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Abstract 
 

Globally, young children continue to die or fail to thrive from treatable and preventable causes 

including low birthweight (LBW), childhood undernutrition (wasting, stunting, underweight) 

and infectious diseases. Reducing the burden of these are an essential pillar of global child 

health and survival targets. These global trends are reflected in Papua New Guinea (PNG), a 

resource constrained setting that continues to observe high rates of illness and death in young 

children with LBW, childhood undernutrition and infectious diseases (especially malaria, 

pneumonia and diarrhoea) continuing to be the leading causes. Improving child health and 

survival in PNG requires evidence about the risk factors for LBW, sub-optimal growth and 

infectious diseases, as well as the inter-relatedness of risk factors, that can inform policies and 

identify appropriate interventions and strategies. This thesis aims to address critical knowledge 

gaps in this area and provide insights to inform interventions and strategies aimed at reducing 

low birthweight, childhood undernutrition and malaria in young children in PNG and globally.  

 

LBW is caused by a multitude of factors which are often inter-related and with that, it is often 

difficult to distinguish between independently direct and indirect effects. Moreover, current 

interventions targeted at preventing LBW generally assume a single dominant cause 

overlooking the inter-relatedness of risk factors and the possibility of factors exerting joint 

effects on LBW. These are difficult to establish with widely used standard statistical methods 

and have therefore been rarely investigated. Using structural equation modelling, we showed 

intermittent preventive treatment of malaria during pregnancy with sulphadoxine-

pyrimethamine (SP) plus azithromycin (AZ) to be independently directly associated with 

reduced probability of LBW. Unexpectedly, anaemia at enrolment was also directly associated 

with reduced probability of LBW. Maternal undernutrition at enrolment was independently 

directly associated with increased probability of LBW. No significant indirect associations 

between risk factors and LBW were established.  

 

After birth, children in lowlands PNG experience high rates of malaria, pneumonia and 

diarrhoea alongside undernutrition. Infections and undernutrition are believed to have a bi-

directional relationship and whilst the effect of undernutrition on risks of illness and death is 

well known, little is known about the effects of malaria, pneumonia and diarrhoea on growth 

faltering, particularly among PNG children. By using multivariable regression and distributed 
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lag models for data analysis, we observed malaria pneumonia and diarrhoea to have a 

differential impact on child growth. The effect of acute malaria on child growth was observed 

to be long-term while pneumonia and diarrhoea had short-term effects lasting up to 3 months.  

 

Of these three diseases, malaria was once ranked the top leading infectious cause of childhood 

morbidities and mortality in PNG, especially in lowlands PNG. The nationwide scale-up of 

malaria control interventions significantly reduced overall malaria transmission between 2008 

and 2014 but a detailed understanding of the impact of this changing transmission on the 

epidemiology and risk profile of malaria infections and disease due to the two main species in 

young children was lacking. By analysing three consecutive longitudinal child cohorts (1-5-

year-old children) conducted over the period of improved control (2013), we observed a 

differential impact of improved control on P. falciparum and P. vivax. Additionally, we showed 

that with declining malaria transmission, burden of malaria infections and illness were highly 

spatially localised to areas that had the highest burden prior to scale-up, highlighting potential 

hotspots of transmission.  

 

Collectively, the findings from this thesis provide important insights for improving child health 

in PNG and globally.  
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Summary  
 

It is widely recognised that the earliest years of a child's life are the most critical period. The 

foundations for their future health, growth and development are believed to be established 

during this period with substantial evidence linking adversities in first 1000 days to poor 

respective outcomes later in life with intergenerational influences. Preventing adversities and 

promoting adequate nutrition and nurturing care during this period are therefore crucial to 

ensuring a healthy and promising start to a child's life. Like Jawaharlal Nehru, the first Indian 

Prime Minister once quoted, "Children are like buds in a garden and should be carefully and 

lovingly nurtured, as they are the future of the nation and the citizens of tomorrow".  

 

Globally, low birthweight, childhood undernutrition - which comprises stunting (too short for 

one's age), wasting (too thin for one's height) and underweight (too light for one's age) - and 

infectious diseases (especially malaria, pneumonia and diarrhoea) have consistently been the 

leading causes of deaths and suboptimal health, growth and development among young 

children. Reducing the burden of these health problems is therefore an urgent global priority 

making them an essential part of global child health and survival goals or targets. Achieving 

these goals will require detailed understanding of these causes to be able to identify appropriate 

interventions and strategies that can prevent them.   

 

The global trends for child health are also reflected in PNG where child death rates remain 

alarming with more than 40 under-5 deaths per 1, 000 livebirths and approximately 15% of 

neonates are born low birthweight each year. The prevalence of stunting remains very high, 

with almost 50% of children aged under 5 years old are stunted. Notably, this has remained 

unchanged for over three decades. In addition, the country is experiencing an increase in the 

burden of wasting, which was extremely rare but is becoming common (~14%). Malaria, 

pneumonia and diarrhoea continue to be the major contributors to childhood morbidities and 

mortality. In resource constrained settings such as PNG, where availability and accessibility to 

affordable and quality resources for the care of LBW newborns is limited, preventing the 

occurrence of LBW is the top priority. The high burden of infectious diseases alongside 

undernutrition presents challenges for the long-term health, growth and development of PNG 

children. Reducing the burden of infectious disease and undernutrition is therefore of highest 

priority in PNG. By combining various unique cohorts with advanced statistical methods, this 
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thesis aimed to investigate LBW, undernutrition and infectious diseases in detail such that the 

information and knowledge generated may provide important insights that can inform policies 

that may contribute to improving child health and survival in PNG and globally.  

 

Chapter 1: In this introductory chapter, the background and rationale for the work undertaken 

in this thesis is provided. This includes a review on the global situation for child health, 

providing an overview of the burden and trends in child mortality and suboptimal health, 

growth and development in the context of existing challenges and priorities.  

 

We give an overview of malaria with a brief description of the life cycle of malaria to highlight 

the unique biological differences between P. falciparum and P. vivax, the two predominant 

Plasmodium species investigated in this thesis. The changing epidemiology of malaria in PNG 

is as a result of the nationwide scale-up of malaria control interventions is described. Although 

malaria affects all age groups in PNG, we focused this review in line with the maternal and 

child health focus of the thesis, highlighting some of the common consequences of malaria 

including malaria in pregnancy and the associated mechanisms through which malaria may 

cause adverse birth outcomes. Severe anaemia during childhood as mechanism through which 

malaria may cause child mortality is also described. An overview of LBW highlights the 

mechanisms via which intrauterine growth restriction and preterm delivery may occur leading 

to LBW, as well as the challenges LBW presents given its complex causality. Lastly, we give 

an overview of child undernutrition, its burden, causes and consequences.  

 

Chapter 2: In this chapter the methodology of the trials and field studies from which the data 

was sourced is described alongside their key findings. A detailed description of the analytical 

methodology applied is provided, including the fitting a distributed lag model in R.  An 

overview of structural equation modelling (SEM) methodology employed in chapter 3 of this 

thesis is given.   

 

Chapter 3: Reducing the burden of LBW has been a global priority for the past 3 decades, 

with global efforts to implement interventions that target some of the causes of LBW. Yet, it 

has been recently reported by World Health Organisation (WHO) that the rate of decline in the 

past two decades has plateaued, with 15% of newborns still born too small each year. This 

means that every year, 1 in 7 of the newborns will face the highest risk of dying within the first 

month of their life or are at increased risk of having poor motor, social and emotional 
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development as well as being at risk of various adult onset diseases including hypertension and 

diabetes. Moreover, if the rate of decline in LBW continues at the current rate, the global target 

of a 30% reduction in LBW between 2012 and 2025 will most certainly not be met. As such 

there is an urgent need for actions that can accelerate the rate of decline in LBW and the first 

critical step is to gain a detailed understanding of the causes of LBW which ultimately can 

inform appropriate strategies and interventions.  

 

The causes of LBW are multifactorial, but these factors are also often inter-related, i.e., they 

are likely to influence each other to contribute to LBW both directly and indirectly. For 

instance, malaria infection in pregnancy can result in LBW directly but it can also cause 

anaemia which in itself is a risk factor for LBW. The numerous interventions that are currently 

implemented to reduce LBW target specific causes, generally assuming a single dominant 

cause. This clearly does not take into consideration the inter-relatedness of these factors and 

the possibility of joint effects in causing LBW. Developing novel interventions to adequately 

address LBW will entail a detailed insight into the inter-relationships between factors causing 

LBW. Although clearly a high priority, there is currently very limited knowledge on this 

subject. Very often, standard regression models have been employed to investigate the 

association between the risk factors and LBW but the challenge with using these methods is 

that they are unable to distinguish between direct (unmediated effect of a risk factor on an 

outcome) and indirect effects (part of the mechanism through which a risk factor causes an 

outcome is mediated through another risk factor, e.g. malaria causes anaemia which cause 

LBW). 

 

In Chapter 3, using data from a large intermittent preventive treatment of malaria in pregnancy 

(IPTp) trial conducted in PNG, we performed structural equation modelling to examine the 

relationships among selected modifiable risk factors to establish direct and indirect associations 

between these factors and LBW. A structural equation modelling approach utilizes various 

types of models including regression, path and factor analysis to model relationships among 

variables and allows the direct and indirect effects of variables to be distinguished.   

  

The risk factors that were investigated included the IPTp intervention with SPAZ, maternal 

undernutrition, anaemia, iron deficiency, peripheral microscopically confirmed malaria 

infections (any species of any density) and inflammation as indicated by increased C-reactive 

protein (CRP) and/or  ∝-1-acid-glycoprotein (AGP) - all of which were measured at the first 
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antenatal visit. Of these factors, anaemia and IPTp were associated with a significantly reduced 

probability of delivering a LBW baby. The opposite was observed for maternal undernutrition 

with all the observed associations manifesting through direct rather than indirect pathways. No 

statistically significant associations, direct or indirect, were observed for malaria infections, 

iron deficiency and inflammation in this analysis. These findings provide invaluable insight 

into some of the most prevalent causes of LBW, such as maternal undernutrition. The data 

suggests that improving maternal health and nutrition is likely to improve birth outcomes 

independent of the other factors investigated in this analysis. The IPTp intervention also 

appeared to improve birthweight via mechanisms independent of factors that were measured 

factors in this analysis. Although we could not establish mechanisms through which IPTp may 

be improving birthweight hence reducing the risk of LBW in our analysis, it is apparent that it 

can be an important intervention that can concurrently address multiple factors in improving 

birth outcomes.  

 

Chapter 4: Besides LBW, infectious diseases and inadequate nutrition during early childhood 

are major contributors to suboptimal growth during early childhood. Suboptimal growth in 

utero and early childhood is recognised as an important cause of child morbidity and mortality 

as well as being linked to long-term consequence.     

 

Childhood undernutrition and infectious diseases are a common co-occurrence, particularly in 

resource poor countries such as PNG. Whilst they share many common causes, such as 

inadequate access to land or to education among many others, they are also postulated to 

influence each other. It is well documented that undernutrition increases a child's susceptibility 

to infectious diseases and that the child's risk of dying from infectious causes is heightened if 

the child has underlying undernutrition. The inverse of this relationship has also been 

documented in some settings and was initially met with substantial scepticism. However, there 

has been an increase in evidence linking diarrhoeal illness in particular, to undernutrition 

(especially stunting), whilst associations between other infectious diseases and risk of 

undernutrition are inconsistent.  

 

In PNG, data on these associations is limited and yet the there is a persisting high burden of 

both infectious diseases and childhood undernutrition, with rates of stunting unchanged over 

the past three decade and an increasing burden of wasting. It was therefore a high priority to 

explore the influence that these infectious diseases have on the nutritional status of children in 
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Chapter 4. Using data from Intermittent Preventive Treatment for malaria in infants (IPTi)  trial 

conducted on the north coast of PNG, we employed multivariate statistical methods to examine 

the associations of acute episodes of malaria, pneumonia and diarrhoea with childhood 

undernutrition. The potential delayed effects of these diseases were investigated using 

distributed lag models.  

 

Over the study period, a total of 8902 illness episodes were recorded and 26% of these episodes 

were due to malaria, a third were due to pneumonia and 21% were due to diarrhoea. Rates of 

acute co-morbidities between the three were below 11%. As anticipated, stunting was the most 

prevalent form of undernutrition with 61% of the children experiencing stunting at least once 

during the study. Children were classified as underweight in approximately 16% of the 

measurements, whilst wasting was very rarely observed in this cohort (~6%).  

 

Malaria, pneumonia and diarrhoea were observed to have a differential impact on child growth. 

A significant association was observed between pneumonia and risk of a child being 

underweight. No such association was observed for malaria or diarrhoea. No significant 

relationships were observed between any of these three diseases and the risk of stunting. When 

the lag effects of these diseases on child growth were examined, the effect of malaria on child 

growth appeared to be delayed, manifesting up to 6 months after an acute episode. The effects 

of pneumonia and diarrhoea were short-term, lasting up to 3 months after the acute episode.  

Evidence generated in this Chapter provides useful insights to guide the development of 

integrated policies addressing infectious diseases and undernutrition, thereby contributing to 

reducing the burden of undernutrition in PNG and other similar settings.    

 

Chapter 5: Until the early 2000s, malaria was the leading infectious cause of childhood 

morbidities and mortality in PNG. However, beginning 2004, the country joined in the global 

fight against malaria by progressively scaling up a suite of malaria control interventions 

including long-lasting insecticide-treated bed-nets (LLINs), rapid diagnostic tests (RDTs), 

artemisinin combination therapy (ACTs) and primaquine for vivax radical cure. Between 2005 

and 2014, mortality due to malaria, incidence of both severe and acute uncomplicated clinical 

malaria and the prevalence of both P. falciparum and P. vivax infections substantially declined. 

It was therefore of great interest to investigate the impact of this declining transmission on the 

epidemiology and risk profile of malaria infections and disease due to the two main species in 

young children, who are the most vulnerable group. This is the focus of Chapter 5. Evidence 
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generated will also provide insight into the contribution of malaria to high rates of suboptimal 

child growth in PNG.   

 

In this chapter, 3 consecutive longitudinal child cohorts (1-5-year-old children) conducted in 

the same study area across the period of malaria control scale up - prior (2006), during (2008) 

and after five years of improved control (2013) – were analysed. A differential impact of 

improved control on P. falciparum and P. vivax was observed; an immediate reduction in P. 

falciparum infections and clinical episodes as well as P. vivax clinical episodes but not P. vivax 

infections. A decline in the burden of P. vivax infections was only evident in the study that was 

conducted 5 years after the scale up of malaria interventions in the area suggesting that the 

currently implemented interventions may still be effective even for P. vivax, but the effect may 

not be immediately visible. Additionally, I showed that with declining malaria transmission, 

burden of malaria infections and clinical episodes were highly spatially localised to areas that 

had the highest burden prior to scale-up, highlighting potential hotspots of transmission. The 

findings indicate that effective and sustained malaria control reduces exposure to malaria 

infections and disease during early childhood, which is likely to positively impact child growth 

and development.  

  

Chapter 6: In this chapter, a summary of all the main findings of this thesis is provided and 

the relevance or significance of this work in the field are discussed. The results described in 

this thesis expand on the existing knowledge on the commonest causes that continue to affect 

young children and provides important insights for improving child health in Papua New 

Guinea and globally. 
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Preface 

 
The work presented in this thesis used data collected from several studies conducted in Papua 

New Guinea by PNG Medical Institute of Medical Research in collaboration with University 

of Melbourne, Walter and Eliza Hall Institute and Case Western Reserve University.  All the 

analyses were conducted by the author unless indicated.  

 

In chapter 3, we used data that was collected in a large pregnancy intervention trial (named 

IPTp study), conceived and designed by my supervisors Professor Stephen Rogerson and 

Professor Ivo Mueller. The implementation of the study including the supervision of data and 

sample collection and the general coordination of the study was supervised by 4 research 

clinicians; Dr. Sarah Hanieh, late Dr. Regina Wangnapi, Dr. Holger Unger and myself. The 

data used in chapter 4 was collected as part of a large infant intervention trial (named IPTi 

study) that was supervised by Dr. Nicolas Senn and Dr. Patricia Rarau. Associate Professor 

Leanne Robinson supervised reading of peripheral blood slides, results of which have been 

used in all the chapters of this thesis. She and I led the implementation of one of the child 

cohorts (2013 cohort). Dr Anna Rosanas-Urgell and Dr Eline Kattenberg supervised the 

analysis of samples using PCR assays for detection of malaria infections (chapter 5). Dr. 

Stephan Karl, James Cook University, performed analysis on malaria genotype data to create 

dataset of new malaria parasite clones that were used in estimation of molecular force of blood-

stage infections (chapter 5). Dr. Thomas Obadia, Pastur Institut, Paris assisted in estimating 

the molecular force of blood-stage infections and provided the description of the methods 

involved (chapter 5). Dr Sophie Zaloumis, University of Melbourne provided statistical support 

in all my analyses, assisted me with analysis of distributed lag models, generating figures and 

interpretations of the different models and results.  

 

Chapter 5 was published in a peer reviewed journal (Ome-Kaius, M., Kattenberg, JH., 

Zaloumis, S., Siba, M., Kiniboro, B., Jally,S., Razook, Z., Mantila, D., Sui, D., Ginny, J., 

Rosannas-Urgell, A., Karl, S., Obadia, T., Barry, A., Rogerson, SJ., Laman, M., Tisch, D., 

Felger, I., Kazura, JW., Mueller, I., Robinson, LJ. Differential impact of malaria control 

interventions on P. falciparum and P. vivax infections in young Papua New Guinean children. 

BMC Medicine, DOI: 10.1186/s12916-019-1456-9). I was the first author and I performed data 

collation, cleaning and analysis and manuscript writing. The senior authors were Robinson, 
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LJ., and Mueller, I. Obadia, T., and Zaloumis, S. provided assistance in analysis, Kattenberg, 

JH, Siba, P., Kiniboro, B., Jally, S., Razook, Z., Mantila, D., Sui, D., Ginny, J., Rosannas-

Urgell, A., Karl, S were involved in data collection and generation; and all authors were 

involved in review and editing of the manuscript.  
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Over the past two decades, global child mortality has substantially declined (Figure 1.1) with 

the total number of child deaths dropping from 14.2 million in 1990 to 6.2 million in 2018. 

Among children under 5 years of age, the age group that often bears the highest burden of all 

child deaths, the mortality rate (U5MR) decreased by 59% from 93 to 39 deaths per 1, 000 live 

births (United Nations Inter-Agency Group for Child Mortality Estimation (UN IGME) 2019).  

These reductions reflect the substantial progress that has been made in child health and survival 

with most of these reductions attributable to fewer deaths due to infectious diseases, including 

lower respiratory infections, diarrhoeal diseases, measles and malaria (G. B. D. Child Mortality 

Collaborators 2016). However, these gains have not been uniform across regions and countries; 

half of the global under-5 mortality are concentrated in only five countries: India, Nigeria, 

Pakistan, the Democratic Republic of the Congo and Ethiopia with the first two alone 

accounting for about a third (United Nations Inter-Agency Group for Child Mortality 

Estimation (UN IGME) 2019). Overall, these countries together with other low- and middle-

income countries (LMICs) contribute almost all (~98%) of the global under-5 child deaths.  

 

 

Figure 1-1: Global levels and trends in child mortality rates (per 1, 000 livebirths) by ages in the last three 

decades.  

Adapted from the UNICEF-WHO 2018 Levels and Trends in Child Mortality rates report (United Nations 

Inter-Agency Group for Child Mortality Estimation (UN IGME) 2018).   
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In many of the LMICs like PNG, U5MR remain unacceptably high and reducing under-5 

mortality remains an unfinished business. PNG reports among the highest U5MR in the 

Oceania region seeing 40 or more deaths per 1, 000 live births (WHO , United Nations Inter-

Agency Group for Child Mortality Estimation (UN IGME) 2019); missing the country-tailored 

Millennium Development Goal 4 (MDG-4) target of reducing under-5 mortality from 90 (in 

2000) to 32 deaths per 1, 000 livebirths by 2015 (PNG National Department of Health and 

Paediatric Society of Papua New Guinea 2015). The modified MDG-4 target now includes an 

extension of the target period to 2020, to reduce the U5MR to 32 per 1, 000 livebirths by 2020 

(PNG National Department of Health and Paediatric Society of Papua New Guinea 2015). 

Understanding how to improve the chances of survival among young children is thus an 

important area of research in PNG as well as globally.  

 

The current sustainable development goal (SDGs) included a specific target (3.2) which aims 

to reduce neonatal mortality rate and U5MR as low as 12 and 25 deaths per 1, 000 live births 

respectively by 2030 (United Nations). Target 3.2 is one of the 9 targets that are included in 

SDG 3 with the overall goal to ensure healthy lives and promote well-being at all ages (United 

Nations). Finding appropriate programs and approaches to address this target is becoming 

increasingly urgent. Recent evidence suggests that based on the current trends, 53 countries 

will not meet the target unless they accelerate their progress; 28 of these countries will need to 

double or even triple their rate of reduction in order to achieve this target on time (United 

Nations I.G.M.E 2015). Identifying the reasons underlying the poor progress by investigating 

the causes will be key if we are to support all countries to achieve these SDGs. Research 

therefore needs to focus on gaining a better understanding of how to best improve child survival 

and health in resource limited countries with fragile constrained health systems and how this 

knowledge can inform strategies and interventions to address the immediate causes that are 

major contributors of child mortality and morbidity. 

 

1.1 Early child health – issues and priorities 

Under-5 mortality is only the "tip of the iceberg", with more than 200 million children living 

in resource-constrained countries at risk of failing to thrive and unable to reach their full growth 

and developmental potential (Grantham-McGregor, Cheung et al. 2007, Black, Walker et al. 

2016). It has long been recognised that the earliest years of life, especially the first 1, 000 days 

from conception to 2 years of age, are crucial for development and growth (Shrimpton, Victora 
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et al. 2001, Victora, de Onis et al. 2010). Children most rapidly develop and grow both 

physiologically and structurally during these years. Critical stages of development in all 

domains of children’s growth including sensory-motor, cognitive-language and social-

emotional as well as linear growth occur predominantly during this period (Institute of 

Medicine 2000, Thompson and Nelson 2001, Shonkoff, Garner et al. 2012). These first years 

of life are very important as they set the stage for all the future development and growth for 

the child.  

