

 

Conclusion 

 In conclusion, this research contributes valuable scientific knowledge to the study 

of malaria in infants because it is one of few studies to examine the effect of IPTp regimen 

on infant risk of malaria and look at the downstream health implications of P. falciparum 

infection and clinical malaria exposure before six months of life. In a cohort of infants born 

to mothers randomized to IPTp regimens, we found that time-to-first malaria or clinical 

malaria episode did not differ significantly between infants exposed to IPTp-DP and those 

exposed to IPTp-SP. IPTp regimen also had no effect on P. falciparum infection and 

clinical malaria incidence in early childhood. We observed a clinical malaria incidence rate 

of 0.32 episodes per person-year in infants before six months of life and an incidence rate 

of 1.1 episodes of any malaria infection in infants before six months. A significant 

association was found between infants exposed any malaria infection in their first six 

months of life and their subsequent incidence of P. falciparum infection and clinical 

malaria episodes during early childhood. Infants exposed to malaria in their first six months 
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are not at increased risk for lower weight-for-age z-scores compared to their unexposed 

peers, but they have a significant risk of lower hemoglobin concentrations that will carry 

on throughout their first two years of life.  
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APPENDIX A: COMPARISON OF MOTHERS PARTICIPATING IN LIWONDE 

INFANT COHORT TO RCT PARTICIPANTS WHO DID NOT CONSENT TO 

THE COHORT 

 RCT no cohort  

(n=214) 

Infant cohort 

(n=387) 
P-value 

 Age at enrollment Mean (SD) 24 (6) 25 (6) 0.42b 

 Marital status, n(%)  

Single 

Married  

Widowed  

Separated/Divorced 

17 (8) 

196 (92) 

0 (0) 

0 (0) 

19 (5) 

363 (93) 

2 (1) 

2 (1) 

0.42c 

Years of education, 

n(%) 

 0 – 4 

5 – 8 

9+ 

48 (22) 

103 (48) 

63 (29) 

65 (17) 

201 (52) 

121 (31) 

0.24a 

Maternal source of 

income, n(%) 

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

7 (3) 

42 (20) 

11 (5) 

150 (71) 

23 (6) 

84 (21) 

35 (9) 

244 (63) 

0.10a 

Spouse source of 

income, n(%) 

Formal employment  

Vendor/Self-employed  

Subsistence farmer 

 None  

45 (21) 

127 (59) 

16 (7) 

13 (6) 

106 (27) 

208 (54) 

27 (7) 

34 (9) 

0.31a 

Gravidity, n(%) 
First Pregnancy 

2+ 

71 (33) 

141 (66) 

114 (29) 

271 (70) 
0.52a 

Bed net at home, n(%) 
No  

Yes 

74 (35) 

140 (65) 

146 (37) 

241 (63) 
0.44a 

aChi-square test; bT-Test; cFisher’s exact test;  
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APPENDIX B: PARAMETER ESTIMATES FOR WEIGHT-FOR-AGE Z-

SCORES AND MALARIA EXPOSURE BEFORE REDUCING THE MODEL 

 Parameter estimatea P-value 

Any malaria infection   

Any malaria infection first 6 months -0.2204 0.06 

Infant age*any malaria infection  0.01917 0.30 

Infant age*Mfera site 0.01755 0.31 

Infant age -0.1333 <.0001 

Mfera site 0.04047 0.75 

Male -0.2456 0.009 

Season of birth (rainy) 0.02475 0.81 

Gravidity -0.08449 0.54 

Maternal age 0.009932 0.36 

Low birth weight (<2.5kg) -0.4835 0.008 

Ongoing malaria infections 0.000327 0.99 

Asymptomatic P. falciparum infection 

Asymptomatic Pf infection first 6 months -0.2804 0.03 

Infant age*asymptomatic Pf infection  0.01657 0.41 

Infant age*Mfera site 0.01090 0.54 

Infant age -0.1343 <.0001 

Mfera site 0.009697 0.95 

Male -0.2681 0.009 

Season of birth (rainy) -0.01686 0.88 

Gravidity -0.1126 0.44 

Maternal age 0.007807 0.50 

a linear continuous mixed effects model 
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Appendix B continued 

 

 Parameter estimatea P-value 

Low birth weight (<2.5kg) -0.5165 0.01 

Ongoing malaria infections -0.01626 0.70 

Clinical malaria 

Clinical malaria first 6 months -0.06459 0.69 

Infant age*clinical malaria  0.03462 0.15 

Infant age*Mfera site 0.01475 0.40 

Infant age -0.1312 <.0001 

Mfera site 0.02206 0.87 

Male -0.2471 0.009 

Season of birth (rainy) 0.001821 0.99 

Gravidity -0.07579 0.58 

Maternal age 0.008301 0.45 

Low birth weight (<2.5kg) -0.4745 0.009 

Ongoing malaria infections -0.01004 0.80 

a linear continuous mixed effects model 
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APPENDIX C: PARAMETER ESTIMATES FOR HEMOGLOBIN LEVELS AND 

MALARIA EXPOSURE BEFORE REDUCING THE MODEL  

 Parameter estimatea P-value 

Any malaria infection   

Any malaria infection first 6 months -0.3831 0.12 

Infant age*any malaria infection  -0.03608 0.43 

Infant age 0.2673 <.0001 

Male 0.07941 0.62 

Season of birth (rainy) -0.1738 0.34 

Gravidity 0.2428 0.13 

Ongoing malaria infections -0.1656 0.11 

Asymptomatic P. falciparum infection 

Asymptomatic Pf infection first 6 months -0.2380 0.41 

Infant age*asymptomatic Pf infection  -0.08678 0.12 

Infant age 0.2599 <.0001 

Male 0.1891 0.31 

Season of birth (rainy) -0.2353 0.28 

Gravidity 0.2098 0.26 

Ongoing malaria infections -0.06663 0.57 

Clinical malaria 

Clinical malaria first 6 months -0.2380 0.41 

Infant age*clinical malaria  -0.08678 0.12 

Infant age 0.2599 <.0001 

Male 0.1891 0.31 

Season of birth (rainy) -0.2353 0.28 

Gravidity 0.2098 0.26 

Ongoing malaria infections -0.06663 0.57 

a linear continuous mixed effects model 
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