 

Evidence linking adversities during this period to impairment in growth, development and 

health during later childhood and in adult life have been previously demonstrated (Barker and 

Osmond 1986, Barker, Osmond et al. 1989, Grantham-McGregor, Cheung et al. 2007, Black, 

Allen et al. 2008, Victora, Adair et al. 2008, Hoddinott, Behrman et al. 2013, Prendergast and 

Humphrey 2014). This first gained recognition in the early 80s from the research led by David 

Barker; he established epidemiological links between insults (e.g. undernutrition) during 

intrauterine life and infancy and adult diseases and proposed the "Barker Hypothesis" 

(currently known as "foetal origins of adult diseases") suggesting that insults during the 

intrauterine life and early infancy can lead to 'programming' of one's risk for development of 

diseases in adulthood (Barker and Osmond 1986, Barker, Osmond et al. 1989, Barker, Winter 

et al. 1989, Barker, Gluckman et al. 1993). Since then, there has been increasing evidence 

linking adversities during the earliest years with various poor outcomes including poor motor, 

social and emotional development in children, impaired cognition, poor academic 

performance, lower economic productivity later in life, poor physical and mental well-being 

and various adult onset diseases such as hypertension, diabetes mellitus and heart diseases 

(Grantham-McGregor, Cheung et al. 2007, Black, Allen et al. 2008, Victora, Adair et al. 2008, 

Dewey and Begum 2011, Hoddinott, Behrman et al. 2013). Of critical concern is that this 

becomes a vicious cycle of intergenerational transmission of poverty (i.e. deficits in resources 

and assets) and long-term consequences (Ramakrishnan, Martorell et al. 1999, Grantham-

McGregor, Cheung et al. 2007, Martorell and Zongrone 2012, Walker, Chang et al. 2015).  

 

Although, a multitude of factors have been implicated, poverty related factors including LBW 

(defined as birthweight <2500 g), childhood undernutrition and infectious diseases have 

consistently been the leading causes of poor child health and growth; subsequently contributing 

to the high burden of mortality and morbidity as well as the long-term adverse consequences 

observed in the resource-constrained countries (Grantham-McGregor, Cheung et al. 2007, 
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Black, Allen et al. 2008, Black, Cousens et al. 2010, Liu, Johnson et al. 2012, Black, Victora 

et al. 2013, G. B. D. Mortality and Causes of Death Collaborators 2016, United Nations Inter-

Agency Group for Child Mortality Estimation (UN IGME) 2019). Child undernutrition is an 

aggregate of wasting (too thin for one's height), stunting (too short for one's age), underweight 

(too light for one's age), intrauterine growth restriction (IUGR) and deficiencies of essential 

vitamins, that are collectively responsible for about 45% of under-5 child deaths seen in LMICs 

(Black, Victora et al. 2013). Importantly, they have been linked to life-long consequences 

including delayed childhood growth and development (e.g. poor cognition) and various adult 

onset diseases such as hypertension and diabetes mellitus (Grantham-McGregor, Cheung et al. 

2007, Victora, Adair et al. 2008, Dewey and Begum 2011, Upadhyay, Naik et al. 2019). This 

is of a particular concern for PNG where about 11% - 15% of neonates are born low birthweight 

each year (Klufio, Amoa et al. 1997, Unger, Ome-Kaius et al. 2015) and 40% or more of 

children aged under 5 years are stunted. Notably, this indicator has remained unchanged for 

the past three decades (Figure 1.2). Various individual studies have shown similarly high rates 

and the next census, planned for 2021 will provide updated estimates (Goris, Zomerdijk et al. 

2017, Samiak and Emeto 2017). More recently, severe malnutrition is becoming an 

increasingly common presentation in hospitals across PNG constituting 10.2% of hospital 

admissions in 2018 making it one of the top 5 common problems seen (PNG Paediatric Society 

and PNG Department of Health 2018).  

 

Despite the significant reductions observed in their prevalence (Collaborators 2017, Troeger, 

Colombara et al. 2018, McAllister, Liu et al. 2019, WHO 2019), pneumonia, diarrhoea and 

malaria remain the leading infectious causes of under-5 mortality and morbidities globally; 

collectively accounted for about a third of global under-5 mortality in 2018 (United Nations 

Inter-Agency Group for Child Mortality Estimation (UN IGME) 2019). Besides causing ill-

health and deaths in the short term, they have also been linked to childhood growth faltering 

(Checkley, Buckley et al. 2008, Kang, Kreuels et al. 2013, Khalil, Troeger et al. 2018, Troeger, 

Colombara et al. 2018).  However evidence is not consistent across all the settings (Briend 

1990, Briend, Hasan et al. 1990, Black 1991) and is very limited from settings such as PNG. 

Childhood growth faltering in itself is a key predictor of child morbidities and mortality and 

various adverse outcomes later in life (Grantham-McGregor, Cheung et al. 2007, Black, Allen 

et al. 2008, Victora, Adair et al. 2008, Dewey and Begum 2011). Both child undernutrition and 

infectious diseases are highly prevalent, particularly in resource-constrained settings and while 

the associated risks of each with child mortality and other poor outcomes are well established 
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in many settings (as aforementioned), the association between each other remains to be 

clarified in some settings like PNG where they continue to be major contributors of morbidities 

and deaths among young children. Of special interest is the lowlands of PNG where 

pneumonia, diarrhoea and malaria are highly prevalent, especially malaria given its 

hyperendemicity in these areas and yet little is known about their interaction.  

  

Addressing these major health problems of LBW, child undernutrition and infectious diseases 

in settings like PNG will be extremely difficult because of the inequalities and disparities in 

maternal and child health among populations (e.g. between the rural and urban populations), 

the weak health systems and low human capacity for adequate health care delivery (PNG 

National Department of Health and Paediatric Society of Papua New Guinea 2015) and will 

require a better understanding of the underlying causes and the impact of the interventions 

implemented in the country to address health issues by addressing critical gaps in knowledge 

with research and evidence.  

 

 

Figure 1-2: Burden and trends in childhood undernutrition in PNG from 1982 to 2011.  

Source: (WHO).  
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1.2 Pneumonia and Diarrhoea 

1.2.1 Pneumonia 

Pneumonia is an acute respiratory infection of the lungs and is caused by viruses, bacteria and 

fungi. The most common causative agents however are Streptococcus pneumoniae, 

Haemophilus influenzae type b, both of which are already targeted by licensed vaccines 

currently in use and the respiratory syncytial virus. For infants who are immune compromised 

as in those infected with human immunodeficiency virus (HIV), the most common causative 

agent is Pneumocystis jiroveci (Rudan, O'Brien et al. 2013, G. B. D. Mortality and Causes of 

Death Collaborators 2016).  

 

As it is an infection of the lungs, pneumonia is characterised by cough, difficulty breathing 

(shortness of breath) and fever. In resource poor settings, confirmation of pneumonia by chest 

x-ray is of often not possible and relies on clinical presentation. Diagnosis is therefore based 

on the presence of fast breathing with respiratory rate higher than the expected rate for the 

child’s age and chest indrawing, in addition to cough, difficulty breathing and fever. If correctly 

diagnosed, children suffering from pneumonia can be easily managed with low cost antibiotics 

and oxygen treatment among other care that can be provided. Vaccination against the common 

causative agents of pneumonia (e.g. 13-valent Pneumococcal conjugate for Streptococcus 

pneumoniae) have been shown to be an effective strategy to prevent high rates of pneumonia 

(Bhutta, Das et al. 2013, Berical, Harris et al. 2016). Yet, pneumonia continues to be the biggest 

infectious killer of young children claiming one child every 39 seconds worldwide (UNICEF , 

United Nations Inter-Agency Group for Child Mortality Estimation (UN IGME) 2019). This 

is largely because pneumonia is considered a disease of poverty as it is mostly concentrated in 

the poorest populations worldwide (UNICEF). Children living in these settings often have 

limited or no access to vaccines that are currently in use, antibiotics and oxygen treatments, 

reflecting the inequalities in access to available interventions. Efforts to increase access and 

availability of these interventions to children in the disadvantaged populations is critical to 

significantly reducing the global burden of pneumonia-related deaths in young children.  

 

While it is important to continue focussing efforts on ending child deaths due to pneumonia, it 

is also important to be reminded that far more children will survive pneumonia but will fail to 

thrive (Grantham-McGregor, Cheung et al. 2007). Pneumonia not only causes death and acute 

illness in the short-term but children suffering from pneumonia in these early years have also 
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been associated with risk of respiratory sequelae such as restrictive lung disease, obstructive 

lung disease and bronchiectasis later in life (Edmond, Scott et al. 2012, Grimwood and Chang 

2015). Additionally, pneumonia during early childhood has been associated with growth 

faltering during childhood (Rowland, Rowland et al. 1988, Black 1991). Suboptimal growth 

during early childhood have been linked to poor outcomes during later childhood (e.g. poor 

academic performance) and later in adulthood (e.g. low economic productivity) (Grantham-

McGregor, Cheung et al. 2007, Dewey and Begum 2011, Hoddinott, Behrman et al. 2013). The 

reports of the association between pneumonia and growth faltering however are scanty and 

inconsistent (Black 1991). In a small study of 126 infants in an urban community in Gambia, 

Rowland and colleagues showed lower respiratory tract infections to be associated with 

decreased weight gain (Rowland, Rowland et al. 1988). Similar observations were made in a 

much larger study of 7131 under 5 year old children in Bangladesh, where higher rates of 

moderate and severe wasting were observed among children who suffered a recent respiratory 

illness (Rahman, Rahman et al. 2019). Although not specific for pneumonia, a small study 

conducted in the highlands of PNG showed a reduced weight gain during episodes of lower 

respiratory infections (Smith 1991). In contrast to these studies, a case-control study of 100 

cases and 200 controls conducted in Ibadan in Nigeria revealed that a recent respiratory illness 

was not associated with undernutrition (Owoaje, Onifade et al. 2014).  Lack of any association 

was also observed among another study in Bangladeshi children (Torres, Peterson et al. 2000). 

Further research is therefore needed to clarify this association.  

 

1.2.2 Diarrhoea 

Diarrhoea, defined as the passage of three or more loose or liquid stools per day is usually an 

indication of intestinal infections caused by bacteria, viruses and parasites. The two most 

common infecting agents, particularly in the resource-constraint settings are rotavirus and 

Escherichia coli (Kotloff, Nataro et al. 2013, Walker, Rudan et al. 2013, G. B. D. Mortality 

and Causes of Death Collaborators 2016). Diarrhoea is often a result of contaminated food or 

water sources or poor hygiene practices. Access to safe drinking water and adequate sanitation 

and hygiene facilities are globally recognised to be important to prevent diarrhoea which in 

many poor and disadvantaged settings are still lacking. In the 2017 report by WHO and United 

Nations International Children’s Emergency Fund (UNICEF) on the progress on drinking 

water, sanitation and hygiene, 2.3 billion people worldwide still lack basic sanitation services 

and about 1 billion still did not have access to safe drinking water (WHO and UNICEF). Lack 
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of access to these basic essentials allows diarrhoea-causing pathogens to spread more easily 

and continue to put the majority of young children at risk of diarrhoea.  

 

Diarrhoeal diseases have consistently been among the leading causes of child deaths and 

morbidities and been the common reasons for hospital visits and admissions. The children that 

bear the highest burden are those aged under 2 years and those from the resource poor countries 

(Walker, Rudan et al. 2013, United Nations Inter-Agency Group for Child Mortality Estimation 

(UN IGME) 2019). During the past decades, there have been substantial reductions in 

diarrhoea-related under-5 mortality, in part owing to the increasing availability of simple and 

cost-effective interventions such as oral rehydration salts solution (ORS), exclusive 

breastfeeding, zinc treatment and rotavirus vaccine among other treatment and/or preventive 

measures (Bhutta, Das et al. 2013, UNICEF 2015). Yet, in 2018, a period when simple yet 

effective and low-cost interventions are available, diarrhoea remains a major infectious cause 

of under-5 deaths accounting for 8% of global under-5 deaths (United Nations Inter-Agency 

Group for Child Mortality Estimation (UN IGME) 2019). This may largely be due to the 

persisting inequalities in the access to the interventions; only a minority of the children living 

in resource poor settings have access to these interventions (Gill, Young et al. 2013, Wilson, 

Morris et al. 2013). Ensuring universal access to these already existing effective interventions 

in resource poor settings is an important step forward in reducing the burden of diarrhoea-

related deaths.  

 

As equally important as preventing deaths from diarrhoea is preventing the long-term 

consequences of diarrhoea on child health, growth and development. Besides causing death, 

there have also been growing evidence indicating an association between diarrhoea and early 

child growth faltering (Checkley, Epstein et al. 2003, Checkley, Buckley et al. 2008, Richard, 

Black et al. 2013, Khalil, Troeger et al. 2018, Troeger, Colombara et al. 2018). In a study 

conducted among young Peruvian children, diarrhoea during the first 6 months of life was 

associated with permanent height deficits (Checkley, Epstein et al. 2003). Similar diarrhoea 

associated growth deficits were also observed in studies conducted in Brazil, Bangladesh and 

Guinea-Bissau (Torres, Peterson et al. 2000, Moore, Lima et al. 2001, Richard, Black et al. 

2013). Early child growth faltering as it is well known is an important risk factor for poor 

health, social and economic outcomes among others later in life (Dewey and Begum 2011, 

Hoddinott, Behrman et al. 2013, Adair 2014). While these associations are established in some 

settings, such data is lacking in a PNG setting.  
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1.3 Malaria 

Malaria is an infectious disease caused by Plasmodium spp. parasites. The six species known 

to infect humans include P. falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale 

wallikeri and the zoonotic P. knowlesi. The latter is a monkey malaria which is mostly found 

in parts of Southeast Asia. P. falciparum and P. vivax are the two main species; the former is 

the predominant and highly prevalent species in the African continent while P. vivax is the 

most widespread species that is common in Southeast Asia, Western Pacific, South America 

and few areas in Africa. The most virulent species is P. falciparum which accounts for most of 

the infections and the associated disease and deaths. In 2018, P. falciparum accounted for 

almost all of the estimated cases of malaria in the African region, 50% in the Southeast Asia 

region, 71% in Eastern Mediterranean and 65% in Western Pacific (of which PNG is a part). 

P. vivax is increasingly the predominant species in settings outside of Africa; 53% of the global 

P. vivax burden in 2018 was observed in Southeast Asia with almost half of it in India. It is the 

predominant species in the Americas representing 75% of malaria cases in 2018 (WHO 2019). 

The other species are important but often occur at low prevalence where the two main species 

are endemic. Given this thesis is focussed mainly on P. falciparum and P. vivax, this review 

will only cover these two species.  

 

1.3.1 Parasite life cycle 

Infection with malaria in a human host begins with a mosquito bite when an infected female 

anopheles mosquito injects into the skin of the host (human) sporozoites during its blood meal. 

Once inside the host, the asexual phase of the mosquito's life cycle occurs (Mueller, Galinski 

et al. 2009). The injected sporozoites migrate through the circulatory system to the liver where 

they invade hepatocytes (Figure 1.3). At this liver stage, the growth and development differ for 

the two species; whereas P. falciparum parasites will replicate as schizonts until thousands of 

merozoites are developed and released into the bloodstream, P. vivax can either develop into 

an actively dividing schizont subsequently releasing merozoites or remain quiescent in the liver 

(hypnozoite), resuming replication and infection, clinical illness, the potential for transmission 

weeks to years after the first mosquito bite (Mueller, Galinski et al. 2009). This unique ability 

of P. vivax allows it to evade the commonly used blood-stage antimalarials and the dormant 

hypnozoites serve as reservoirs of relapsing P. vivax infections.  
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Upon release into the blood stream, the merozoites invade the erythrocytes; P. falciparum can 

invade both mature (normocytes) and young erythrocytes (reticulocytes) (Pasvol, Weatherall 

et al. 1980, Mitchell, Hadley et al. 1986) while P. vivax only invades reticulocytes or even 

younger immature cells (erythroblasts) (Cromer, Evans et al. 2006). During this blood-stage 

phase, the parasites asexually replicate forming mature schizonts which then rupture releasing 

new merozoites that invade new erythrocytes. Some parasites however will develop into male 

and female gametocytes which if ingested by a mosquito during a blood meal will initiate the 

sexual cycle (Figure 1.3). Another notable difference between the two species is that while 

gametocyte development takes longer for P. falciparum (10 -12 days) and is largely 

sequestered in the bone marrow, the gametocyte development for P. vivax is very rapid, often 

appearing in the bloodstream just three days after the first asexual parasites are observed or 

even before the first symptoms develops, making P. vivax very highly transmissible (Mueller, 

Galinski et al. 2009).   

 

After ingestion by the mosquito during a blood meal, in the mosquito midgut, the gametocytes 

become activated to form gametes which then fuse to produce a zygote. The zygote develops 

into a motile ookinete which later transforms into an oocyst where thousands of sporozoites 

are produced. Upon the rupture of the oocyst, these thousands of sporozoites are released 

migrating to the mosquito salivary glands from where the parasite can be transmitted to the 

next host (Figure 1.3).  
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Figure 1-3: Life cycle of human malaria parasite Plasmodium vivax. 

Once infective sporozoites are inoculated into the skin by female anopheles’ mosquitoes, they reach the 

bloodstream and enter hepatocytes initiating the exoerythrocytic stage. Within the liver, P vivax can either 

differentiate into tissue schizonts, which after thousands of mitotic replications in individual hepatocytes release 

merozoites into the bloodstream or differentiate into a dormant stage called a hypnozoite that, upon activation 

after months or years, causes clinical relapse. The merosome featured here has, so far, only been described in 

malaria in rodents but is predicted to be present in late stage liver infections with P vivax and other species. During 

the erythrocytic stages, P vivax merozoites predominantly, if not exclusively, invade reticulocytes, and these cells 

become enlarged and more deformable. This cyclical developmental process takes about 48 h. In addition, P vivax 

produces specific proteins to create caveola–vesicle complexes that appear as profuse speckling in Giemsa-stained 

blood smears, known as Schüfnner’s dots. Moreover, some P vivax parasites can differentiate into mature 

gametocytes before a clinical infection and illness develops, thus having the advantage of continued transmission 

to the insect vector before the appearance of clinical symptoms and subsequent treatment. Circulating gametocytes 

are a rounded shape and on uptake in the blood meal of anopheles mosquitoes begin the sexual cycle, which 

includes release of the male and female gametes, fertilisation, and formation of a motile ookinete that crosses the 

midgut epithelium. Differentiation into a new replicative form known as the oocyst, release of sporozoites, 

migration, and invasion of the salivary glands ends this complex life cycle in which the parasite undergoes more 

than ten stages of cellular differentiation and invades at least four types of cells within two different hosts.  

Source (Mueller, Galinski et al. 2009) 

 



35 

 

1.3.2 The changing epidemiology 

Concerted global efforts through large increases in funding and increased political commitment 

have supported the scale-up of core malaria interventions such as indoor residual spraying and 

insecticide treated nets as well as the significant improvements in malaria diagnosis and 

treatment strategies which have now reached many people living in malaria endemic areas 

(WHO 2019).  As a result, there have been substantial reduction in the overall malaria 

transmission and the burden of malaria morbidities and mortalities; with 30% (228 million) 

fewer malaria cases and 60% (405 000) fewer deaths in 2018 as compared to that in 2000 

(WHO 2019). Although impressive, there are still 272 000 young children dying from malaria 

every year, i.e. about 67% of all malaria deaths that could occur in a year.  

 

Of great concern lately is that despite these gains, the rate of progress has been stalling since 

2014 (WHO 2019). Globally, almost 85% of all malaria cases are concentrated in just 19 

countries: India and 18 African countries; and while reductions were seen in some of these 

countries (India, Uganda and Zimbabwe), there were notable increases in others like Ghana 

and Nigeria while no progress was made in other 14 countries (WHO 2019). Additionally, 

malaria incidence was slightly increased in the Mediterranean and Western Pacific regions 

while a moderate increase was seen in the Americas. Although a widespread species, 85% of 

the estimated cases of P. vivax were concentrated in only 6 countries: India, Afghanistan, 

Pakistan, Ethiopia, PNG and Indonesia. Overall, some progress was made in Africa, however, 

most of the recent successes in the control of malaria was observed mostly in the Southeast 

Asian region, largely owing to the significant reductions made in India, Indonesia and the 

countries in the Greater Mekong subregion. Unless efforts are accelerated across all the regions 

to achieve similar gains, the observed gains may be short lived as has already been seen in 

some settings such as PNG (Hetzel, Saweri et al. 2018) and in the Americas such as Venezuela 

and Nicaragua (Espinoza 2019, WHO 2019).  

 

Significant reductions in the overall malaria transmission have been associated with marked 

shifts to the predominance of P. vivax in some co-endemic settings such as Brazil and Thailand 

(Coura, Suarez-Mutis et al. 2006, Nguitragool, Karl et al. 2019, WHO 2019). Perhaps the major 

factor contributing to this change is the relatively poor uptake and/or adherence of anti-

hypnozoite treatment (like primaquine) (Khantikul, Butraporn et al. 2009, Takeuchi, 

Lawpoolsri et al. 2010). Although, compared to P. falciparum, P. vivax possess unique 

biological abilities and qualities such as: the ability to lie dormant in the hepatocytes as 
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hypnozoites and serve as reservoir of relapsing infections; its preference for reticulocytes 

allowing it to avoid hyperparasitaemia hence evade detection and treatment; its ability to form 

gametocytes rapidly hence early presentation in the bloodstream increasing its transmissibility;  

faster development in its mosquito host; which taken together gives the ability of P. vivax to 

circumvent standard interventions and sustain transmission (Figure 1.3) (Mueller, Galinski et 

al. 2009).  

 

Additionally, heterogeneity in transmission is becoming more pronounced (Ernst, Adoka et al. 

2006, Bousema, Drakeley et al. 2010, Bousema, Griffin et al. 2012). The heterogenous nature 

of malaria transmission has long been recognized, although it is often obscured in areas of high 

transmission, as in these settings the majority of the population are often infected (Strickland, 

Zafar-Latif et al. 1987, Burkot, Graves et al. 1988, Greenwood 1989). However, as 

transmission declines to lower levels, there is a tendency for remaining infections to become 

highly clustered in high-risk populations and high-risk areas, such that a considerable 

proportion of the population may remain free of malaria while others experience multiple 

infections and clinical episodes (Woolhouse, Dye et al. 1997, Bejon, Williams et al. 2010, 

Bousema, Drakeley et al. 2010, Bousema, Griffin et al. 2012). Although not fully understood, 

an interplay of host (age, level of exposure), environmental (e.g. mosquito breeding sites and 

presence of water) and vector factors may play a part in this (Bousema, Griffin et al. 2012).  

 

There has also been an increase in the burden of low-density asymptomatic infections 

following upscale of control interventions (Harris, Sharrock et al. 2010, Waltmann, Darcy et 

al. 2015, Koepfli, Ome-Kaius et al. 2017, Sattabongkot, Suansomjit et al. 2018). Due to 

cumulative exposure, natural acquired immunity in individuals, particularly those living in 

traditionally high transmission areas may remain high for longer period (Galatas, Bassat et al. 

2016); parasite densities are thus likely to remain low and very few people may experience a 

clinical episode. Asymptomatic and submicroscopic infections are more common in adults than 

children and are largely influenced by transmission intensity in a setting. When transmission 

is significantly reduced to very low levels, the burden of asymptomatic and submicroscopic 

infections may be as high as 80% (Waltmann, Darcy et al. 2015, Koepfli, Ome-Kaius et al. 

2017).  
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1.3.3 Malaria in PNG 

Burden of malaria in PNG is among the highest in the Asia Pacific region with over 90% of 

the population considered at risk (Muller, Bockarie et al. 2003, Kazura, Siba et al. 2012). The 

country is home to five out of the six Plasmodium species known to infect humans: 

Plasmodium falciparum, P. vivax, P. malariae, P. ovale curtisi and P. ovale wallikeri; with 

intensity of transmission geographically variable across the country (Mehlotra, Lorry et al. 

2000, Muller, Bockarie et al. 2003, Hetzel, Morris et al. 2015). P. falciparum and P. vivax are 

the two main species with P. falciparum reaching hyper-endemic levels in most parts of the 

coastal and lowlands, particularly along the north coast of PNG (Genton, al-Yaman et al. 1995, 

Muller, Bockarie et al. 2003, Kazura, Siba et al. 2012). The transmission is less intense along 

the south coast of PNG and on the islands of PNG while unstable transmission occurs in areas 

at higher altitude (Muller, Bockarie et al. 2003).  Furthermore, fine-scale spatial heterogeneity 

of malaria endemicity occurs at the village or household cluster level (Cattani, Tulloch et al. 

1986, Mueller, Widmer et al. 2009).  

 

Malaria in PNG is largely transmitted by mosquitos that belong to the Anopheles (An.) 

punctulatus group (Burkot, Graves et al. 1988). This group comprises at least 13 species 

(Beebe, Russell et al. 2015) and are predominantly exophilic and exophagic with differing 

choice of host (Burkot, Graves et al. 1988, Kazura, Siba et al. 2012). Five major vectors widely 

distributed and highly abundant in PNG include Anopheles farauti, Anopheles hinesoru, 

Anopheles farauti 4, Anopheles koliensis and Anopheles punctulatus (Cooper, Waterson et al. 

2009).  All species exhibit differing feeding behaviours, spatial distribution and habitat 

preferences giving rise to marked heterogeneities in transmission patterns across the country. 

 

As in highly endemic areas elsewhere (Marsh 1992, Marsh and Kinyanjui 2006, WHO 2018), 

children under 5 years of age bear the brunt of malarial morbidity and mortality (Genton, 

D'Acremont et al. 2008, Lin, Kiniboro et al. 2010). Pregnant women are also at high risk of 

malaria infection and illness (Allen, Raiko et al. 1998, Mueller, Rogerson et al. 2008). P. 

falciparum is responsible for majority of the infections followed by P. vivax while infection 

with P. malariae and P. ovale are rare (Mueller, Widmer et al. 2009, Hetzel, Morris et al. 

2015). The burden of infections and clinical episodes however are significantly age-dependent; 

whereas, infection and clinical episodes due P. vivax is most common among the younger age 

groups, peaking at 2-3 years of age (Genton, D'Acremont et al. 2008, Lin, Kiniboro et al. 2010), 

P. falciparum infections occur frequently among older children, peaking at 5-7 years of age 
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(Genton, al-Yaman et al. 1995, Michon, Cole-Tobian et al. 2007) (Mueller, Widmer et al. 2009, 

Hetzel, Morris et al. 2015). About 50-80% of P. vivax infections seen in children are likely to 

be due to relapses (Betuela, Rosanas-Urgell et al. 2012, Robinson, Wampfler et al. 2015). 

Overall, the bulk of the infections and clinical episodes observed in the country are contributed 

by children under 9 years of age.  

 

In high malaria transmission settings such as PNG, children are believed to acquire clinical 

immunity to severe malarial disease relatively quickly after a few episodes of infection (Gupta, 

Snow et al. 1999). However, the speed of acquisition of clinical immunity varies for the 

different species with children acquiring clinical immunity to P. vivax more rapidly than to P. 

falciparum (Michon, Cole-Tobian et al. 2007, Lin, Kiniboro et al. 2010). This may be explained 

by the high rates of infection and clinical disease due to P. vivax in early childhood (Genton, 

D'Acremont et al. 2008, Lin, Kiniboro et al. 2010, Manning, Laman et al. 2011). A cohort study 

conducted in 1 - 3-year-old children in 2006 in a moderate-to-high transmission setting in PNG 

showed that children were experiencing 1 - 2 P. falciparum clinical episodes per child per-

year-at-risk (PYAR) and 3 P. vivax clinical episodes per child PYAR (Lin, Kiniboro et al. 

2010). In these same children, the authors showed that the rate of acquiring new genetically 

unique blood-stage infections was 6 new P. falciparum infections per child PYAR (Mueller, 

Schoepflin et al. 2012), while a much higher rate was observed for P. vivax at 14 new infections 

per child PYAR (Koepfli, Colborn et al. 2013). The rate of clinical disease due to P. vivax 

diminishes after 5 years of age even though the infections remain common throughout the 

childhood (Michon, Cole-Tobian et al. 2007, Lin, Kiniboro et al. 2010). On the other hand, 

risks of clinical disease due to P. falciparum continue throughout childhood (Michon, Cole-

Tobian et al. 2007) suggesting that clinical immunity to P. falciparum is acquired much later 

on in adolescence to early adulthood. This clinical immunity has been linked to the children’s 

increasing ability to control the parasite density at levels well below the pyrogenic threshold 

of 2500 and 500 parasites per microliter of blood for P. falciparum and non P. falciparum 

respectively (Michon, Cole-Tobian et al. 2007, Lin, Kiniboro et al. 2010). 

 

Beginning in 2004, with the financial support from the Global Fund to Fight AIDS, 

Tuberculosis and Malaria, PNG scaled up its malaria control program. This included scheduled 

3-yearly nationwide distribution of LLINs which commenced in 2004. Later in 2011, the 

presumptive treatment approach, i.e., administration of antimalarial for all febrile illness 

episodes based on clinical diagnosis was replaced with the test before treat approach. The latter 
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included parasitological confirmation of malaria by either malaria RDT or by light microscopy 

(LM) before antimalarial treatment could be administered. Artemether-lumefantrine (AL) or 

mala-1 as it is known in PNG was introduced as the first-line treatment for uncomplicated 

malaria replacing chloroquine (for adults) and amodiaquine (for children). At that time, 

primaquine was also formally adopted as a treatment for P. vivax malaria. Additionally, IPTp 

with monthly SP was introduced for pregnant women.  

 

In the 10 years that followed (2004 -2014), the country has made significant progress in the 

control of malaria; an unprecedented decline in the overall prevalence of infection (by LM) 

from 11% in 2008/09 to < 1% in 2013/14 (Hetzel, Pulford et al. 2017). Both P. falciparum and 

P. vivax dropped to < 1% from 6.6% and 3.1%, respectively. The reduction was seen across all 

age groups (Figure 1.4). Entomological studies also revealed huge declines in human biting 

rates (Reimer, Thomsen et al. 2016). The significant reduction in the burden of malaria was 

deemed a historical success by many (Hetzel, Saweri et al. 2018) given the complexity of the 

malaria epidemiology and operational challenges in the PNG setting (Mueller, Tulloch et al. 

2005, Hofmann, Karl et al. 2017). In that period, particularly between 2004 and 2012, 

distribution of LLINs was the only large-scale malaria intervention implemented in the country 

(Hetzel, Choudhury et al. 2014, Hetzel, Pulford et al. 2017). More than half (53.9%) of the 

people were using LLINs by 2013/2014, an increase from 32.5% in 2008/09 (Hetzel, Pulford 

et al. 2017). It is therefore plausible that the significant drop in the burden of malaria was due 

largely to the increase in bed net use.  

 

 
Figure 1-4: Prevalence of P. falciparum and P. vivax infection below 1, 600m by age and survey date.  

Source (Hetzel, Pulford et al. 2017) 
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Unfortunately the significant gains made in the 10 years was short-lived with a dramatic 

resurgence of malaria observed across the country after 2013/2014 (Figure 1.5) (Hetzel, Saweri 

et al. 2018). Several underlying factors have been suggested including a reduction in the 

financial support from the Global Fund, decline in PNG public expenditure in the health sector 

and prolonged stock-outs of RDTs and drugs among others (Hetzel, Saweri et al. 2018). Of 

concern is the shift in the peak mosquito biting times to earlier in the evening following the 

mass distribution of LLINs across the country (Thomsen, Koimbu et al. 2017) and recent 

evidence of reduced bio-efficacy of the LLINs that were distributed in PNG since 2013 (Vinit, 

Timinao et al. 2020). However, it is encouraging that insecticide resistance has not yet been 

observed in local mosquito species (Keven, Henry-Halldin et al. 2010, Hetzel, Saweri et al. 

2018, Koimbu, Czeher et al. 2018).  

 

 

Figure 1-5: Prevalence of P. falciparum and P. vivax infection in the general population from 2008 to 2017 

highlighting the resurgence of malaria observed in the 2016-2017 national survey.  

Source ( Hetzel, Saweri et al. 2018).  

 

1.3.4 Clinical manifestations 

Infection with malaria parasites does not always result in ill-health or lead to symptoms. Age 

and immune status (generally as well as specific immunity against malaria) are among many 

other factors that influence this (Gupta, Snow et al. 1999, Michon, Cole-Tobian et al. 2007, 

Lin, Kiniboro et al. 2010, Griffin, Hollingsworth et al. 2015). In any case, there are a variety 

of symptoms and signs that have been associated with malaria including nonspecific symptoms 

such as fever, chills, fatigue, nausea, muscle and joint pain to serious life threatening 

complications such as convulsions and coma as in cerebral malaria, severe respiratory distress 

(a)
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and severe anaemia among others (Allen, O'Donnell et al. 1996, Mockenhaupt, Ehrhardt et al. 

2004, Manning, Laman et al. 2011, Manning, Laman et al. 2012). Most of these symptoms 

may in part be a result of the body's immune response to the constant haemolysis of the infected 

red blood cells (iRBC), the release of parasites and host cellular materials into the bloodstream; 

monocytes and macrophages are activated which in turn induces the release of the 

proinflammatory cytokines such as tumour necrosis factor (TNF) causing fever, nausea and 

vomiting among others (Karunaweera, Grau et al. 1992, Clark and Schofield 2000, Clark, Budd 

et al. 2006).  

 

1.3.5 Maternal and child consequences of malaria  

Malaria can affect individuals of all age groups, but in malaria endemic areas where adult 

populations are relatively immune, the two groups that are most vulnerable are young children 

under 5 years of age and pregnant women (WHO 2019). For young children, it is simply 

because they have yet to develop sufficient immunity against infection due to their lack of 

previous exposure to the parasites. They therefore often bear the brunt of malaria mortalities, 

morbidities and other malaria-related consequences (e.g. anaemia) in the population (Marsh 

1992, Marsh and Kinyanjui 2006, Lin, Kiniboro et al. 2010, Manning, Laman et al. 2011). In 

2018, young children accounted for 67% (272, 000) of all the malaria-related deaths that 

occurred worldwide (WHO 2019). However, out of all infectious diseases that affect young 

children, malaria is the third leading cause of under-5 mortality and is among the top reasons 

for health facility visits and hospital admissions in malaria endemic regions (G. B. D. Mortality 

and Causes of Death Collaborators 2016, Paediatric Society of Papua New Guinea 2017, WHO 

, United Nations Inter-Agency Group for Child Mortality Estimation (UN IGME) 2019).  

 

One of the two common mechanisms through which malaria may be causing severe morbidity 

and mortality is severe anaemia (defined as haemoglobin <50 g/L in children and < 70 g/L in 

adults (WHO Vitamin and Mineral Nutrition Information System (VMNIS))) (Phillips and 

Pasvol 1992, Menendez, Fleming et al. 2000, Manning, Laman et al. 2011). Mild (haemoglobin 

100 - 109 g/L) to moderate (70 - 99 g/L) anaemia however is the common consequences of 

malaria infection in young children; in 2018 25% and 33% of people living in the moderate 

and high transmission sub-Saharan African region in 2018 had mild and moderate anaemia, 

respectively (WHO 2019). Malaria causes anaemia primarily through the increased and often 

premature destruction of red blood cells (RBC) and the decreased erythrocyte production 
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(Menendez, Fleming et al. 2000). Destruction of erythrocytes occurs through constant rupture 

of iRBC and the clearance of the infected as well as the uninfected RBC by phagocytosis and 

hypersplenism, the latter occurs by filtering iRBC from the circulation or ingesting RBC 

without lysis. Decreased RBC production may occur through inflammation-induced 

erythrocyte hypoplasia, dyerythopoiesis and the imbalance in the level of cytokines. 

Consequently, the oxygen carrying capacity of the blood is significantly reduced and therefore 

unable to meet the body's physiological demands. Hypoxia and/or congestive heart failure may 

ensue with eventual death (Menendez, Fleming et al. 2000). Another equally important 

mechanism for development of severe malaria is cerebral malaria; a multifactorial process 

involving parasite sequestration, inflammation, endothelial dysfunction in the brain 

microvasculature leading to vascular leakage with eventual coma and death (Gillrie, Lee et al. 

2012, Storm and Craig 2014, Luzolo and Ngoyi 2019).  

 

Malaria has also been associated with childhood undernutrition (Sharp and Harvey 1980, 

Nyakeriga, Troye-Blomberg et al. 2004, Gari, Loha et al. 2018) although, the reports have been 

inconsistent and less frequent (Black 1991). In PNG, a setting this thesis is focussed on, there 

is limited data on this association, particularly in the lowlands of PNG where malaria is highly 

endemic. A study by Sharp et al in early 1980s showed an association between malaria and 

stunting (Sharp and Harvey 1980), although the study was conducted in children living in the 

highlands of PNG where malaria transmission is usually low and unstable and prone to 

epidemics (Muller, Bockarie et al. 2003, Betuela, Maraga et al. 2012). Moreover, the children 

in the highlands as compared to the coastal and lowlands of PNG are generally of short stature 

(Mueller and Smith 1999, Mueller, Vounatsou et al. 2001) which, altogether may bias this 

observation.  There have also been other reports (Hou 2016). A major limitation of these studies 

in PNG and elsewhere (Bradley-Moore, Greenwood et al. 1985, Deen, Walraven et al. 2002, 

ter Kuile, Terlouw et al. 2003) is the inability to fully control for confounding by factors that 

may affect both malaria and stunting such as nutritional deficiencies, socioeconomic status and 

other infections. However, a study by Kang and colleagues using Mendelian randomization 

and matching to control for potential confounding showed that the risk of stunting was 

significantly increased by 0.32 for every malaria episode (Kang, Kreuels et al. 2013). There is 

some evidence of a pathophysiological link between malaria and stunting. Malaria may cause 

stunting through its effect on bone integrity and growth. Murine malaria models investigating 

the effect of infection on bone tissue demonstrate chronic bone inflammation leading to bone 

loss post-infection (Lee, Maruyama et al. 2017). While associations are mostly reported for 



43 

 

stunting, other forms of childhood undernutrition including wasting which is the most 

dangerous form of undernutrition and underweight have not been thoroughly investigated in 

PNG setting.  

 

The relationship between malaria and child growth as well as the child's vulnerability to malaria 

infection during infancy however begins long before the child is born, i.e. during peri-

conception and pregnancy. Compared to their non-pregnant counterparts, pregnant women are 

more susceptible to malaria and this susceptibility is greatest for the first-time mothers 

(primigravidae). Perhaps the most documented explanation for this is the immunological 

change that occurs to prevent the mother's body from rejecting the foetus. This involves a 

transient suppression of the cell-mediated immunity during the pregnancy. The cell-mediated 

immunity however is important in the development and maintenance of immunity against 

malaria (and other intracellular parasites) and as such, suppression of it during pregnancy 

increases the mother's vulnerability to malaria (Raghupathy 1997, Rogerson, Hviid et al. 2007, 

Abrams and Meshnick 2009). Also of importance is the pregnancy-specific immunity against 

malaria; the parasite antigens expressed on placental iRBC differ to those normally expressed 

on iRBC of non-pregnant individuals nor do they bind to receptors commonly used for 

sequestration (Fried and Duffy 1996, Beeson, Brown et al. 1999). Chondroitin sulfate A, an 

epithelial receptor that becomes available only during pregnancy is used predominantly for 

parasite binding and sequestration in the placenta. Pregnancy-specific immunity against 

placental-binding iRBC is generally absent in first-time mothers and will develop with 

exposure to these parasites over the successive pregnancies. The first-time mothers are 

therefore often the ones suffering the severe effects of malaria, however, this decreases with 

subsequent pregnancies (Rogerson, Hviid et al. 2007, Abrams and Meshnick 2009).  

 

Other possible risk factors for the increased risk of malaria in pregnant women include 

behavioural changes such as the pregnancy-related frequent urination, which at night may 

result in women going outside of their houses where they have increased exposure to night-

biting mosquitoes; hence more likely to be bitten with higher likelihood of being infected 

(Lindsay, Ansell et al. 2000). Hormonal changes may include increased body warmth and 

chemoattractant release, signatures that mosquitoes use to locate pregnant women more quickly 

and easily (if in close range) (Ansell, Hamilton et al. 2002).  
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Malaria in pregnancy can have devastating effects on the mother, her foetus and the newborn 

child. There is now an accumulation of evidence that all malaria infections are harmful but 

infection with P. falciparum leads to more severe deleterious outcomes, being associated with 

increased risk of miscarriage, stillbirth, low birthweight and maternal mortality in malaria 

endemic countries (McGready, Lee et al. 2012, Moore, Simpson et al. 2017, WHO 2019, Saito, 

Briand et al. 2020). Adverse effects caused by P. vivax, the second most common species are 

similar to that of P. falciparum but are less severe (Nosten, McGready et al. 1999, Singh, 

Shukla et al. 1999, McGready, Lee et al. 2012). This may be explained by key biological 

differences between the two species.  P. vivax preferentially invades reticulocytes, which may 

limit hyper-parasitaemia reducing negative impact on birth outcomes. Additionally, P.vivax-

infected erythrocytes do not express erythrocyte proteins that allow them to sequester in blood 

vessels including the placenta. In P. falciparum infections, this sequestration is observed to 

lead to high parasite load and associated increased inflammatory response, an implication in 

the pathogenesis of LBW  (McGready, Davison et al. 2004, Rogerson, Hviid et al. 2007, ter 

Kuile and Rogerson 2008, Mueller, Galinski et al. 2009). There is growing evidence that P. 

vivax parasites sequester in other organs and tissues such as the spleen and the bone marrow. 

The implication of this for P. vivax in pregnancy remains an area of interest. Adequate 

treatment and control of P. vivax malaria during pregnancy is a critical gap due to high 

likelihood of asymptomatic relapsing infections, concerns of antimalarial treatment during first 

trimester of pregnancy and inability for pregnant women to receive primaquine or tafenoquine 

due to the unknown G6PD status of the foetus (Poespoprodjo, Fobia et al. 2008, ter Kuile and 

Rogerson 2008, Saito, Briand et al. 2020).  

 

Effects may also vary by malaria endemicity, including by the mother's level of acquired 

immunity pre-pregnancy. In moderate and high transmission settings, where the women are 

likely to have acquired sufficient immunity before becoming pregnant, the impact of malaria 

can be minimal, often limited to anaemia (defined as haemoglobin < 110 g/L (WHO Vitamin 

and Mineral Nutrition Information System (VMNIS))), although, parasites may be present in 

the placenta hence the foetus often suffers the consequences (Desai, ter Kuile et al. 2007, WHO 

2017, WHO 2019). Conversely, in areas of low and unstable transmissions, where level of 

acquired immunity tend to be low to none, impact of malaria on pregnancy is likely to result in 

severe symptoms and consequences including maternal and foetal death (Nosten, ter Kuile et 

al. 1991, Desai, ter Kuile et al. 2007).  
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The main outcome of malaria in pregnancy that has been consistent is LBW, which is a result 

of preterm delivery (PTD, birth < 37 weeks' gestation) and/or IUGR (Brabin and Piper 1997, 

Kalanda, Verhoeff et al. 2006, Desai, ter Kuile et al. 2007, Briand, Saal et al. 2016, Kapisi, 

Kakuru et al. 2017), with IUGR considered perhaps the major contributor to early child deaths, 

morbidities, delayed childhood growth and development with lifelong consequences 

(Christian, Lee et al. 2013, Katz, Lee et al. 2013, Berglund, Kristrom et al. 2016, Watkins, 

Kotecha et al. 2016).  However, it was also shown that malaria in pregnancy may adversely 

influence childhood growth independent of LBW (Kalanda, van Buuren et al. 2005, Walther, 

Miles et al. 2010). Moreover, children born to women exposed to malaria infection during 

pregnancy have been shown to have an increased risk of malaria-related morbidities (Schwarz, 

Adegnika et al. 2008, Malhotra, Dent et al. 2009, Bardaji, Sigauque et al. 2011, Asante, Owusu-

Agyei et al. 2013, Borgella, Fievet et al. 2013, Sylvester, Gasarasi et al. 2016) and anaemia 

(Desai, ter Kuile et al. 2007, Boel, Rijken et al. 2012) during infancy. The other major 

consequences of malaria in pregnancy include miscarriage, stillbirth and maternal anaemia 

(Desai, ter Kuile et al. 2007, Brabin, Tinto et al. 2019), the latter being an important risk factor 

for maternal mortality, PTD, IUGR, LBW (Malhotra, Sharma et al. 2002, Levy, Fraser et al. 

2005, Figueiredo, Gomes-Filho et al. 2018).  

 

The causes of LBW are however multifactorial (Kramer 1987). There are two main 

mechanisms through which malaria is thought to cause LBW: maternal anaemia and placental 

malaria. Maternal anaemia is a common consequence of malaria during pregnancy (Allen, 

Raiko et al. 1998, Desai, ter Kuile et al. 2007, Huynh, Fievet et al. 2011, WHO 2017, WHO 

2019) and has been associated with LBW and preterm delivery and has been linked to maternal 

mortality (Allen, Raiko et al. 1998, Levy, Fraser et al. 2005, Rahman, Abe et al. 2016, 

Figueiredo, Gomes-Filho et al. 2018, WHO 2019). Suboptimal supply of oxygen and nutrients 

to the placenta and the foetus may adversely affect the growth rate of the foetus resulting in 

IUGR with subsequent LBW.  

 

While the mechanism through which anaemia may cause LBW is clear from this perspective, 

it is noteworthy that the reports of the association of maternal anaemia (or haemoglobin in 

general) with the risk of LBW as well as other adverse birth outcomes have been mixed; it is 

thus a controversial subject in literature. There have been studies that did not show any 

association between maternal anaemia and adverse birth outcomes (Lao and Pun 1996, Xiong, 

Buekens et al. 2000, Abeysena, Jayawardana et al. 2010) while in some, the authors indicated 
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that anaemia may have a positive impact on birth outcomes (Steer, Alam et al. 1995, Steer 

2000, Xiong, Buekens et al. 2003, Dewey and Oaks 2017). Moreover, some studies 

demonstrated an association between higher haemoglobin levels, particularly during the end of 

pregnancy and unfavourable birth outcomes (Garn, Ridella et al. 1981, Murphy, O'Riordan et 

al. 1986, Abeysena, Jayawardana et al. 2010, Dewey and Oaks 2017). Like anaemia, the latter 

association seems biologically plausible; higher haemoglobin levels may increase the viscosity 

of the blood which may result in increased resistance in uteroplacental blood flow causing poor 

placental perfusion and consequently, the adverse birth outcomes (Klebanoff, Shiono et al. 

1989).  

 

In light of the mechanisms by which LBW may occur, it is clear that both low and high 

haemoglobin levels may result in adverse birth outcomes. This is clearly demonstrated in 

several studies showing a U-shaped relationship between haemoglobin levels and the risks of 

adverse birth outcomes, with risks highest at both ends of the haemoglobin range (Garn, Ridella 

et al. 1981, Steer, Alam et al. 1995, Dewey and Oaks 2017). However, the relationship is said 

to vary by gestational age (or trimesters), some of which is owing to the pregnancy-induced 

haemodilution (due to plasma volume expansion). Plasma volume expansion and the increase 

in total red cell mass are physiologically normal haematological changes that occur to 

accommodate for the additional demands of pregnancy. The plasma volume increases 

progressively throughout pregnancy, mostly during the second and third trimesters and is 

believed to plateau at about 32 weeks of gestation. Red cell mass also increases during 

pregnancy but to a much lesser extent and therefore, haemoglobin levels as well RBC count 

and haematocrit are often low (haemodilution) (Hytten 1985, Carlin and Alfirevic 2008, Soma-

Pillay, Nelson-Piercy et al. 2016). The timing or the gestational age at the moment of 

haemoglobin measurement is therefore very important when determining associations between 

haemoglobin levels and risks of adverse birth outcomes. For the studies reporting adverse 

associations between anaemia and birth outcomes, effects of anaemia on LBW appeared to be 

restricted to first trimester of pregnancy while there were mixed reports of such associations in 

the second and third trimesters of pregnancy (Rasmussen and Oian 1993, Hamalainen, 

Hakkarainen et al. 2003, Dewey and Oaks 2017, Rahmati, Delpishe et al. 2017, Badfar, 

Shohani et al. 2019). There was mixed evidence of associations between high haemoglobin 

levels and adverse birth outcomes by trimesters {Dewey & Oaks, 2017}.  
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What remains to be made clear from among these controversies is at what level, i.e. what cut-

off is appropriate to define low and high haemoglobin levels. Moreover, what range of 

haemoglobin levels can one consider appropriate for ensuring optimal birth outcomes (Dewey 

and Oaks 2017). These are needed to clearly identify women that may be at risk of anaemia-

related consequences and may therefore require treatment. So far, it is being shown in some 

studies that only the extreme levels of haemoglobin (e.g. moderate to severe anaemia) were 

associated with adverse birth outcomes (Steer, Alam et al. 1995, Chang, O'Brien et al. 2003, 

Geelhoed, Agadzi et al. 2006, Zhang, Ananth et al. 2009, Kozuki, Lee et al. 2012). In a large 

study conducted in United Kingdom that included women from all ethnicities (Steer, Alam et 

al. 1995), the authors showed haemoglobin of more than 105 g/L to be associated with 

increased risk of adverse outcomes while haemoglobin levels of 95 - 105 g/L were indicated 

to be associated with the lowest incidence of LBW and PTD. As it can be seen, these values 

fall within the range currently defined by WHO as anaemia (haemoglobin <110 g/L); which 

may explain the lack of associations seen in some of the studies as well as the mixed reports of 

associations. It may therefore be useful to re-evaluate the current cut-offs to identify 

appropriate cut-offs that may be of clinical significance as well to reflect the normal 

haematological changes (haemodilution) and the differences across geographical areas.   

 

Besides maternal anaemia, malaria may cause LBW through malaria-induced changes that 

occur at the placental level. Placenta, as perfectly described by Wang and Zhao is a "tree of 

life" that functions like: (1) a lung in oxygen and carbon dioxide exchange, (2) a digestive 

system to absorb nutrients for foetal growth and development, (3) a kidney to remove waste, 

(4) a protective immune barrier to protect the foetus from infections from maternal system and 

(5) an endocrine organ producing hormones and growth factors pivotal to pregnancy 

progression and maintenance as well as supporting and promoting the growth and development 

of the foetus (Wang and Zhao 2010). During normal placental development, extravillous 

trophoblasts (EVT) invade endometrium and remodel the tightly coiled maternal spiral arteries 

into low-resistance high-flow blood vessels to increase placental perfusion. This establishes 

the circulation between the mother and the placenta (uteroplacental circulation) which 

facilitates nutrient and gas exchanges between the mother and the foetus. The development of 

placental blood vessels on the foetal side of the placenta (fetoplacental circulation) determines 

the level of blood flow between the placenta and the foetus. Proper placental vascular 

development is dependent on normal placental vasculogenesis and angiogenesis (Wang and 
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Zhao 2010, Ngai, Weckman et al. 2020). Normal uteroplacental and fetoplacental circulations 

are essential for normal placental function.  

 

Malaria infection in the placenta has been associated with IUGR and LBW (Nosten, McGready 

et al. 1999, Brabin, Romagosa et al. 2004, Umbers, Aitken et al. 2011). In a malaria-infected 

pregnancy, the parasite-infected erythrocytes sequester in the placental intervillous space, a 

key feature of malaria in pregnancy, inducing both localised and systemic immune response 

(Fried, Muga et al. 1998, Fried, Kurtis et al. 2017, Ngai, Weckman et al. 2020). The infections 

are often of high density in the placenta as compared to that in peripheral circulation and the 

trophozoite and schizont stages of parasites which are often absent in the peripheral blood are 

observed to sequester in the placenta (Beeson, Amin et al. 2002, Rogerson, Hviid et al. 2007). 

Placental sequestration is common for P. falciparum while there is limited data on P. vivax, 

although there have been reports of placental changes in some studies of P. vivax (Mayor, 

Bardaji et al. 2012, Souza, Ataide et al. 2013). The link between these changes to placenta 

sequestration and adverse birth outcomes remains to be elucidated (Rogerson, Desai et al. 

2018).  

 

The two notable immunological changes that occur in response to malaria infection in the 

placenta that have been associated with poor birth outcomes are the cytokine imbalance due to 

high production of proinflammatory cytokines including TNF-α, interleukin-(IL)-1β, IL-2, and 

IL-8 (Fievet, Moussa et al. 2001, Rogerson, Brown et al. 2003, Rogerson, Hviid et al. 2007, 

Abrams and Meshnick 2009) and the accumulation of monocytes in the maternal placental 

blood (Ordi, Ismail et al. 1998, Rogerson, Pollina et al. 2003, Rogerson, Hviid et al. 2007, 

Abrams and Meshnick 2009). High levels of TNF-α levels have been associated with LBW 

(Fried, Muga et al. 1998, Rogerson, Brown et al. 2003), IUGR (Moormann, Sullivan et al. 

1999) and PTD (Suguitan, Cadigan et al. 2003), In one study, increased levels of interferon γ 

were associated with low birthweight (Fried, Muga et al. 1998) while in one other study, IL-

1β was associated with pregnancy loss and PTD (Fried, Kurtis et al. 2017).  

 

The increased inflammatory response at the placental level may lead to placental insufficiency, 

i.e. when the placenta fails to deliver adequate oxygen and nutrition to the growing foetus, 

hence resulting in adverse birth outcomes including IUGR (Rogerson and Boeuf 2007), LBW 

(Stanisic, Moore et al. 2015) as well as disorders of amino acid and glucose transport (Boeuf, 

Aitken et al. 2013, Chandrasiri, Chua et al. 2014) which may greatly influence the nutrient 
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supply to the foetus; and the dysregulation of the insulin-like growth hormone axis (Umbers, 

Boeuf et al. 2011) which may impair the growth of foetus. Poor placental development during 

early pregnancy has also been postulated to be the mechanism through which malaria may lead 

to poor adverse birth outcomes, especially IUGR as it is often considered a result of chronic 

malaria. Malaria is said to impair EVT invasion resulting in abnormal placental function 

(Brabin and Johnson 2005, Rogerson, Hviid et al. 2007, Umbers, Aitken et al. 2011). A study 

showed reduced levels of EVT invasion promoting hormones and factors and higher levels of 

invasion-inhibitory inflammatory factors in women who had malaria infection (Umbers, 

Stanisic et al. 2013). Impaired placental vascular development, due to dysregulation of 

inflammatory and angiogenic pathways possibly through activation of the complement 

cascade, alterations in the L-arginine-nitric oxide biogenesis and heme axis have also been 

suggested (Conroy, Silver et al. 2013, Rogerson, Desai et al. 2018, Ngai, Weckman et al. 2020). 

This with impaired trophoblast invasion may therefore result in poor development of the 

placenta and subsequent placental insufficiency leading to poor birth outcomes. The precise 

mechanisms however remain less clear and in particular, there is a lot more that remains to 

know about P. vivax, its role in placental sequestration and that link to adverse outcomes in 

pregnancy.  

 

Effective prevention and treatment (early detection and prompt treatment) of malaria during 

pregnancy is required to protect women and their children from these deleterious 

consequences. WHO recommends a combination LLINs for vector control and IPTp with 

monthly SP for HIV-negative women (WHO , Desai, Hill et al. 2018) or daily co-trimoxazole 

prophylaxis for HIV-positive women (Gonzalez, Sevene et al. 2016, Desai, Hill et al. 2018). 

In low transmission settings of Asia and Latin America, the control of malaria involves active 

screening of infections at the first antenatal visit, passive case detection of symptomatic cases 

and LLINs given as part of antenatal care (Desai, Hill et al. 2018), In PNG, a combination of 

LLINs and monthly SP starting in second trimester is recommended as part of antenatal care. 

Artemisinin combination regimens (e.g. AL) are employed as treatments for clinical episodes 

of malaria in pregnancy.  

 

The protective effect of these interventions against placental malaria and adverse birth 

outcomes are well documented (Dolan, ter Kuile et al. 1993, Shulman, Dorman et al. 1998, 

Browne, Maude et al. 2001, Gamble, Ekwaru et al. 2006, Eisele, Larsen et al. 2010, Radeva-

Petrova, Kayentao et al. 2014). In a review by Gamble et al, the authors showed that treated 
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nets were associated with a reduction in placental malaria in all pregnancies and LBW and 

foetal loss in first to fourth pregnancy (Gamble, Ekwaru et al. 2006). While there is clearly an 

urgent need for alternative drugs to SP, due to the increasing parasite resistance, it is still an 

effective preventive treatment against parasitaemia as well as birth outcomes, at least in settings 

where the severe mutations Pfdhfr I164L and Pfdhps-K540E and are not prevalent (Desai, 

Gutman et al. 2016, Desai, Hill et al. 2018). In a review by Radeva-Petrova et al, IPTp with SP 

was associated with a reduction in the risk of moderate-severe anaemia (by 40%), antenatal 

parasitaemia (by 62%), placental parasitaemia (55%), miscarriage (39%) and LBW (19%) 

(Radeva-Petrova, Kayentao et al. 2014). In PNG, IPTp with SPAZ combination regimen was 

associated with increased mean birthweight (by 41.9g), reduction in LBW (26%), preterm 

delivery and maternal parasitaemia (Unger, Ome-Kaius et al. 2015). However, the impact of 

the currently implemented IPTp regimen of SP on these pregnancy outcomes in PNG remains 

to be evaluated in the context of a routine programmatic intervention.  

 

Unfortunately, the recommended interventions are not reaching everyone at risk. In the 

moderate and high transmission sub-Saharan African region, nearly 40% of pregnant women 

and young children did not sleep under a treated mosquito net and two thirds of pregnant 

women did not receive the recommended three or more doses of IPTp in 2018 (WHO 2019). 

These are reflected in countries like PNG where in 2017, only about 60% young children and 

also 60% of pregnant women slept under a LLIN (Hetzel, Saweri et al. 2018), whilst data on 

IPTp coverage (2009-2014) reveal low coverage with less than 2% of pregnant women 

receiving IPTp (Hetzel, Pulford et al. 2014). There are critical gaps in empowering women, 

communities, and health facilities to increase antenatal care attendance, promote uptake of 

IPTp and addressing health system barriers such as quality of care and medical supply chain. 

Similar lags have been seen for other interventions (van Eijk, Hill et al. 2013, Desai, Hill et al. 

2018, WHO 2019). Apart from the bigger issues such as the lack of political financial 

commitments, the observations that women particularly in the LMICs continue to present late 

for their first antenatal care visits (Simkhada, Teijlingen et al. 2008, Kisuule, Kaye et al. 2013) 

and the issues associated of the supply and uptake of these interventions (van Eijk, Hill et al. 

2013, Hill, Hoyt et al. 2016) may be contributing factors. Unless such factors are addressed to 

achieve a universal coverage of these interventions, women and their children will continue to 

suffer the consequences of malaria.  
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1.4 Low birthweight 

1.4.1 Overview 

The size of a neonate at birth is a reflection of growth in utero and is determined by the duration 

of gestation and the intrauterine growth rate. LBW is therefore a result of either a short 

gestational duration, reduced foetal growth rate hence IUGR or from a combination of the two 

(WHO and UNICEF 2004). In 2015, approximately 15% of all births worldwide (> 20 million) 

were born LBW, that is, one in seven live births (Blencowe, Krasevec et al. 2019, UNICEF 

and WHO 2019). A great majority of these births occur in LMICs but LBW is also fairly 

common among the most disadvantaged populations in the high-income countries (WHO and 

UNICEF 2004, Kim and Saada 2013, Blencowe, Krasevec et al. 2019, UNICEF and WHO 

2019). Considering PTD alone, an estimated 15 million babies are born preterm every year 

(Blencowe, Cousens et al. 2012, March of Dimes 2012, Blencowe, Cousens et al. 2013).  

 

LBW can be measured with validity and precision due to the standard cut-off as defined by 

WHO, i.e., birthweight <2, 500 g, while measuring PTD and IUGR requires an accurate 

estimation of gestational age (Kramer 2003). Measuring PTD and IUGR is often difficult in 

resource poor countries like PNG because of the late and infrequent access to prenatal care 

(Simkhada, Teijlingen et al. 2008, Kisuule, Kaye et al. 2013), poor recollection of last 

menstruation dates and unavailability of ultrasound for early and routine ultrasound 

examinations (Amos, Wapi et al. 1993, Kramer 2003, Jehan, Zaidi et al. 2010). Accurate 

estimation of gestational age is important to health workers in knowing the approximate 

gestational age of a pregnancy which helps health workers to correctly diagnose preterm labour 

and post-dates pregnancies and subsequently manage these conditions appropriately.  

 

Because of the ease and the convenience of measuring it, LBW is the indicator most widely 

used by health workers, particularly in the LMICs to identify newborns at risk. The issue with 

LBW however is that it does not reveal the underlying mechanisms leading to LBW, i.e., 

whether LBW is caused by preterm delivery or by IUGR as it does not adjust for gestational 

age. Moreover, it excludes children who may have been growth restricted or born preterm but 

not of LBW (Rijken, De Livera et al. 2014) and yet, these children are also at increased risk of 

adverse health outcomes. Nevertheless, LBW remains a widely used measure of adverse 

pregnancy outcome in research (Rijken, De Livera et al. 2014) and has been demonstrated 

repeatedly to be the most important determinant of childhood morbidities and mortality and a 
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significant contributor to growth faltering in early childhood and adverse health outcomes later 

in life (Bukenya, Barnes et al. 1991, Barros, Huttly et al. 1992, Arnold, Hoy et al. 2016, 

Berglund, Kristrom et al. 2016, Watkins, Kotecha et al. 2016). In recognition of these adverse 

effects, identifying ways to reduce LBW is an urgent global agenda and the global community 

pledged their commitment to achieve a 30% reduction in LBW by the year 2025 (WHO 2014). 

Achieving this target will require interventions and strategies that can prevent the causes of 

LBW.   

 

1.4.2 Causes and mechanisms 

1.4.2.1 Intrauterine growth restriction  

Causes of LBW are multifactorial and often inter-related (Kramer 1987, Ashorn, Hallamaa et 

al. 2018). Whereas LBW due to PTD is generally common in high-income countries, majority 

of the LBW seen in LMICs are due to IUGR (Kramer 1987). Importance of risk factors causing 

LBW may therefore differ across settings. This can have significant implications for policy 

making and strategizing interventions; standardised strategies may not have the same impact 

in all the settings as importance of one risk factor in causing LBW in one setting may not be 

the same in the other setting (Kramer 1987). To effectively address LBW thus requires 

identifying causes that are important in that setting. In resource poor settings where almost all 

of the LBW occurs, LBW can be attributed to a wide range of factors, most of which are 

preventable including but not limited to: infections such as malaria, reproductive tract 

infections, HIV, inflammation and nutritional conditions such as maternal undernutrition, 

micronutrient deficiencies and anaemia (Kramer 1987, Brabin and Piper 1997, Levy, Fraser et 

al. 2005, Walker, ter Kuile et al. 2014, Zheng, Suzuki et al. 2016, Lufele, Umbers et al. 2017, 

Shankar, Kumar et al. 2019, Shava, Moyo et al. 2019, Unger, Hansa et al. 2019). Other key 

risk factors of LBW include maternal smoking, low socioeconomic status, primigravidae and 

female infant (Kogan 1995, Okah, Cai et al. 2005, Watson-Jones, Weiss et al. 2007, Bharati, 

Pal et al. 2011).  

 

IUGR occurs when foetal growth rate is reduced resulting in the foetus failing to reach its 

expected biological growth potential. Normal foetal growth is regulated by 4 main processes. 

Expected foetal growth potential is genetically predetermined by the parents’ characteristics 

which is further modulated by foetal health (i.e. foetal use of the supply), maternal health (i.e. 

nutrient availability from the mother) and placental function (i.e. ability of the placenta to 
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adequately transfer nutrients and oxygen to the foetus) (Lin and Santolaya-Forgas 1998, 

Baschat 2004, Brodsky and Christou 2004, Burton and Jauniaux 2018). Adequate placental 

function and healthy mother and foetus are therefore essential for normal healthy foetal growth. 

Causes of IUGR may therefore be considered under placental, maternal and foetal causes; the 

latter including familial, genetic and chromosomal abnormalities or congenital infections while 

the former two relate to insufficient delivery of oxygen and nutrients to the foetus (Lin and 

Santolaya-Forgas 1998, Baschat 2004, Brodsky and Christou 2004, Sayers, Lancaster et al. 

2017, Burton and Jauniaux 2018).  

 

At the foetal level, chromosomal abnormalities (e.g. trisomy 21 - Down syndrome, trisomy 13, 

18, Turner's syndrome, uniparental disomy) have been associated with poor foetal growth 

(Bauld, Sutherland et al. 1974, Moore, Ali et al. 1997, Lin and Santolaya-Forgas 1998, Sayers, 

Lancaster et al. 2017). Congenital infections including syphilis, HIV, rubella, toxoplasmosis, 

cytomegalovirus are important foetal causes of IUGR (Stegmann and Carey 2002, Watson-

Jones, Changalucha et al. 2002, Sayers, Lancaster et al. 2017). The resultant suboptimal foetal 

growth is postulated to be due to infections of the vascular endothelium and limitation of cell 

multiplication (Sayers, Lancaster et al. 2017).  

 

Impaired placental function may be a result of compromised uteroplacental circulation due to 

abnormal placental development; or abnormal fetoplacental circulation due to impaired 

placental vasculoangiogenesis. Abnormal placental development and subsequent inadequate 

perfusion may result from deficiencies in EVT invasion and maternal arterial remodelling. 

Consequently, there is increased hypoxia, placenta becomes ischaemic and prone to chronic 

inflammation (Sayers, Lancaster et al. 2017, Burton and Jauniaux 2018) leading to placental 

insufficiency thus growth retardation. Increased hypoxia and inflammation may also adversely 

affect angiogenesis further contributing to placental insufficiency (Baschat 2004, Brosens, 

Pijnenborg et al. 2011, Conroy, Silver et al. 2013, Burton and Jauniaux 2018, Ngai, Weckman 

et al. 2020). Additionally, the transplacental nutrient transfer process may be impaired 

independent of placental vascular abnormalities as in cases of inflammation (Boeuf, Aitken et 

al. 2013). Malaria, preeclampsia and inflammation are among the common reported conditions 

that interfere with placental vascular development (Brabin and Johnson 2005, Rogerson, Hviid 

et al. 2007, Umbers, Aitken et al. 2011, Conroy, Silver et al. 2013, Umbers, Stanisic et al. 2013, 

Rogerson, Desai et al. 2018, Ngai, Weckman et al. 2020). 
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Maternal health is perhaps the major player in the development of growth restriction. A wide 

range of factors including infections (e.g. malaria, HIV), maternal undernutrition, smoking and 

other maternal diseases (e.g. hypertension) have been implicated (Kramer 1987, Brabin and 

Piper 1997, Brabin and Johnson 2005, Unger, Ashorn et al. 2016). In nutritional deficiencies, 

mother often lacks essential nutrients such as protein, iron and carbohydrates which can 

translate into lack of substrates required for foetal growth. Infections may cause IUGR through 

effects on placental function such as that seen in malaria (chapter 1.2.5). It may also lead to 

increased metabolism leading to undernutrition, increased inflammation, anaemia (e.g. 

malarial anaemia; chapter 1.2.5) and disturbances in growth hormone levels (Umbers, Boeuf 

et al. 2011)(Allen, Raiko et al. 1998, Desai, ter Kuile et al. 2007)(ter Kuile, Parise et al. 2004). 

Maternal habits such as cigarette smoking which can significantly affect the oxygen-carrying 

capacity have been associated with increased risks of poor birth outcomes. Maternal conditions 

that also affect oxygen-carrying capacity include haemoglobinopathies, cyanotic heart disease 

and severe maternal hypoxic lung diseases (Sayers, Lancaster et al. 2017).  

 

1.4.2.2 Preterm delivery 

The mechanisms through which PTD occurs is considered not different to the normal term 

delivery, it is only different because it occurs earlier (Romero, Dey et al. 2014). Understanding 

mechanisms of normal term delivery may therefore assist in understanding the pathology of 

PTD. Three broad processes form the 'common pathway' of labour (Romero, Dey et al. 2014). 

First, the increased expression of the microRNA-200 results in increased expression of 

contraction-associated proteins (oxytocin receptor, connexin 43, prostaglandin receptors) 

alongside pro-inflammatory chemokines (IL-8) and cytokines (IL-1, IL-6) with progesterone 

catabolism. Progesterone is key in repressing the expression of the mentioned pro-

inflammatory and pro-contraction proteins until term. This first process is referred to as 

myometrial switch (Renthal, Williams et al. 2013, Romero, Dey et al. 2014). Second process 

involves cervical ripening to allow for dilatation; which involves alterations in the extracellular 

matrix proteins (loss in collagen cross-linking, an increase in glycosaminoglycans) and the 

epithelial barrier thus decreasing the tensile strength of the cervix (Mahendroo 2012). Third, 

the 'decidual-membrane activation' which involves changes occurring in the decidua itself 

leading to separation of the chorioamniotic membrane from the uterine wall and the eventual 

rupture of membrane. Inflammation, increased protease activity and breakdown of cellular 

proteins such as fibronectin as well as apoptosis may have been involved in this process 
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(Romero, Dey et al. 2014). It is postulated that activation of at least one of these 3 broad 

mechanisms could be leading to result in PTD.  

 

PTD has been linked to a wide range of factors including infections (e.g. malaria), cervical 

pathology, uterine over-distension, progesterone deficiency, vascular alterations (e.g. 

uteroplacental ischaemia), maternal and foetal stress. Of these, intra-amniotic infection (mostly 

subclinical) is the only risk factor that has been causally linked to PTD (Romero, Gomez et al. 

2001). Although it is possible that microorganisms may gain access to the amniotic cavity 

through other routes such as haematogenous (Madianos, Bobetsis et al. 2013), the most 

common route of infection is the ascending pathway (Romero and Mazor 1988). The presence 

of infections in the amniotic fluid are detected by pattern recognition receptors such as toll-like 

receptors which subsequently induce production of chemokines, cytokines, prostaglandins and 

proteases leading to activation of one or more of the 3 pathways to labour. The onset of preterm 

labour in the context of infection may also be thought of as an evolutionary mechanism of 

survival whereby the mother expels the infected tissue to maintain reproductive fitness 

(Romero, Dey et al. 2014).  

 

While it is clear that ascending infections are the common cause of amnionitis and subsequent 

PTD, it is less clear as to why only some women are at risk of ascending infections whilst 

others are not. The association between bacterial vaginosis and the risk of PTD has 

demonstrated that the risk may be linked to the complex interactions between the changes in 

the mucosa of the lower genital tract (vagina and cervix) and the microbial ecosystem. 

Important questions remain as to whether there are differences in the microbiota and local 

immune responses of the vagina in women delivering preterm compared to those who deliver 

at term; furthermore the factors responsible for changes in the microbiota during pregnancy 

remain to be established (Hyman, Fukushima et al. 2014, Romero, Dey et al. 2014, Romero, 

Hassan et al. 2014). Although, viral infection has been shown to predispose women to 

increased risk of ascending infections through alteration of mucosal immunity in the cervix 

(Racicot, Cardenas et al. 2013). At a mechanistic level, there is evidence for amniotic fluid 

invasions; Group B Streptococcus, a commensal in genitourinary and gastrointestinal tract that 

has been associated with PTD, chorioamnionitis and neonatal sepsis was shown to breach the 

human amniotic epithelial cells and this process was mediated by its haemolytic pigment 

(Whidbey, Harrell et al. 2013). There are also speculations that variability in maternal immune 

responses to infections, due to genetic/epigenetic differences may play a role (Romero, Dey et 
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al. 2014). Malaria has been one infection apart from the intra-amniotic infections that has been 

strongly associated with risk of PTD (Suguitan, Cadigan et al. 2003, Rijken, De Livera et al. 

2014, Fried, Kurtis et al. 2017). Malaria-induced systemic inflammation especially increased 

proinflammatory response with high levels of TNF-α and IL-10, fever and anaemia have been 

implicated (Poespoprodjo, Fobia et al. 2008, Fried, Kurtis et al. 2017).  

  

Other possible pathological mechanisms that may lead to PTD include defective decidual 

haemostasis, where preterm labour occurs with intact membranes and preterm prelabour 

rupture of membranes; premature decidual senescence which has been implicated implantation 

failure, foetal death and PTD; a disruption of maternal-foetal tolerance where immune 

tolerance for successful pregnancy is impaired; and abnormal decline in the levels of  

progesterone hence its function in maintaining pregnancy until term (Romero, Dey et al. 2014).   

  

1.4.2.3 Multifactorial causality of LBW presents a major challenge 

Reduction of LBW has long been a global priority and yet 1 in 7 newborns are born LBW every 

year (UNICEF and WHO 2019). Additionally, the progress in the reduction of LBW has been 

stalling for the past 2 decades (WHO 2014). Consequently, there is now an urgent global call 

for action to reduce LBW by 30% by the year 2025 (WHO 2014). Achieving this target will 

require interventions and strategies that can prevent the causes of LBW.  

 

Clearly, causes of LBW are multifactorial but these factors are also often inter-related; they 

can cause LBW independently or may act in combination with other factors (Kramer 1987, 

Moore, Fowkes et al. 2017, Ashorn, Hallamaa et al. 2018, Fowkes, Moore et al. 2018). The 

numerous interventions currently implemented are mostly targeted at one specific cause (e.g. 

iron supplementation for iron deficiency) (Bhutta, Das et al. 2013, Unger, Ome-Kaius et al. 

2015, da Silva Lopes, Ota et al. 2017), generally assuming a single dominant cause. This clearly 

undermines the inter-relatedness of these factors and the possibility of joint effects in causing 

LBW. A study conducted in the rural Malawi community demonstrated a joint effect of several 

risk factors (nutrition, infection and other constitutional factors) in causing LBW (Ashorn, 

Hallamaa et al. 2018), providing evidence that interventions that can concurrently address 

multiple exposures may be more appropriate than those that target a single cause. Targeting a 

single dominant cause with an intervention obviously does not address the contribution of other 

key risk factors. To adequately address LBW, one needs to have a detailed insight into these 
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inter-relationships among factors in causing LBW whereby the direct independent effect of a 

factor can be differentiated from its effects that are indirect through one or a combination of 

several other factors in causing LBW. Distinguishing direct and indirect effects can inform 

strategies and interventions as to whether they are appropriate for targeting a single dominant 

cause or if interventions that can concurrently address multiple causes may indeed be more 

appropriate.  

 

1.5 Childhood undernutrition 

1.5.1 Growth faltering  

Child growth reflects the health and nutritional status of the child. Weight, length and height 

in combination with age and sex serve as important anthropometric indices in evaluating and 

monitoring the growth of children (WHO 1995, WHO Multicentre Growth Reference Study 

Group 2006). Length-for-age and height-for-age reflect the linear growth in a child and are 

representative of the long-term nutritional and health status. Weight-for-length (WFL) and 

weight-for-height (WFH) reflect the proportionality of growth in terms of weight growth 

relative to the growth in height. Weight-for-age portrays the composition of the body and is 

influenced by the length-for-age or height-for-age and WFL or WFH (WHO 1995). The pattern 

of child growth is assessed by examining these relationships and significant deviations from 

World Health Organisation growth standards is indicative of impaired child growth (WHO 

1995, WHO Multicentre Growth Reference Study Group 2006).  

 

For the vast majority of children in LMICs, weight and length at birth are below the 

recommended growth standards (Victora, de Onis et al. 2010). Moreover, children experience 

significant growth faltering in the first 2-3 years of their lives (Shrimpton, Victora et al. 2001, 

Maleta, Virtanen et al. 2003, Victora, de Onis et al. 2010). Linear growth faltering commences 

immediately after birth and continues through to the second year of life with dramatic decline 

occurring in the first year of life (WHO multicentre Growth Reference Study Group 2006). 

Some improvement in height may occur after 2 years of age, however, it is often not sufficient 

to catch up on lost growth in height. Faltering in weight-for-age and WFL or WFH begins at 3 

months of age with WFL or WFH growth faltering lasting until 9 months of age. The growth 

faltering in WFL or WFH is of much shorter duration and the compensatory growth is 

substantial with children exhibiting growth that is comparable to that of the reference group at 
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2 years of age. In contrast, weight-for-age falters until 2 years of age and remains relatively 

stable thereafter (Shrimpton, Victora et al. 2001, Victora, de Onis et al. 2010).  

 

As in many developing countries elsewhere (Shrimpton, Victora et al. 2001, Victora, de Onis 

et al. 2010), children in PNG experience significant growth faltering in the first years of their 

lives (Mueller, Vounatsou et al. 2001). Growth patterns are geographically variable, however 

on average, compared to the global standard PNG children are significantly smaller and lighter 

for their age (Heywood 1983, Mueller, Vounatsou et al. 2001, Wand, Lote et al. 2012). 

Children are mostly stunted while wasting is rare (Gibson, Heywood et al. 1991, Genton, Al-

Yaman et al. 1998, Keeble and Keeble 2006, Wand, Lote et al. 2012). Much of this may be 

explained by the diet, weaning and feeding practices and the high exposure to infections.  A 

typical PNG diet is often made up of staple foods, mostly tuber crops such as sweet potatoes, 

taros, yams but there are others such as sago and bananas which are mostly low in protein and 

energy content (Gibson, Heywood et al. 1991, Mueller, Vounatsou et al. 2001). most of the 

growth faltering in PNG occurs during the first 2 years of life, when children switch from being 

exclusively breast fed to eat mostly basic staple food. The limited availability of 

complementary high protein and high energy weaning food is thus thought to be an important 

contributor to growth faltering in PNG.  

 

1.5.2 Definitions and forms of undernutrition  

Failing to meet the WHO growth standard indices is an indication of undernutrition, which is 

defined as Z-scores below -2 standard deviations irrespective of the indices used (Waterlow 

1972) (Waterlow 1973). This is sometimes referred to as malnutrition, but one must note that 

the latter can also refer to overweight or obesity, which is defined by exceeding the standard 

indices (WHO 1995). Undernutrition denotes inadequate intake of energy and nutrients to meet 

an individual’s body requirements. Child undernutrition is often presented in three forms: 

stunting, wasting and underweight (Table 1.1). The severe forms of undernutrition are defined 

by a deficit of 3 or more standard deviations below the WHO growth standard median 

(Waterlow 1972) (Waterlow 1973). When the prevalence of stunting, wasting and underweight 

among young children are higher than 40, 15 and 30% respectively, undernutrition becomes a 

very critical public health problem (WHO 2010).  
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Stunting is defined as the faltering or slowing of linear growth. As linear growth is a long-term 

process, stunting may generally be considered as a long-term process of height or length 

deficits thus reflecting the past nutritional and health status of the child (Waterlow 1972, 

Waterlow 1973, WHO 1995). It is therefore often referred to as chronic undernutrition, 

although, this terminology is discouraged on the basis that stunting could result not only from 

a long-term continuing process but also from a past event (WHO 1995). In many communities 

where short stature is common, stunting often goes unrecognised by families as it is often seen 

as a norm; even among clinicians especially when height is often not routinely measured as 

part of medical care in many settings (Dewey and Begum 2011). This presents a major 

challenge for programs designed to target stunting because unless stunting can be recognised 

as a problem, these interventions will not reach the children suffering from stunting. However, 

it is not only important that these children be identified, it is of utmost importance that they are 

identified early; as by age of 2 years, the chances of reversing stunting are very minimal 

(Martorell, Khan et al. 1994).  

 

Table 1.1: Forms and definitions of child undernutrition 

 

Stunting 

- Being too short for one’s age 

- Defined by a deficit of 2 or more standard deviations below 

WHO child growth standards median in length-for-age or 

height-for-age 

 

Wasting 

- Being too thin for one’s height  

- defined by a deficit of 2 or more standard deviations below the 

WHO growth standard median in WFL or WFH 

 

Underweight 

- Being too small for one’s age 

- defined by a deficit of 2 or more standard deviations below 

WHO child growth standards median in weight-for-age 

Source: ( (Waterlow 1972) (Waterlow 1973)) 

 

Wasting, on the other hand, is the reduction in weight or failing to gain weight relative to 

height, thus resulting in children being wasted or too thin for their height or length (Waterlow 

1972, Waterlow 1973, WHO Multicentre Growth Reference Study Group). It is often 

considered an acute process resulting from a recent rapid loss of weight or failure to gain 

weight; that with appropriate short-term interventions, it is quickly reversible (Isanaka, 
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Roederer et al. 2010, Richard, Black et al. 2012). As such, it is often referred to as acute 

undernutrition, although, studies have shown that untreated severe wasting can last up to about 

8 months (Garenne, Willie et al. 2009). Additionally, repeated episodes of wasting occurring 

year after year should probably not be viewed as a short-term issue (Emergency Nutrition 

Network (ENN) 2014). Hence, again, the terminology of acute undernutrition may be 

misleading. Clinically, severe acute malnutrition (SAM) is defined as severe wasting and/or 

mid-upper arm circumference (MUAC) <115 mm and/or bilateral pitting oedema while 

moderate acute malnutrition is defined as moderate wasting and/or MUAC ≥115 mm and <125 

mm (WHO/UNICEF/WFP 2014). MUAC (which measures bone, availability of energy in the 

form of fat and muscle for protein reserves) serves as an important measure to identify these 

children to receive treatment for their SAM. It has been closely linked to mortality risks and 

wasting (Myatt, Khara et al. 2006) and has also been shown as a potentially useful indicator to 

identify children with stunting, although, the latter requires more investigation (Emergency 

Nutrition Network (ENN) 2014). Underweight is a composite indicator representing both 

stunting and wasting, i.e. an underweight child can be short, light or both. As it cannot 

distinguish between these two, it is a rarely used indicator to target programs at, although given 

weight is often routinely measured than height, it is still a widely used indicator to monitor 

growth (Emergency Nutrition Network (ENN) 2014).  

 

1.5.3 Burden and consequences 

Of the three forms of undernutrition, stunting is the most prevalent form, and in 2018 stunting 

affected over 21% (149 million) of children under 5 years of age worldwide (Figure 1.6). This 

was an improvement from 32.5% in 2000, although, the rate of decline had been slow and is 

far from reaching the global nutritional target of a 40% reduction set for 2025 (UNICEF, WHO 

et al. 2019). The vast majority of these children live in LMICs with Asian (81.7 million) and 

African (58.8 million) countries carrying the largest share worldwide (UNICEF, WHO et al. 

2019). While Oceania which PNG is a part of (excluding Australia and New Zealand) as a 

region may contribute very little (0.5 million) to the global burden of stunting (UNICEF, WHO 

et al. 2019), individual countries relative to their total under-five populations observe some of 

the highest levels of stunting. For instance, in PNG, almost half of the children aged under 5 

years experienced stunting (WHO) and in some parts of the country, the prevalence of stunting 

has been reported to be as high as 65%  (Keeble and Keeble 2006). In the same year, wasting 

affected almost 50 million children globally, of which, about 17 million were severely wasted 
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(UNICEF, WHO et al. 2019). While the highest prevalence of wasting was observed in the 

Southern Asia (14.6%), countries in Oceania (excluding Australia and New Zealand), although 

with much smaller populations compared to other WHO regions reported the second highest 

prevalence (UNICEF, WHO et al. 2019). Underweight, as one would expect is highly prevalent 

in the LMICs but mostly concentrated in Asia (Stevens, Finucane et al. 2012).  

 

The associated risk of death and disease with childhood undernutrition is widely documented 

(Black, Allen et al. 2008, Black, Victora et al. 2013, McDonald, Olofin et al. 2013, Olofin, 

McDonald et al. 2013). In LMICs, child undernutrition including stunting, wasting, IUGR and 

deficiencies in essential vitamins are collectively responsible for about 3 million child deaths 

annually (Black, Victora et al. 2013). Risks of death are significantly heightened even with 

mild deficits and increases progressively with the degree of deficit. Wasting in particular is 

associated with a much higher risk of mortality than stunting and underweight with a 11.6-fold 

risk of dying for severe wasting (Olofin, McDonald et al. 2013). However, it is noteworthy that 

stunting, especially severe stunting which often receives little attention in relation to mortality 

is associated with a much higher risk than moderate wasting (Olofin, McDonald et al. 2013, 

Emergency Nutrition Network (ENN) 2014). Risks of mortality is particularly significantly 

heightened for children with multiple deficits (Olofin, McDonald et al. 2013).  
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Figure 1-66: Global prevalence of stunting in 2019. 

Note: *Eastern Asia excluding Japan; **Oceania excluding Australia and New Zealand; ***Northern America 

sub-regional average based on United States data. There is no estimate available for the sub-regions of Europe or 

Australia and New Zealand due to insufficient population coverage. These maps are stylized and not to scale and 

do not reflect a position by UNICEF, WHO or World Bank Group on the legal status of any country or territory 

or the delimitation of any frontiers. Source: (UNICEF, WHO et al. 2019).  

 

Early childhood undernutrition has also been implicated in many adverse outcomes during later 

childhood as well as later in adulthood. It has been associated with poor cognitive function, 

attainment of low adult height (Emerson, Savage et al. 2020) (Grantham-McGregor, Cheung 

et al. 2007, Kar, Rao et al. 2008, Victora, Adair et al. 2008) and impaired behavioural 

development (Lasky, Klein et al. 1981). The World Bank estimates revealed that a loss of 1% 

in adult height due to childhood stunting can result in 1.4% loss in economic productivity (The 

World Bank 2006). Similarly, poor cognitive function can result in poor academic performance 

which can translate into reduced economic productivity later in adult life with lower earnings; 

unless, prevented by appropriate interventions (Hoddinott, Maluccio et al. 2008, Victora, Adair 

et al. 2008, Martorell, Melgar et al. 2010). In settings with the highest rates of undernutrition 

(especially stunting), such as PNG, this could translate into large proportion of unproductive 

human capacity and adversely affect societal and national development. Undernutrition has 

also been linked to various non-communicable diseases including hypertension, cardiovascular 

diseases and diabetes (Barker, Winter et al. 1989, Barker and Martyn 1992, Lucas 1998), 

conditions that are bound to affect the quality of life. Of critical concern is that there is evidence 

that these adverse consequences are transmitted through generations (Ramakrishnan, Martorell 
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et al. 1999, Grantham-McGregor, Cheung et al. 2007, Martorell and Zongrone 2012, Walker, 

Chang et al. 2015). Women born LBW or who experienced early childhood stunting tend to 

have children who are also small in size continuing the cycle of growth failure and their 

associated poor outcomes (Ramakrishnan, Martorell et al. 1999, Martorell and Zongrone 

2012). Thus, the consequences of childhood undernutrition are pervasive, societal and 

potentially intergenerational. 

 

1.5.4 Causes 

The causes of childhood undernutrition are multifactorial and multisectoral including 

immediate (individual level) causes which are determined by the underlying (household or 

family level) causes which in turn are influenced by basic causes acting at the sociocultural, 

economic and political level (Figure 1.7) (UNICEF 1991). The immediate causes are 

inadequate nutrient intake and diseases which are determined by underlying factors such as 

children's access to food (quantity and quality), the psychosocial care environment, feeding 

practices (weaning, breastfeeding), the environment children live in (e.g. war, high infection 

burden) and the quality of health services accessible by the children (UNICEF 1991). 

Inadequate intake is not merely a result of too little food, but a combination of inconsistent 

food intake and insufficient intake of the essential nutrients such as proteins, energy and 

micronutrients (e.g. zinc) that are highly demanded by the body to support the rapid growth 

and development of the child.  Acute deprivation of these nutrients may result in wasting while 

extended deprivation may lead to over utilisation of the body's nutritional reserves as a way of 

sparing the vital organs (especially brain) subsequently resulting in deficiencies in the body 

hence impacting the growth (Emergency Nutrition Network (ENN) 2014, Briend, Khara et al. 

2015).  

 

Infectious diseases have also been identified as important immediate causes of undernutrition 

among young children. The suggested mechanisms through which infections may result in 

undernutrition include reduced nutrient intake due to anorexia, increase nutrient losses due to 

intestinal malabsorption, internal diversion nutrients for metabolic and immune responses to 

infection, and increased basal metabolic rate in the presence of fever (Mata 1990, Bresnahan 

and Tanumihardjo 2014). Diarrhoeal disease (Moore, Lima et al. 2001, Checkley, Epstein et 

al. 2003, Checkley, Buckley et al. 2008), lower respiratory tract infections (Black 1991, Moffat 

2003), malaria (Sharp and Harvey 1980, Kang, Kreuels et al. 2013) and measles (Black 1991) 
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are some of the infectious causes that have been implicated, although, the association with 

diarrhoea is perhaps the most substantiated (Black 1991). The associated risks of undernutrition 

with malaria (Sharp and Harvey 1980, Carswell, Hughes et al. 1981) and pneumonia (Moffat 

2003, Assis, Barreto et al. 2005) are inconsistent (Black, Brown et al. 1982) and more evidence 

is needed to clarify these associations.  

 

In the lowlands PNG, a high malaria transmission setting (Muller, Bockarie et al. 2003) as 

previously described, the contribution of malaria together with pneumonia and diarrhoea in 

these lowland settings have not been properly investigated. A study by Sharp et al (Sharp and 

Harvey 1980) showed that malaria was a significant contributor to stunting. This, however, 

was observed in a setting where malaria transmission is unstable. Understanding the 

relationships between these three diseases and undernutrition will help define the role of 

disease control in the prevention of childhood undernutrition.   

 

Besides inadequate diet intake and infections, a wide range of other factors have been 

implicated in the literature as important risk factors of undernutrition. LBW is perhaps the 

leading risk factor associated with undernutrition, especially stunting (Black, Victora et al. 

2013, Christian, Lee et al. 2013, Berglund, Kristrom et al. 2016, Danaei, Andrews et al. 2016). 

Evidence indicates that linear growth faltering may in fact begin during intrauterine life 

(Victora, de Onis et al. 2010, Christian, Lee et al. 2013) indicating the importance of 

intervening during pregnancy . Food insecurity (Ali, Saha et al. 2013, Moradi, Mirzababaei et 

al. 2019), suboptimal weaning practises (Black, Brown et al. 1982, Motarjemi, Kaferstein et 

al. 1993) and socioeconomic factors (Mohsena, Mascie-Taylor et al. 2010) have also been 

shown to be key to undernutrition.  
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Figure 1-77: Determinants of child and maternal undernutrition by UNICEF framework.  

The flowchart of the determinants of child and maternal undernutrition highlights the multitude of factors ranging 

from basic causes to immediate causes and how each level of causes is influenced by the other Adapted from the 

UNICEF's framework for determinants of maternal and childhood undernutrition. Source ((UNICEF 1991))  

 

1.6 Aims and objectives of this thesis 

Aim 1: Investigate the multivariate inter-relatedness among factors associated with low 

birthweight in PNG. 

Specific Objectives  

• Distinguish between the direct and indirect effects of risk factors associated with low 

birthweight; 

• Quantify and test the magnitude of these relationships using structural equation 

modelling approach;   

• Identify key intervenable factors and their pathways in a PNG setting. 

 

Aim 2: Investigate the impact of acute illnesses on child growth in PNG lowlands setting. 

Specific Objectives 

• Develop longitudinal models of child growth to assess the proportion of stunting, 

wasting and underweight in a cohort study of 1-3-year-old children; 

•  Investigate the effect of acute illnesses on risk of wasting, stunting and underweight.  
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Aim 3: Evaluate epidemiology of malaria in relation to intensified malaria control in children 

1-5 years of age.  

Specific Objectives 

• Determine the impact of increased control interventions on P. falciparum relative to P. 

vivax;  

• Identify key risk factors of infection and clinical malaria during low transmission. 
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2 Chapter 2: General Methodology 
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2.1 Field studies and intervention trials 

The analysis undertaken in this thesis included a primary analysis of one longitudinal child 

cohort that was conducted in 2013 and secondary analyses of several other studies including 3 

child cohorts and a pregnancy intervention trial. These studies were conducted by PNG 

Institute of Medical Research in PNG.  The studies were conducted in the villages and health 

facilities in Madang and East Sepik Provinces, both of which are situated in the northern part 

of PNG where malaria transmission is considered hyperendemic (Genton, al-Yaman et al. 

1995) (Muller, Bockarie et al. 2003, Michon, Cole-Tobian et al. 2007, Lin, Kiniboro et al. 

2010).  

 

2.1.1 Pregnancy Intervention Trial 

2.1.1.1 Study summary 

To investigate the multivariate inter-relatedness among factors associated with low birthweight 

described in Chapter 3, data from a large pregnancy intervention trial (Unger, Ome-Kaius et 

al. 2015) was used. This was a single-blinded block-randomised controlled trial of Intermittent 

Preventive Treatment of malaria in pregnancy conducted in Madang and Sumkar Districts of 

Madang Province between November 2009 and February 2013 (Clinicaltrials.gov, 

NCT01136850). The study was designed to evaluate efficacy of IPTp using SPAZ combination 

regimen in preventing LBW in PNG pregnant women. It involved comparing the intervention 

group receiving AZ (1 g twice daily for 2 days) plus SP (1, 500/75 mg) monthly (over 3 months) 

starting from second trimester to the control group receiving a standard dose of SP and 

chloroquine (CQ, 450-600 mg daily for 3 days) (SPCQ) followed by SPCQ placebo. The study 

was conducted according to Good Clinical Practice (GCP) guidelines. Ethical approval for 

human participation in the study was granted by PNG Medical Research Advisory Committee 

(MRAC number 08.01) and women provided written informed consent to partake in the study. 

 

A total of 2793 pregnant women aged between 16 and 49 years participated in the study. Of 

this, 18 women had incomplete consent forms and were therefore excluded post hoc leaving 

2775 women to be considered for analysis. Almost two-thirds (62.2%) of these women resided 

in rural areas, 50.2% were primigravida and over 81% (81.4%) were anaemic. Although 

malaria was known to be hyperendemic in these study areas (Cattani, Tulloch et al. 1986, 

Brabin and Piper 1997, Allen, Raiko et al. 1998, Muller, Bockarie et al. 2003), the study 

observed a low prevalence of microscopically detected infections of 7.4% (Pf: n=177; Pv: 
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n=23) at enrolment, 83% of which were asymptomatic. It must be noted however that the 

overall burden of malaria across PNG was declining during that period due to the scale-up of 

malaria control interventions especially with the population-wide distributions of LLINs across 

PNG (Hetzel, Morris et al. 2015, Hetzel, Pulford et al. 2017). The baseline characteristics of 

the study participants are published elsewhere (Unger, Ome-Kaius et al. 2015).  

 

Of the 2775 women considered for analysis, 2021 were eligible (i.e., they had birthweight data 

of congenitally normal live singletons and birthweights were measured within 7 days of 

delivery) and were therefore included in the analysis to determine the association between IPTp 

with SPAZ and LBW. Analysis was by intention-to-treat such that all the women randomized 

to a treatment group regardless of the number of doses received were included. A total of 1, 

013 women were in the intervention arm (SPAZ arm) while 1, 008 were in the control arm 

(SPCQ arm). The overall prevalence of LBW was 15.1% and the mean birthweight was 2, 943 

± 479 g while among the women who had pregnancy dating by ultrasound (n=1, 320), 8.6% 

delivered preterm.  

 

According to the main results of the study (Unger, Ome-Kaius et al. 2015), SPAZ reduced the 

risk associated with delivering LBW baby (12.8% vs 17.4%; risk ratio [RR], 0.74, CI95: 0.60 - 

0.91, p=0.005) and preterm delivery (6.6% vs 10.6; RR, 0.62, CI95: 0.43 - 0.89, p=0.010).  

Mean birthweight of babies born to women who were randomised to SPAZ was 41.9 g (CI95: 

0.2 - 83.6, p=0.049) higher compared to that of babies born to women in the control group. 

Additionally, SPAZ reduced maternal parasitaemia (2.3% vs 3.9%; RR, 0.57, CI95: 0.35 - 0.95, 

p=0.029) and active placental malaria (6.0% vs 8.8%; RR, 0.68, CI95: 0.47 - 0.98, p=0.037) at 

delivery, and reduced carriage of gonorrhoea (0.66, 95% CI: 0.44– 0.99, P  = 0.041) at second 

visit.  

 

The impact of IPTp with SPAZ on association between plasma biomarkers of inflammation 

and angiogenesis and adverse birth outcomes was investigated in a subsequent analysis (Unger, 

Hansa et al. 2019). In this analysis, the stored samples collected from enrolment and delivery 

visit time points were re-analysed for levels of CRP, AGP, soluble endoglins (sEng), soluble 

fms-like tyrosine kinase-1 (sFlt-1) and placental growth factor (PlGF) using commercially 

available enzyme-linked immunosorbent assays (ELISA) (Human Quantikine ELISA kits; 

R&D Systems, Minneapolis, MN, USA) according to manufacturer’s instructions. As detailed 

in Unger et al (Unger, Hansa et al. 2019) "plasma samples were diluted with BSA-PBS (sEng: 
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1:25, PIGF and sFlt1: 1:5; CRP: 1:10,000; AGP: 1:1,000,000) and assayed in duplicates. 

Optical densities were read at 450 nm and 540 nm on a Fluostar Omega microplate reader 

(BMG Labtech, Ortenberg, Germany). Sample concentrations were interpolated from a 

standard curve and multiplied by the dilution factor. Samples above or below the standard 

curve, or with duplicates varying by >20%, were repeated, with dilution adjustments if 

required". Additionally, the ratio of sFlt-1 and PlGF (sFlt-1: PlGF ratio) was calculated. A 

raised CRP was defined as CRP ≥ 5mg/L and elevated levels of AGP, sFlt-1 and sEng were 

defined as readings in the 4th quartile, and a low PlGF as the first quartile. A high sFlt-1:PlGF 

ratio ≥ 38 was defined as elevated. The main findings of the analysis suggested that IPTp with 

SPAZ may protect against adverse birth outcomes by reducing inflammation and its associated 

adverse consequences including dysregulation of placental angiogenesis, in women with and 

without malarial infection (Unger, Hansa et al. 2019).   

 

IPTp with SPAZ was also shown to be associated with a reduction in the nasopharyngeal 

carriage at delivery of Streptococcus pneumoniae and Haemophilus influenzae but not 

Staphylococcus aureus (Unger, Aho et al. 2015). In another (Unger, Wangnapi et al. 2016), the 

results suggested that IPTp with SPAZ positively impacted gestational weight gain which in 

turn may have positively influenced birthweight.  

 

2.1.2 Infant Intervention Trial 

To investigate the impact of acute malaria, pneumonia and diarrhoea on child growth in 

lowland settings of PNG described in Chapter 4, data from a large infant intervention trial 

(Senn, Rarau et al. 2012) was used. This was an individually randomised placebo-controlled 

trial of Intermittent Preventive Treatment for malaria in infants conducted in villages and health 

facilities in Madang and East Sepik Provinces of PNG between June 2006 and May 2010 

(Clinicaltrials.gov, NCT00285662). The study was designed to evaluate the efficacy of IPTi 

using two different SP combination regimens, a single dose of SP (25 mg/1.25 mg per kg) 

combined with either 3-day course of amodiaquine (AQ, 10 mg/kg) or artesunate (AS, 4 mg/kg) 

with matching placebos in preventing malaria in infants (Senn, Rarau et al. 2012). The 

interventions were delivered as IPTi at routine vaccination time points at 3, 6, 9, and 12 months 

of age. The study was performed in accordance with GCP guidelines (ICH GCP E6). Ethical 

approval for the study was granted by PNG Medical Research Advisory Committee (MRAC 

number 05.20) and voluntary written informed consent was obtained from the 
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parents/guardians of the children following community awareness and individual study 

information sessions to allow participation in the study. 

 

A total of 1, 125 infants from Madang and 480 infants from East Sepik were enrolled into the 

study at about 3 months of age. The main objectives of the study however were only tested 

using data from the infants enrolled in Madang. Originally, the trial started as a two-site study 

but due to finding the incidence of malaria in East Sepik to be significantly low compared to 

that in Madang in the mid-study interim analysis, enrolments in East Sepik were ceased. 

Sample size required to test the main study objectives was thus recalculated and enrolments 

were increased in Madang resulting in a total of 1, 125 enrolments. Of this 1, 125 infants, 4 

were excluded retrospectively because they did not receive any assigned study treatment as 

they were already receiving antimalarial at the time of all the study treatment visits. With the 

remaining 1, 121 infants, 374 were in the SPAQ group, another 374 in the SPAS group and 

373 were in the placebo group. The primary outcome was protective efficacy (PE) of the two 

regimens against all episodes of malaria from 3 to 15 months of age and the analysis was by 

intention-to-treat.   

 

According to the main results of the trial, the incidence of all cases of malaria between the first 

dose at 3 months and 15 months of age was significantly reduced by 29% (CI95: 10 - 43, 

p≤0.001) from 1.07 to 0.80 PYAR in children in the SPAQ group when compared to the control 

group while a 12% reduction from 1.07 to 0.97 PYAR was observed for the SPAS group 

(compared to control) but this was not statistically significant (CI95: -11 -  30, p=0.12). In terms 

of the PE against P. falciparum and P. vivax specifically, the efficacy of SPAQ against P. 

falciparum was higher than P. vivax reducing the incidence of P. falciparum and P. vivax by 

35% (CI95: 9 - 54, p=0.012) from 0.28 to 0.18 PYAR and by 23% (CI95: 0 - 41, p=0.048) from 

0.82 to 0.66 PYAR respectively when compared to the placebo group while SPAS only 

protected against P. falciparum (PE, 31%, CI95: 4 - 51, p=0.027) episodes and not P. vivax (PE, 

6%, CI95: -24 - 26, p=0.759) episodes.  

 

2.1.3 Longitudinal Child Cohorts 

Data from three consecutive longitudinal child cohorts conducted in 2006 (Lin, Kiniboro et al. 

2010, Mueller, Schoepflin et al. 2012, Koepfli, Colborn et al. 2013), 2008 (Betuela, Rosanas-

Urgell et al. 2012) and 2013 (unpublished) were used to evaluate the epidemiology of malaria 
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in relation to scale-up of malaria control interventions in children 1-5 years of age described in 

Chapter 5. The cohorts were conducted in the villages in the Ilahita area of Maprik District, 

East Sepik Province.  

 

2.1.3.1 2006 cohort 

The 2006 cohort (Lin, Kiniboro et al. 2010) was an observational study and the purpose of the 

study was to describe epidemiological patterns of infection and disease with P. falciparum and 

P. vivax as well as identify factors associated with either risk or protection from infection and 

disease. The study was conducted between March 2006 and August 2007 during the initial 

stages of the nationwide roll out of LLINs that commenced in 2004 but prior to the roll out in 

the study area which began in 2008. Ethical approval for the study was granted by PNG 

Medical Research Advisory Committee (MRAC number, 05.19). Voluntary written informed 

consent was obtained from the parents and guardians of the children to allow their participation 

in the study.  

 

This study involved 264 children aged 1-3 years at enrolment who were followed up every 8 

weeks for active detection of infection (ADI) for a total of 16 months. On each visit, clinical 

data was collected, and children provided blood samples in the form of venous sample at 

enrolment, a finger prick microtainer for all the other visits and blood slides on all visits for 

detection of infection. A fortnightly active morbidity surveillance as well as the passive case 

detection was maintained throughout the study to capture clinical episodes. Clinical data 

detailed the child’s status of health and wellbeing at the time of the visit, their bednet use, their 

recent antimalarial use, malaria-related signs and symptoms, temperature and other standard 

clinical data. The collected samples were evaluated for presence of infection by both LM and 

molecular methods, namely semi-quantitative post-PCR (polymerase chain reaction), ligase 

detection reaction/fluorescent microsphere assay (LDR-FMA). This assay is described in detail 

in the publication for this study and others (McNamara, Thomson et al. 2004, McNamara, 

Kasehagen et al. 2006, Lin, Kiniboro et al. 2010) but in brief according to Lin et al, “this assay 

combines PCR amplification of the small subunit ribosomal RNA gene (491 - 500 bp 

fragments) using genus specific primers followed by a multiplex species-specific ligation 

detection reaction (LDR)” (Lin, Kiniboro et al. 2010). Confirmed infections with P. falciparum 

and P. vivax were further genotyped for Pfmsp2, Pvmsp1F3 and PvMS16 to identify individual 

parasite clones.  
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Collected blood films were read independently by two expert microscopists. Slides with 

discrepant results were re-read by a 3
rd

 microscopist. Thick blood films were examined by LM 

for 100 thick-film fields (under 100X oil immersion lens) before being declared infection-

negative. In the positive slides, parasite species were determined. The parasite densities were 

recorded as the number of parasites per 200 white blood cells (WBC) and converted to the 

number of parasites per microliter of blood, assuming 8,000 WBC per microliter of blood. 

Slides were declared LM-positive for an individual Plasmodium species, if the species was 

detected independently by at least 2 microscopists and/or subsequent PCR-based analysis 

confirmed the presence of the species. Densities were calculated as the geometric mean 

densities of all positive reads.  

 

The study observed a high burden of infections and clinical episodes among these young 

children and P. vivax was the predominant species. At enrolment, the prevalence of infection 

(all species) was 63.6% (n=199) by LM and 75.4% (n=168) by PCR. The overall incidence of 

clinical malaria was comparable for both species at 2.56 episodes/child/year-at-risk for P. 

falciparum and 2.46 episodes/child/year-at-risk for P. vivax while the molecularly determined 

incidence of blood-stage infections (molFOB) was 5.9 clones/child/year-at-risk for P. 

falciparum and 14.0 clones/child/year-at-risk for P. vivax. The main finding of this study was 

that children living in co-endemic settings such as PNG are likely to acquire clinical immunity 

to P. vivax clinical malaria earlier than they do to P. falciparum clinical malaria. There was a 

strong age-dependent increase in the prevalence and incidence of P. falciparum infections as 

compared to P. vivax while a strong opposing age trends was observed in the incidence of 

clinical malaria episodes. P. falciparum incidence increased with age while the incidence of 

clinical P. vivax decreased with age. Moreover, the incidence of clinical P. vivax rapidly 

declined with age in children with high exposure to new infections than children with low 

exposure. Together, these observations indicated that children may not have acquired sufficient 

clinical immunity against P. falciparum and therefore continued to be at risk of clinical 

episodes while high exposure to new P. vivax infections during the early childhood may have 

contributed to children quickly acquiring sufficient immunity to protect against clinical P. 

vivax episodes.  
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2.1.3.2 2008 cohort 

The 2008 cohort was a randomised placebo-controlled trial that was designed to assess the 

contribution of hypnozoites to the burden of P. vivax reinfection and disease in a cohort of 

young children by selectively treating pre-existing hypnozoites in a subset of them. It involved 

433 children aged 1.1 - 5.6 years who were randomly allocated to receive 1 of the 3 treatment 

regimens: (1) artesunate (AS, 4mg/kg/day for 7 days) plus primaquine (PQ, 0.5 mg/kg/d for 14 

days) (ASPQ), (2) artesunate alone (4mg/kg/day for 7 days) and (3) placebo group (control) 

(Betuela, Rosanas-Urgell et al. 2012). Following completion of the treatment, children were 

actively followed up fortnightly for detection of infection and febrile illness for the first 3 

months and monthly thereafter for another 7 months. A passive case detection system was 

maintained throughout the study period to capture febrile illness episodes that occurred outside 

of scheduled study visit time points. For any febrile illness episode detected, malaria infection 

was investigated using RDT for malaria (ICT Diagnostics) and a 250 µL finger prick blood 

sample was collected for confirmation by LM and PCR. Febrile episodes with concurrent 

plasmodium infection confirmed by RDT and/or LM were treated with AL (Coartem
®

, 

Novartis) while all other illnesses were referred to local health centre and treated according to 

PNG standard treatment for common illness in children guidelines (PNG Paediatric Society 

2006).   

 

At the time this study started recruiting participants into the study, the national malaria program 

was nearing the end of its campaign in rolling out the population-wide distribution of LLINs 

in the study area. This was the first LLIN distribution into the study area. Access to LLINs in 

the community would have increased substantially during this period. Although the enrolments 

into the study began earlier, the treatment of the cohort however was delayed until 2-3 weeks 

following the completion of the campaign. Prior to treatment administration, baseline 

information detailing the child’s use of bednet, their recent antimalarial use and malaria-related 

signs and symptoms was collected. The study treatment was administered as direct observed 

therapy.  

 

Over the 40 weeks of follow-up, the overall incidence of clinical P. vivax (any density) was 

0.89 episodes/child/year-at-risk while the incidence of episodes with P. vivax parasite density 

>500/µL was 0.37 episodes/child/year-at-risk. The incidence of P. vivax malaria episodes 

decreased strongly with age (incidence rate ratio [IRR] any density: 0.81, CI95: 0.73 - 0.91, 

p<0.001; density >500/µL: 0.60, CI95: 0.50 - 0.72, p<0.001) and varied significantly between 
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villages. The main observations of the study were that the treatment with artesunate and 

primaquine with the latter being the anti-hypnozoite markedly reduced the risk of P. vivax 

clinical episodes of any density as well as the risk of P. vivax reinfection. Risk of clinical P. 

vivax episodes was reduced by 28% in children in the ASPQ arm when compared to children 

in AS only treatment arm and by 33% when compared to children in the control arm. No such 

significant reductions were observed for episodes with density >500/µL. The observed 

differences were particularly more pronounced in the first 3 months of follow-up than during 

the rest of the follow-up (ASPQ vs placebo:  IRR 0.42, CI95: 0.23 - 0.76, p=0.004; ASPQ vs 

AS: IRR 0.51, CI95: 0.27 - 0.94, p=0.031). Treatment with ASPQ also reduced the risk of PCR- 

and LM-positive recurrent blood-stage infections by 44% (CI95: 28% - 57%, p<0.001) and 67% 

(CI95: 55% - 75%, p<0.001), respectively. Such differences did not exist for P. falciparum 

infections.  

 

The study was conducted according to GCP guidelines. Ethical approval for human 

participation in the study was granted by PNG Medical Advisory Committee (MRAC number, 

07.34). Informed written consent for the child’s participation was obtained from the child’s 

parents and guardians.  

 

2.1.3.3 2013 cohort 

This cohort was conducted from 2013 through to 2014, 5-6 years following the inception of 

the malaria control interventions scale-up in the study area. Prior to this study, there had been 

2 rounds of population-wide distributions of LLINs in the study area, the test-and-treat 

approach plus the use of AL and primaquine had been implemented for at least over a year or 

so (see Figure 5.1 of chapter 5). This cohort was described in detail in chapter 5.  

 

2.2 Statistical Methods 

2.2.1 Analysis of indirect and direct associations with birthweight and LBW 

Using SEM approach for data analysis, we examined the relationships among selected factors 

and their association with birthweight and LBW in chapter 3. SEM utilizes various types of 

models including regression, path and factor analysis to model relationships among variables, 

allows multiple dependent variables to be simultaneously included in the same model, variables 

to be included as both outcome and predictor in the same model and can distinguish between 
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direct and indirect effects of variables (Schumacker and Lomax 2010, Wang and Wang 2012, 

Kline 2015), the latter being the focus of chapter 3.  

 

The first step in any typical SEM analysis is specifying a path diagram to depict the variables 

of interest and the hypothesised relations among them that are to be translated into equations 

for modelling. Illustrated in Figure 2.1 is an example of a simple path diagram of a hypothetical 

model to examine the relationships between some variables designated here as x1, y1, y2 and 

y3. In this example, all the variables are observed, reflective of our fitted models. The 

relationships between these variables are indicated by black lines with the head of the arrow 

indicating the direction of the influences pointing to the dependent variable, which in this case 

are variables y1-y3. In SEM, these variables are referred to as endogenous variables, i.e., they 

were caused by at least one variable in the model. They can be both dependent as well as 

independent variables (e.g. y1 & y2). Opposite of these are called exogenous variables. These 

are variables that are not caused by a variable that is in the model (e.g. x1). Every endogenous 

variable has a disturbance which represents residual (unexplained) variation, i.e., it represents 

the effect of all the unmeasured causes or variables. These are respectively denoted Fy1, Fy2 

and Fy3 for variables y1-y3.  

 

The assigned letters a - e on the lines represent the path coefficients with each of the letters 

representing an estimate of the direct effect or association between two variables. For instance, 

the path coefficient a estimates the direct effect of x1 on y3. The direct, indirect and total effects 

of variable x1 on y3 may be calculated as follows;  

Direct effect of x1 on y3 = a 

Indirect effect x1 on y3 through variable y1 = b * c  

Indirect effect of x1 on y3 through variable y2 = d * e  

Total indirect effect of x1 on y3 = (b*c) + (d*e) 

Total effect of x1 on y3 = a + (b*c) + (d*e) 
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Figure 2-1: An illustration of a simple path diagram.  

 

Shown in Figure 2.2 are the SEM conceptual models depicting the factors that were of interest 

and the expected relations among them and the role they played in influencing birthweight and 

LBW as the two main outcomes of interest. Figure 2.2a depicts the model we fitted to our data 

to examine the direct and the indirect effects (through anaemia, inflammation and angiogenesis 

at enrolment) of peripheral malaria infection at enrolment on birthweight and LBW. 

Relationship between iron deficiency at enrolment and birthweight and LBW were examined 

as per the specified model in Figure 2.2b. Here we examined the indirect effects of iron 

deficiency on birthweight and LBW through its influence on the risk of contracting peripheral 

malaria infection, anaemia and angiogenesis at enrolment. In Figure 2.2c, we examined the 

role IPTp played in influencing birthweight/LBW through peripheral malaria infection 

(detected in samples before delivery) and anaemia. Figure 2.2d - 2.2f show respectively the 

models for anaemia, inflammation and maternal undernutrition at enrolment. The SEM 

analysis was adjusted for potential confounders.   

 

Only observed variables were included in the analysis, which results in a special case of SEM 

known as path analysis. Throughout the remainder of this chapter and thesis the terms SEM 

y1

y3x1 a

b c

d
e

Fy1

y2

Fy2

Fy3
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and path analysis will be used interchangeably. SEM was implemented in the software package 

Mplus (Muthen and Muthen 1998-2017) guided by the defined conceptual models. Mplus 

estimates the direct and indirect effects of the risk factors (see Figures 2.1 and 2.2) by fitting 

linear or probit regression models to the continuous or categorical endogenous variables, 

respectively, in the conceptual models. Variables that have arrows pointing to an endogenous 

variable in the conceptual models are included as independent variables in each regression 

model. To ensure the parameters of the probit regression models are identifiable (i.e.  unique 

parameter estimates can be derived from the data) the theta parameterisation was selected in 

Mplus and the weighted least square mean and variance adjusted (WLSMV) estimator was 

used to allow computationally faster estimation of models including categorical endogenous 

variables. Mplus uses all the observed data for each participant (also referred to as pairwise 

deletion) to estimate the model parameters. The WLSMV estimator of a parameter will 

converge to the true population value if missing data occur completely at random or at random 

with respect to the independent variables (Muthen and Muthen 1998-2017, Asparouhov and 

Muthen 2010). 

 

2.2.2 Analysis of association with stunting, wasting and underweight  

In chapter 4, we investigated the association between acute episodes of malaria, pneumonia 

and diarrhoea and the outcomes stunting, wasting and underweight. Generalised estimating 

equations (GEE)  are an extension of generalised linear models developed by Liang and Zeger 

(Liang and Zeger 1986, Zeger and Liang 1986) that account for the correlation between 

repeated observations from an individual through specification of a working correlation matrix. 

As repeated outcome measures were observed for children in the study, GEE was used to 

estimate the association each morbidity has with stunting, wasting and underweight. For the 

binary outcome wasting a logistic link function was used, while identity link functions were 

used for the continuous outcomes stunting and underweight. An exchangeable correlation 

structure was selected for the working correlation matrix and robust variance estimator used to 

ensure the parameter estimates are consistent and asymptotically normally distributed even 

when the “working” correlation structure is misspecified (White 1980).  
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Figure 2-2: Illustration of SEM path diagrams of fitted models.  

The fitted models examined the direct and indirect associations of (a) peripheral malaria infection at enrolment, 

(b) iron deficiency at enrolment, (c) IPTp intervention, (d) anaemia at enrolment, (e) inflammation at enrolment, 

(f) maternal undernutrition at enrolment with birthweight/LBW.  

 

2.2.3 Analysis of lagged effects of childhood morbidities 

Acute episodes of malaria, pneumonia and diarrhoea have immediate short-term effects on 

health, wellbeing and growth but they also show effects that are delayed in time, manifesting 

days to months and years after their occurrence (Checkley, Epstein et al. 2003, Checkley, 

Buckley et al. 2008, Lee, Yori et al. 2012, Richard, Black et al. 2012, Richard, Black et al. 

2013). In chapter 4, we investigated delayed effects of acute malaria, pneumonia and diarrhoea 

on weight-for-age using distributed lag models (DLMs). (Armstrong 2006, Gasparrini, 

Armstrong et al. 2010, Gasparrini 2011).  

 

A DLM for the longitudinal weight-for-age data can be expressed as follows:   
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"!" = $! + Υ! × ( + )(+!"; -) +∈!"    (1)  

 

In (1), 0 = 1,… .5	indexes each child in the study and ( = (#, …	($! are the times at which 

weight was measured for each child, 7% is the number of observations for the 8"& child. "!" is 

the weight-for-age measurement for each child 0 at time point t. The relationship between 

weight-for-age ("!" ) and time in the study (t) was modelled by a linear mixed effects model, 

where: $! is the mean weight-for-age for the 0"& child at baseline and is assumed to be normally 

distributed with population mean $ and population standard deviation  9'; and Υ! is the slope 

of the outcome-time scale relationship for each child and is assumed to be normally distributed 

with population mean Υ and population standard deviation 9(. Υ! is the average change in 

weight-for-age for a unit increase in time in study (1 day) for the 0"& child. The relationship 

between weight-for-age and a morbidity was modelled by the cross-basis function )(+!"; -), 

which allows "!" to be described in terms of delayed morbidity effects (+!").  

 

The calculation of the cross-basis function first requires the following exposure history matrix 

(Qi) containing the morbidity history for a child to be derived 

 

:! = ;
+!,"!*+! ⋯ +!,"!*+"
⋮ ⋱ ⋮

+!,"#!*+! ⋯ +!,"#$*+"
?   (2) 

 

In (2), (+#,"*+) denotes a morbidity measured at a lag l = l1, l2, ……, lL prior to the measurement 

of a child's weight-for-age at a given time t ("!").  

 

The general form of cross-basis in (1) may be expressed as 

 

)(+!,; @) = A!,- .B@         (3) 

 

where A!". 		= C+"*+! , +"*+% , …… , +"*+"D is the ("& row of the exposure matrix (Qi) for the 8"& 

child; C is a matrix whose columns consist of functions of the lag variable l (i.e. the design 

matrix for the lag variable); @ is an unknown vector of regression parameters to be estimated. 
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A natural cubic spline basis with 3 knots placed at the quartiles of the discrete lag variable 

(3.75 (25
th

), 6.50 (50
th

) and 9.25 (75
th

) months) was selected for the matrix C. 

 

The interpretation of the estimated parameters EF in equation (2) is aided by constructing linear 

effects GH at each lag from EF  by evaluating the following expression 

 

    IH = GH(J) = K@F    (4) 

 

The estimated parameters GH can be interpreted as the change in weight-for-age for those that 

experienced one or more morbidities compared to those that did not at different lags prior to 

the weight-for-age measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Chapter 3: Structural equation modelling of direct and indirect effects of 

factors associated with birthweight and LBW in an intervention trial of 

malaria prevention in Papua New Guinean women. 
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3.1 Introduction 

Birthweight is an important indicator of foetal health and is a key predictor of the newborn’s 

subsequent health, growth and development. Neonates born with low birthweight (LBW, 

birthweight <2500g) due to either preterm delivery (<37 weeks’ gestation) or IUGR are at 

increased risk of dying within the first month of their life (Katz, Lee et al. 2013, Lawn, 

Blencowe et al. 2014, G. B. D. Mortality and Causes of Death Collaborators 2016). Those that 

survive are at increased risk of childhood morbidities, have delayed childhood growth and 

development and experience various adverse health and socioeconomic consequences later in 

life with intergenerational influences (Christian, Lee et al. 2013, Negrato and Gomes 2013, 

Berglund, Kristrom et al. 2016, Skranes and Lohaugen 2016, Wang, Huang et al. 2016). LBW 

has therefore long been recognised as a major global health problem and reducing the burden 

is a key priority. Significant progress has been achieved by means of increased availability of 

nutritional interventions and new infection control strategies among others to prevent LBW 

(Bhutta, Das et al. 2013a, da Silva Lopes, Ota et al. 2017). Despite these efforts, approximately 

20 million infants worldwide are still born with LBW each year (UNICEF and WHO 2019). 

Moreover, the progress in the reduction of LBW has been stalling over the last two decades 

(UNICEF and WHO 2019). Reducing LBW has therefore increased in urgency with the world 

committed to achieve a 30% reduction in LBW by year 2025 (WHO 2014).  

 

A multitude of factors ranging from maternal to foetal to environmental factors have been 

identified as causes of LBW (Kramer 1987, Okah, Cai et al. 2005, Unger, Ome-Kaius et al. 

2015, Ashorn, Hallamaa et al. 2018). Such factors include but are not limited to foetal sex, 

ethnicity, maternal undernutrition, foetal exposure to toxins from smoking and alcohol, 

infections such as malaria and sexually transmitted infections (STIs), inflammation and 

conditions such as pre-eclampsia. These factors may cause LBW through mechanisms that alter 

the supply of nutrients to the foetus leading to nutrient deprivation and consequently growth 

retardation or by creating an unhealthy and unfavourable intrauterine environment causing the 

baby to be born too early. 

 

In Papua New Guinea, about 11% - 15% of all livebirths each year are LBW (Klufio, Amoa et 

al. 1997, Unger, Ome-Kaius et al. 2015) and the important predictors of LBW are malaria and 

anaemia during pregnancy, maternal nutrition and socioeconomic status (Brabin and Piper 

1997, Allen, Raiko et al. 1998, Mueller 2002, Stanisic, Moore et al. 2015, Unger, Ome-Kaius 

et al. 2015, Fowkes, Moore et al. 2018). Malaria in pregnancy is particularly common in the 
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lowlands of PNG where malaria transmission is highly endemic. The factors common to all 

women across PNG are diet, nutrition, anaemia and socioeconomic status (Klufio, Amoa et al. 

1997, Mueller 2002).  Many women have limited education and live in rural areas. While food 

is abundant in PNG, the typical diet in many PNG families is often of low quality lacking 

essential nutrients such as protein that are required to grow a healthy baby in utero (A. P. C. 

Oomen 1971, Klufio, Amoa et al. 1997, Mueller, Vounatsou et al. 2001, Mueller 2002).  

 

Since 2012, the world leaders pledged during the 65
th

 World Health Assembly to reduce LBW 

by 30% between 2012 and 2025 (WHO 2014). Achieving this ambitious target will require 

strategies and interventions that can prevent causes of LBW. Existing interventions, such as 

nutritional interventions and intermittent preventive treatment for malaria in pregnancy 

(Bhutta, Das et al. 2013a, Unger, Ome-Kaius et al. 2015, da Silva Lopes, Ota et al. 2017), were 

developed to target specific causes that contribute to LBW. These interventions generally 

assume a single dominant cause. It is however important to realise the inter-relatedness of these 

factors; whereas some factors may directly cause LBW, others may operate through other 

factors or mechanisms to cause LBW. A recent study demonstrated that maternal infections, 

inflammation and nutrition and other constitutional factors had a joint influence on newborn 

size (Ashorn, Hallamaa et al. 2018). Another clear indication of this concept of risk factor inter-

relatedness and co-causation of LBW was observed in our recent study of prevention of LBW 

and maternal anemia using IPTp in PNG women (Unger, Ome-Kaius et al. 2015), thus 

providing the motivation underlying the analysis presented in this chapter. Despite the very 

low prevalence of malaria observed in our study population, administering three doses of IPTp 

with SPAZ for malaria reduced LBW by about 30%, indicating that the effect of IPTp on LBW 

was not only through malaria but was through other mechanisms as well.  

 

The majority of research investigating causes of LBW use standard statistical methods 

including linear and logistic regressions to identify factors associated with birthweight and 

LBW. The challenge with these models is that they cannot estimate both direct and indirect 

effects of the risk factor, i.e., the effects that are directly exerted on birthweight and LBW and 

those exerted via alternate indirect pathways acting through other risk factors. Interventions 

based on such results assume a single dominant cause and do not address the effect of other 

contributing factors and therefore whilst these interventions may be effective; they are likely 

to have minimal impact on the overall burden of LBW. This may explain the little to no benefits 

observed in studies conducted with some of these interventions (Bhutta, Das et al. 2013a, da 
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Silva Lopes, Ota et al. 2017) and could be one potential explanation for the persistence of the 

high burden of LBW despite the implementation of existing interventions.   

 

Strategies and interventions that can concurrently address multiple exposures may therefore 

provide a way forward in reducing the burden of LBW. Developing such interventions however 

will require insight and knowledge into direct and indirect effects of risk factors and 

quantifying these effects. Only a few studies have explored this (Kramer 1987, Ashorn, 

Hallamaa et al. 2018, Fowkes, Moore et al. 2018) and none in the PNG setting. Using a 

structural equation modelling approach, we investigated the direct and indirect relationships 

between selected key risk factors, factors that are amenable to intervention during pregnancy, 

and pregnancy outcomes including birthweight and LBW, using data from our large IPTp 

clinical trial in PNG pregnant women (Unger, Ome-Kaius et al. 2015).   

 

3.2 Methodology 

3.2.1 Data source 

Data for this analysis comes from a large single-blinded block-randomised controlled trial of 

IPTp (Clinicaltrials.gov, NCT01136850). The study was conducted in PNG between 

November 2009 and August 2012 and the aim of the study was to evaluate the efficacy of IPTp 

using a SPAZ combination regimen in preventing LBW, malaria, anaemia and STIs in PNG 

pregnant women (Unger, Ome-Kaius et al. 2015). Ethical approval for human participation in 

the study was granted by PNG Medical Research Advisory Committee (MRAC number 08.01). 

Detailed methodology of the study had been published elsewhere (Unger, Ome-Kaius et al. 

2015, Unger, Hansa et al. 2019).  

 

The study included pregnant women between 16 and 49 years of age residing in Sumkar and 

Madang districts of Madang Province who had voluntarily provided a written consent for 

participation in the study. The study area is located on the north coast of PNG where malaria 

transmission is usually high (Cattani, Tulloch et al. 1986, Muller, Bockarie et al. 2003) with 

malaria and anaemia during pregnancy being major causes of LBW (Brabin and Piper 1997, 

Allen, Raiko et al. 1998). The recent estimate of the prevalence of LBW in the area was 15% 

(Unger, Ome-Kaius et al. 2015). 
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3.2.2 Data for analysis 

Women were enrolled into the study at gestational age of 26 weeks or less (determined by 

fundal height measurement) and followed up at two subsequent study visits (2
nd

 and 3
rd

) 4-6 

weeks apart until delivery.   

 

At enrolment, the risk factor data collected included the mother’s sociodemographic status (i.e., 

ethnicity, place of residence, education, employment status, partner’s employment), obstetrics 

and medical history (e.g., gravidity, parity, recent illness) and maternal behavioural habits (e.g., 

smoking, betel nut chewing, alcohol drinking). The mother’s clinical and physical examination 

data included uterine fundal height, weight, height, MUAC and blood pressure. From the 

venous blood sample provided by the women, levels of inflammation (CRP & AGP) and 

angiogenesis (sEng, sFlt-1 & PlGF) biomarkers as well as ferritin levels were measured. 

Ferritin level was measured using a novel in-house ELISA that was developed, validated and 

published by the Rogerson group at Doherty Institute (Bleicher, Unger et al. 2018). The 

inflammation and angiogenesis biomarkers were measured using commercially available 

ELISA (Human Quantikine ELISA kits; R&D Systems, Minneapolis, MN, USA) as described 

in chapter 2 and elsewhere (Unger, Hansa et al. 2019). Haemoglobin level was measured using 

a portable haemoglobin machine (HemoCue Ltd, Angelholm, Sweden). The collected blood 

slides were evaluated for malaria infection as described in chapter 2. Women then received the 

study treatment (i.e., IPTp with SPAZ or single treatment course of SP and chloroquine) as per 

their random treatment allocation (Unger, Ome-Kaius et al. 2015).  

 

On the two subsequent study visits following enrolment, women provided blood for 

determination of malaria infection and received their study treatment. If the women presented 

to the study team with a febrile illness outside of the scheduled study visits, blood samples 

were collected for determination of malaria infection and haemoglobin level was measured and 

women were treated according to the national treatment guidelines. At delivery, birthweight 

was measured to the nearest 10 g using digital infant scales (Cupid 1, Charder Medical, 

Taiwan).  

 

3.2.3 Selected risk factors for assessment 

Previous studies have focused on identifying a multitude of factors as causes of LBW (Kramer 

1987, Brodsky and Christou 2004) and as such, this analysis was not focussed on identifying 



87 

 

all risk factors but rather on risk factors that are amenable to intervention during pregnancy in 

a PNG setting to improve birthweight and thus prevent LBW. The factors were selected based 

on the past literature for this study area  and our previous analyses of this data set (Brabin and 

Piper 1997, Allen, Raiko et al. 1998, Unger, Ome-Kaius et al. 2015, Fowkes, Moore et al. 2018, 

Unger, Hansa et al. 2019) and included maternal nutrition, infection, inflammation, plasma 

angiogenic factors, and intervention with IPTp during pregnancy. Selected variables to 

represent these key intervenable risk factors therefore included MUAC, haemoglobin, ferritin, 

malaria infection, CRP, AGP, sEng, sFlt-1 and PlGF ratio and IPTp with SPAZ. These 

variables will be referred to as ‘test variables’ in this chapter unless specified. Other factors 

including STIs, blood pressure and other maternal diseases are important but due to lack of 

sufficient data for these factors, they were not selected for analysis. Malaria infection in this 

chapter refers to the peripheral plasmodium infection detectable by light microscopy. IPTp will 

be used throughout the paper to refer to IPTp with SPAZ and interval haemoglobin and interval 

malaria will be used to refer to haemoglobin change from enrolment to delivery and peripheral 

plasmodium infection during the study respectively. The outcome variables included 

birthweight and LBW.  

 

3.2.4 Statistical methods 

Only birthweights from congenitally normal singleton livebirths that were measured within 7 

days of delivery (n=2021) were included in the analyses. Descriptive analysis was performed 

to appreciate the distribution characteristics of the different variables to be evaluated in the 

models. Categorical variables were tabulated providing proportions which are expressed as 

frequencies or percentages. Histograms and boxplots were used to visualise the distribution of 

the continuous variables and the shape of these distributions (i.e., normal versus skewed 

distributions). They were summarised and expressed as means with standard deviations for 

normally distributed data while median with interquartile range were provided for skewed data.  

 

To allow for interpretations of clinical and public health relevance, continuous variables under 

evaluation were categorised except for the interval heamoglobin. In maintaining consistency 

with definitions used in the previous analyses of this same data and on past literature 

(Thurnham, McCabe et al. 2010, Unger, Ome-Kaius et al. 2015, Zeisler, Llurba et al. 2016, 

Namaste, Aaron et al. 2017, Unger, Hansa et al. 2019), we defined maternal undernutrition as 

indicated by low mid-upper arm circumference as MUAC <23cm and anaemia as haemoglobin 
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<11g/dL. Iron deficiency is defined by WHO as ferritin <15µg/l (WHO 2011 

(WHO/NMH/NHD/MNM/11.2) however, we increased the cut-off to <30µg/l to account for 

inflammation (Namaste, Rohner et al. 2017) that is likely to exist in a setting like PNG where 

high burden of infections including malaria and their associated inflammation are highly 

common. A raised CRP and AGP, an indication of inflammation was defined as a CRP ≥ 5 

mg/L and AGP ≥ 360 mg/L while markers of angiogenesis were considered elevated if levels 

of sEng ≥ 28 pg/ml or a sFlt-1: PlGF ratio ≥ 38 were detected. Each of these markers were 

included in the analyses as separate variables.   

 

We performed univariable and multivariable linear and logistic regression analyses to evaluate 

associations between the risk factors and birthweight and LBW respectively as well as among 

each other. Factors with a tendency for an association with birthweight or LBW (defined as 

p<0.1) in the univariable analyses were included in the respective multivariable analyses. The 

associations are expressed as difference in the mean birthweight and odds ratio (OR) for 

birthweight and LBW respectively and were considered to be statistically significant if the p-

value was below the nominal level of significance of 0.05.  

 

For SEM, we first developed a conceptual framework of pathway maps which specified 

pathways through which the factors of interest (test variables) may influence birthweight/LBW 

(Figure 3.1). This included direct paths whereby the risk factor may directly affect 

birthweight/LBW or indirectly, that is the influence of a factor on birthweight/LBW through 

one or more risk factors along the path.  

 

All the test variables except interval haemoglobin were included as binary variables with zero 

denoting the reference group and one denoting the group of interest. We accounted for timing 

of birthweight measurement to account for the weight changes that occur during the first few 

days after birth (Rijken, Rijken et al. 2011). Haemoglobin level is believed to be gestation-age-

dependent due to pregnancy associated haemodilution (from plasma volume expansion) but 

this is believed to stabilize at about 6 months and onwards to the end of pregnancy (Sato, 

Fujimori et al. 2014). Given the majority of our study population were enrolled and had 

haemoglobin measured at about 6 months of gestation, we believe the influence of 

haemodilution on the association between haemoglobin and birthweight/LBW will be minimal 

and consequently did not account for it in our models. To support this, we compared standard 

multivariable linear and logistic regression model, one adjusting for gestation age to that not 
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adjusting for gestation age using likelihood ratio test (lrtest) and no difference was seen 

between the models.  

 

Mplus was used to estimate the model parameters using the weighted least square mean 

variance adjusted (WLSMV) estimator (see Chapter 2, section 2.2.1 for further details). The 

path coefficients (Figure 2.1) are analogous to regression coefficients and, depending on the 

outcome variable, can be interpreted as a difference in mean birthweight (in kg) and change in 

the probability of LBW. For the LBW analysis, the bootstrap method (number of draws set to 

1000) was used to estimate standard errors and derive confidence intervals for the probit 

regression models used by Mplus to estimate the direct and indirect effects of the risk factors. 

Given no indirect paths are specified for the markers of angiogenesis and the interval 

heamoglobin, the coefficients will be interpreted as total effects. 

 

The fit of the model was evaluated with the comparative fit index (CFI) (Bentler 1990), a 

Tucker– Lewis index (TLI) (Tucker and Lewis 1973) and root mean square error of 

approximation (RMSEA) (Steiger 1990). A model was a good fit if the CFI and TLI were  

>0.95 with RMSEA < 0.05, while an acceptable fit was indicated by CFI and TLI > 0.90 and 

RMSEA <0.08. If the model fit statistics were not acceptable, we examined the modification 

indices to decide if additional pathways should be identified to improve model fit. The models 

were re-specified and re-estimated. Note this was only done if these pathways were biologically 

logical and were in line with past literature.  

 

The descriptive as well as linear and logistic regression analyses were conducted using Stata 

version 15 (StataCorp, USA) while the SEM models were built and estimated in Mplus 

software, version 8.2 (Muthen & Muthen, Los Angeles, CA). R studio was used to export SEM 

output from mplus into excel for use.  

 



90 

 

 

Figure 3-1: Conceptual model of structural equation modelling pathways of study-defined key factors 

contributing to birth weight and LBW. 

Abbreviations: MUAC=mid-upper arm circumference; IPTp=Intermittent Preventive Treatment in pregnancy. 

The concept model reflects how the different factors measured at the first antenatal care visit (enrolment) and 

during (post-enrolment to pre-delivery interval) the study may have directly (solid lines) or indirectly (dotted 

lines) affected neonatal weight at birth. Large grey boxes represent each concept of infections, inflammation, 

angiogenesis, maternal nutrition and interventions, containing within each box the factors that are measures of 

these concepts. Arrows pointing to or away from the large grey boxes indicate pathways that involve each of the 

factors that are within the grey box. Arrows originating from or ending at each factor within the grey boxes 

indicate pathways that are specific to factors involved and not to all factors within the same grey box. In the SEM 

analytical model, all factors and their corresponding specific pathways were included into the model separately 

and modelled as single variables. Birthweight was modelled separately to low birthweight.  

 

3.3 Results 

3.3.1 Cohort characteristics 

Detailed characteristics of the original study are published elsewhere (Unger, Ome-Kaius et al. 

2015, Unger, Wangnapi et al. 2016, Unger, Hansa et al. 2019), some of which are summarised 

for the purpose of this present analysis in Table 3.1. Of the 2793 pregnant women enrolled into 

the parent study, 2021 were included in this analysis. The 772 exclusions were due to protocol 

violations (n=110), withdrawals (n=510) mostly due to loss of follow-up, and the lack of 

birthweight data for analysis (n=152) (Figure 3.2). Women included in the analysis were 

mostly rural residents (60.7%), 90.6% were literate, 49.6% were primigravid and half (50.1%) 

Outcome of Interest

Birthweight

Low birthweight (<2.5kg)

Intervention during pregnancy
IPTp with Azithromycin plus Sulphadoxine Pyrimethamine

Plasmodium infections

Microscopically detectable infection at enrolment – delivery interval

Microscopically detectable infection at enrolment 

Inflammation at enrolment

High C-reactive Protein (≥5mg/L)

High ∝-1-acid glycoprotein (≥360 mg/L)

Angiogenesis at enrolment

High soluble Endoglins levels (≥28.3pg/ml)

High soluble fms-like tyrosine kinase-1 : Placental Growth Factor 
ratio (≥38)

Low MUAC (<23cm) at enrolment

Haemoglobin difference 
Hb at delivery – Hb at enrolment

Iron deficiency (<30µg/l) at 
enrolment

Anaemia (<11g/dL) at 
enrolment

Nutrition/Iron Stores 
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of them were in the intervention arm (AZ plus SP) of the parent study. At enrolment, about 

28% of the women were undernourished, 82% were anaemic, and two-thirds had iron 

deficiency (66.1%). A small number of women had microscopically detected plasmodium 

infection and up to 26% of the women had increased levels of biomarkers (CRP and AGP) that 

are indicative of inflammation (Table 3.1).  

 

3.3.2 Pregnancy outcomes 

The mean (SD) gestational age at delivery was 39.1 (1.8) weeks. Over half (55.8%) of the 

newborns were girls, about 15% had LBW and 8.6% were born preterm. The mean (SD) weight 

at birth was 2943 (479) grams (Table 3.1).  

 

3.3.3 Summary statistics of study defined risk factors 

The 1013 women in the intervention arm of the study received on average 3 doses of SPAZ 

during the study. Four percent of the women had malaria parasites detectable by light 

microscopy during the study, i.e. after enrolment and before delivery. Mean (SD) haemoglobin 

at enrolment was 9.7 (1.5) g/dL while mean MUAC was 24.0 (2.6). For the biomarkers, the 

median (interquartile range) for CRP, AGP, soluble endoglins, sFlt-1: PlGF ratio and ferritin 

were 1.3 (0.5 - 3.6), 233.4 (147.6 - 365.0), 15.8 (7.9 - 28.3), 15.5 (7.4 - 33.8) and 19.4 (10.7 - 

39.7) respectively. Additional descriptive statistics for these variables are presented in Table 

3.1. 
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Figure 3-2: Flowchart showing the women included in the final cohort for analysis in this study and also 

describes the reasons for participant exclusion from the analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2793 women enrolled

2021 women with birthweight (outcome of interest) data for analysis

Exclusions (n=772)
Protocol violations (n=110)
Invalid consent (n=18), Not pregnant (n=6), Twin pregnancy 
(n=16), Congenital abnormality (n=17), Stillbirth (n=40), 
Miscarriage (n=12), Molar pregnancy (n=1)

Withdrawals (n=510)
Lost-to-follow-up (n=474), Patient request (n=10), Logistic 
difficulty (n=5), Moving locations (n=3), Maternal illness (n=3), 
Study drug reactions (n=15)

Lack of birthweight data (n=152)
Not recorded (n=6), Data collected 7 days after birth (n=146)
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Table 3.1: Cohort characteristics 

Variables N Summary 

At enrolment 
  

Maternal age (years) 2021 24.5 (5.5) 

Literate 2016 90.6 

Rural residence 2021 60.7 

Highlands origin 2021 9.3 

Smoking 2019 19.3 

Betel nut chewing 2009 83.1 

IPTp with azithromycin & sulphadoxine pyrimethamine 2021 50.1 

Gestational age by ultrasound (weeks) 1320 21.8 (4.7) 

First pregnancy (primipara) 2018 49.6 

Maternal undernutrition (MUAC <23 cm) 1978 27.9 

Anaemia (haemoglobin <11 g/dL) 1935 82.0 

Low iron levels (Ferritin <30 µg/l) 1981 66.1 

aPeripheral plasmodium infection by microscopy 2015 6.7 

   

Inflammation and angiogenesis status at enrolment 2012 
 

High C-reactive protein levels (≥5 mg/L) 
 

18.1 

High ∝-1-acid-glycoprotein levels (≥ 360 mg/L) 
 

25.8 

High soluble endoglin levels (≥ 28.3 pg/ml) 
 

25.0 

High soluble fms-like tyrosine kinase-1 levels (sFlt-1, ≥ 4.3 ng/ml) 
 

25.3 

Low placental growth factor levels (PlGF, ≤ 93.5 pg/ml) 
 

25.0 

High sFlt1: PlGF ratio (≥ 38) 
 

22.0 
   

At delivery - birth outcomes 
  

Gestational age by ultrasound (weeks) 1320 39.1 (1.8) 

Female neonate 2011 55.8 

Birthweight (g) 2021 2942.6 (478.5) 

Low birthweight (<2500g) 
 

15.1 

Preterm delivery (<37 weeks) 1320 8.6 

Small-for-gestational-age 
 

24.6 

Summary are % for categorical variables and mean (SD) for continuous variables; MUAC: mid-upper arm 

circumference; IPTp: intermittent preventive treatment in pregnancy; aInfections of any plasmodium 

species and of any density 

  

3.3.4 Univariate and multivariable associations with birthweight and low birthweight 

In univariate analyses of birthweight, IPTp (coef 41.9; CI95: 0.19 - 83.6) and iron deficiency 

(coef 60.0; CI95: 15.5 - 104) were positively associated with birthweight while low MUAC 

(coef -147; CI95: -193 - 101), high soluble endoglin levels (coef -52.4; CI95: -100 - -4.01) and 
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elevated sFlt-1:PlGF ratio (coef -67.5; CI95: -118 - -17.0) were all negatively associated with 

birthweight. Other factors of interest including malaria infection (both at enrolment and during 

the study), anaemia at enrolment, interval heamoglobin and inflammation did not show an 

association with birthweight (Table 3.2). Significant associations were also observed for other 

factors including maternal age (coef 14.0; CI95: 10.3 - 17.8), partner had a wage/salary earning 

employment (coef 63.1; CI95: 18.0 - 108), rural residence (coef -42.4; CI95: -85.1 - 0.35), 

highlands origin (coef 218; CI95: 147 - 289), primigravidity (coef -217; CI95: -257 - -176), total 

antenatal care visits attended (coef 37.9; CI95: 27.5 - 48.4), female sex of baby (coef -67.8; 

CI95: -109 - -25.7) and short maternal height (coef -170; CI95: -224 - -116). IPTp and iron 

deficiency remained significant after adjusting for these factors in the multivariable analysis, 

whereby women receiving IPTp during the study and being iron deficient at enrolment 

delivered babies 46g (CI95: 1.69 - 89.9) and 59g (CI95: 10.1 - 108) heavier than babies born to 

women who did not receive IPTp and who were not iron deficient, respectively (Table 3.2). 

Similarly, low MUAC remained significant such that having a low MUAC was associated with 

121g (CI95: -171 - -70.5) decrease in mean birthweight when compared to women with normal 

MUAC (Table 3.2). Associations with soluble endoglin levels and sFlt-1: PlGF ratio were no 

longer significant in the multivariable analysis (Table 3.2).  

 

As observed with birthweight, IPTp and low MUAC were also strongly associated with LBW 

both in univariable and multivariable logistic regression analyses (Table 3.2). In univariate 

analysis, odds of delivering a LBW baby was reduced by 30% (OR 0.70; CI95: 0.55 - 0.90) for 

women receiving IPTp when compared to women who didn’t, while women with low MUAC 

had 1.71 (OR 1.71, CI95: 1.32 - 2.21) times higher odds of delivering a LBW baby than those 

with normal MUAC (Table 3.2). Maternal age (OR 0.94; CI95: 0.92 - 0.96), partner had a 

wage/salary earning employment (OR 0.67; CI95: 0.52 - 0.86), highlands origin (OR 0.43; CI95: 

0.24 - 0.75), primigravidity (OR 2.86; CI95: 2.19 - 3.73), total antenatal care visits attended 

(OR 0.84; CI95: 0.78 - 0.90), female sex (OR 1.53; CI95: 1.19 - 1.97) and maternal height (OR 

1.75; CI95: 1.31 - 2.32) were significantly associated with LBW in univariate analyses and were 

thus adjusted for in the multivariable logistic regression. Multivariable regression revealed that 

women receiving IPTp had a 35% (OR 0.65, CI95: 0.48 - 0.88) reduced risk of delivering a 

LBW baby than the women who did not receive IPTp. Compared to women with normal 

MUAC, the odds of delivering a LBW baby was significantly increased for women with low 

MUAC (OR 1.72, CI95: 1.25 - 2.37).  
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Contrary to what may be expected, we found anaemia at enrolment to be associated with 

decreased likelihood of LBW, such that the odds of delivering LBW among anaemic women 

was significantly reduced by 35% (OR 0.65; CI95; 0.43 - 0.97, Table 3.2). Similarly, we also 

observed an increase in the odds of delivering a LBW baby for every 1g/dl increase in the 

difference in the haemoglobin measured between enrolment and delivery (adjusted OR:  1.12, 

CI95: 1.03 - 1.22, Table 3.2).  
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Table 3.2: Crude and adjusted associations of risk factors with birthweight and low birthweight 1 
 Birthweight (grams) Low birthweight 
 Crude Multivariable Crude Multivariable 
 coef acoef (CI95) OR  bOR (CI95) 
IPTp with azithromycin & sulphadoxine pyrimethamine 41.9 *  45.8 (1.69, 89.9) * 0.7 **  0.65 (0.48, 0.88) ** 
Plasmodium infection at enrolment (by microscopy) -55.0  57.2 (-36, 150) 1.04  0.57 (0.29, 1.12) 
cPlasmodium infection during study (by microscopy) -51.6  10.9 (-104, 126) 0.95  0.76 (0.32, 1.79) 
Low mid upper arm circumference (<23 cm) -147 ***  -121 (-171, -70.5) *** 1.72 ***  1.72 (1.25, 2.37) ** 
Enrolment anaemia (Haemoglobin <11 g/dL) -16.3  15.8 (-45.3, 76.9) 0.83  0.65 (0.43, 0.97) * 
dHaemoglobin change during study (g/dL) -10.4 #  -11.8 (-24.3, 0.75) # 1.08 *  1.12 (1.03, 1.22) ** 

Low ferritin levels (<30 µg/l) 60.0 **  59.1 (10.1, 108) * 0.87  0.87 (0.63, 1.22) 
High C-reactive protein levels (≥5 mg/L) -43.2  -37.8 (-97.8, 22.2) 1.28  1.44 (0.97, 2.13) # 
High ∝-1-acid-glycoprotein levels (≥ 360 mg/L) -33.0  -9.61 (-61.5, 42.3) 1.16  1.21 (0.86, 1.72) 
High soluble endoglin levels (≥ 28.3 pg/ml) -52.3 *  -22.2 (-73.8, 29.4) 1.20  1.05 (0.75, 1.49) 
High sFlt-1: PlGF ratio (≥ 38) -67.5 **  -39.3 (-93.1, 14.5) 1.31 #  1.17 (0.82, 1.67) 
Abbreviations: coef =coefficients; OR = odds ratio; CI95 = 95% confidence interval; sFlt-1 = soluble fms-like tyrosine kinase-1; PlGF = Placental growth factor; IPTp = 

intermittent preventive treatment in pregnancy; acoefficients are mean differences in birthweight in grams and estimated using linear regression and adjusted for maternal 

age, partner’s employment status, rural residence, highlands origin, primigravidity, total antenatal care visits attended, female sex and maternal height; bOdds ratio 

estimated using logistic regression and adjusted for maternal age, partner’s employment status, highlands origin, primigravidity, total antenatal care visits attended, female 

sex and maternal height; cInfection post-enrolment and pre-delivery; dDifference in haemoglobin between enrolment and delivery; 
# 0.05 ≤ p <0.1; * 0.01 ≤ p <0.05; **0.001 ≤ p <0.01; ***p<0.001 

2 
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3.3.5 Direct and indirect effects by structural equation modelling 

The confounders included in the SEM models included time of birthweight measurement, 

foetal sex, maternal age, place of residence, ethnicity, partner’s employment status, height, 

number of antenatal care visits attended and primiparity. Estimates of the fitted SEM model 

for birthweight based on the conceptual model (Figure 3.1) of the study defined variables are 

presented in Table 3.3. IPTp and iron deficiency were associated with a 52g (CI95: 010 - 0.089) 

and 44g (CI95: 009 - 077) increase in mean birthweight respectively while a 54g (CI95: -0.081 

- -0.025) decrease was observed for low MUAC. The SEM analysis shows that the significant 

effects of IPTp, low MUAC and iron deficiency were independently directly exerted. 

Birthweight was directly predicted positively by IPTp and negatively by low MUAC whereby 

babies of women receiving IPTp during the study were 50 grams (coef 0.05; CI95: 0.004 - 

0.092) heavier than their counterparts, while women with low MUAC delivered babies 57g 

(coef -0.057; CI95: -0.086 - -0.029) lighter than babies born to women with normal MUAC. We 

also observed a tendency for soluble endoglins at enrolment to directly negatively predict 

birthweight (coef -0.027; CI95: -0.057 - 0.002). Iron deficiency was noted to have an overall 

positive influence on birthweight and there was a tendency for this effect to be exerted directly 

(coef 0.037; CI95: -0.003 - 0.079). We did not observe statistically significant direct and indirect 

associations of other factors that were of interest (Table 3.3).  

 

 In the SEM analysis of LBW, probit regression models are used in Mplus to estimate the direct 

and indirect effects. However, in probit regression models the probability of having a LBW 

baby (outcome variable) and the covariates have a nonlinear relationship, and the coefficients 

in Table 3.4 are not as straightforward to interpret as those from a linear or logistic regression 

model. For example, a positive coefficient means that an increase in the risk factor leads to an 

increase in the probability of LBW baby and a negative coefficient indicates a decreased 

probability. 

 

IPTp and MUAC appear to only have direct effects on LBW (Table 3.4). For the women who 

received IPTp during their pregnancy, their propensity of delivering a LBW was 0.22 standard 

deviations lower than women who did not receive IPTp (coef: 0.22; CI95: -0.0356 - -0.076). 

The propensity of having a LBW baby was increased in women with low MUAC (coef: 0.12; 

CI95: 0.024 - 0.214) than the women who had normal MUAC (Table 3.4). We also observed 

anaemia (coef -0.174; CI95: -0.332 - -0.019) and CRP levels (coef 0.140; CI95: 0.002 - 0.267) 
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at enrolment to have an overall influence on LBW (Table 3.4). Whether the effects of CRP are 

exerted directly or indirectly was not established in this model (Table 3.4). Anaemia at 

enrolment was associated with a reduced probability of LBW (coef -0.169; CI95: -0.325 - -

0.014), suggesting that anaemia was protective against LBW and the effects appeared to be 

directly exerted (Table 3.4). On that same note, we see an increase in the probability of LBW 

with every 1g increase in the difference in the haemoglobin (coef 0.151; CI95: 0.042 - 0.266) 

between enrolment and delivery (Table 3.4).  

 

Associations between the selected risk factors are given in Table 3.5. Briefly, malaria infections 

at enrolment were strongly associated with an increase in the probability of the mother being 

anaemic. Risk of being iron deficient was noted to be reduced if women had malaria infection 

or had high levels of CRP, a reflection of the inflammation associated increase in ferritin levels.  

 

The model fit statistics confirm that the model fitted the data well: birthweight model, 

CFI=0.96, TLI=0.93, RMSEA=0.013 (low=0.007, high=0.019); LBW model, CFI=0.95, 

TLI=0.91, RMSEA=0.015 (low=0.009, high=0.020).  
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Table 3.3: Unstandardised direct, total indirect and total associations between risk factors and birthweight. 

Predictors Direct Effects (kg) Total Indirect Effects (kg) Total Effects (kg) 

IPTp with azithromycin & sulphadoxine pyrimethamine 0.050 (0.004, 0.092) * 0.002 (-0.014, 0.020) 0.052 (0.010, 0.089) ** 
aPlasmodium infection at enrolment (by microscopy) 0.031 (-0.035, 0.105) -0.030 (-0.068, 0.003) 0.002 (-0.042, 0.049) 
aPlasmodium infection during study (by microscopy) -0.008 (-0.062, 0.042) 0.001 (-0.003, 0.005) -0.007 (-0.061, 0.043) 
Low mid upper arm circumference (<23 cm) -0.057 (-0.086, -0.029) *** -0.003 (-0.005, 0.012) -0.054 (-0.081, -0.025) *** 
Enrolment anaemia (Haemoglobin <11 g/dL) 0.016 (-0.036, 0.062) 0.003 (-0.002, 0.008) 0.018 (-0.034, 0.061) 
Haemoglobin change during study (g/dL) -0.012 (-0.033, 0.008)   

Low ferritin levels (<30 µg/l) 0.037 (-0.003, 0.079) # 0.007 (-0.009, 0.024) 0.044 (0.009, 0.077) * 
High C-reactive protein levels (≥5 mg/L) -0.020 (-0.062, 0.020) -0.011 (-0.026, 0.001) -0.031 (-0.070, 0.009) 
High ∝-1-acid-glycoprotein levels (≥ 360 mg/L) -0.006 (-0.04, 0.024) 0.002 (-0.009, 0.013) -0.004 (-0.036, 0.025) 
High soluble endoglin levels (≥ 28.3 pg/ml) -0.027 (-0.057, 0.002) #   

High sFlt-1: PlGF ratio (≥ 38) -0.023 (-0.052, 0.006)   

Abbreviations: IPTp=Intermittent Preventive Treatment in pregnancy; sFlt-1=soluble fms-like tyrosine kinase-1; PlGF=Placental Growth Factor. Numbers are 

unstandardised coefficients (95% confidence interval) estimated using structural equation modelling, adjusting for maternal age, height, ethnicity, place of residence, 

gravidity, number of antenatal care visits, partner’s employment status, timing of birthweight measurement, and neonatal sex. aPeripheral microscopically detected 

infections (any species and any density). For the variables that we did not specify an indirect path (i.e., haemoglobin change during study, soluble endoglin levels, sFlt-1: 

PlGF ratio), only the direct effects were estimated.  
# 0.05 ≤ p <0.1; * 0.01 ≤ p <0.05; **0.001 ≤ p <0.01; ***p<0.001 

 
Table 3.4: Standardised direct, total indirect and total associations between risk factors and low birthweight. 

 Direct Total Indirect Total 

IPTp with azithromycin & sulphadoxine pyrimethamine  -0.220 (-0.356, -0.076) **  0.013 (-0.036, 0.076)  -0.207 (-0.335, -0.081) ** 
aPlasmodium infection at enrolment (by microscopy)  -0.086 (-0.31, 0.142)  0.046 (-0.079, 0.165)  -0.040 (-0.200, 0.095) 
aPlasmodium infection during study (by microscopy)  -0.037 (-0.24, 0.124)  -0.003 (-0.026, 0.018)  -0.040 (-0.256, 0.121) 
Low mid upper arm circumference (<23cm)  0.122 (0.024, 0.214) *  -0.005 (-0.038, 0.022)  0.117 (0.019, 0.205) * 
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Enrolment anaemia (Haemoglobin <11g/dL)  -0.169 (-0.325, -0.014) *  -0.005 (-0.022, 0.010)  -0.174 (-0.332, -0.019) * 
Haemoglobin change during study (g/dL)  0.151 (0.042, 0.266) *       
Low ferritin levels (<30µg/l)  -0.037 (-0.192, 0.109)  -0.048 (-0.114, 0.017)  -0.085 (-0.222, 0.042) 
High C-reactive protein levels (≥5 mg/L)  0.110 (-0.038, 0.244)  0.030 (-0.011, 0.077)  0.140 (0.002, 0.267) * 
High ∝-1-acid-glycoprotein levels (≥ 360 mg/L)  0.016 (-0.102, 0.118)  -0.011 (-0.047, 0.023)  0.004 (-0.104, 0.106) 
High soluble endoglin levels (≥ 28.3 pg/ml)  0.054 (-0.043, 0.152)       
High sFlt-1: PlGF ratio (≥ 38)  0.045 (-0.06, 0.138)       
Abbreviations: IPTp=Intermittent Preventive Treatment in pregnancy; sFlt-1=soluble fms-like tyrosine kinase-1; PlGF=Placental Growth Factor. Numbers are standardised coefficients 

(95% confidence interval) estimated using structural equation modelling, adjusting for maternal age, height, ethnicity, gravidity, number of antenatal care visits, partner’s employment 

status, timing of birthweight measurement, and neonatal sex. aPeripheral microscopically detected infections (any species and density); For the variables that we did not specify an 

indirect path (i.e., haemoglobin change during study, soluble endoglin levels, sFlt-1: PlGF ratio), only the direct effects were estimated. 
# 0.05 ≤ p <0.1; * 0.01 ≤ p <0.05; **0.001 ≤ p <0.01; ***p<0.001 

 

 

Table 3.5:  Unstandardised direct, total indirect and total associations between the different risk factors. 

Predictors Outcome Summary Estimate CI95 p-value 

Plasmodium infection at enrolment (by microscopy) Enrolment anaemia (Hb <11g/dL) Total 0.177 (0.054, 0.356) 0.018 
Plasmodium infection at enrolment (by microscopy) Enrolment anaemia (Hb <11g/dL) Total indirect -0.097 (-0.225, -0.028) 0.049 
Plasmodium infection at enrolment (by microscopy) Enrolment anaemia (Hb <11g/dL) Direct 0.274 (0.116, 0.520) 0.01 
Low MUAC (<23 cm) Enrolment anaemia (Hb <11g/dL) Total 0.076 (-0.021, 0.169) 0.119 
Low MUAC (<23 cm) Enrolment anaemia (Hb <11g/dL) Total indirect 0.023 (0.004, 0.052) 0.061 
Low MUAC (<23 cm) Enrolment anaemia (Hb <11g/dL) Direct 0.053 (-0.042, 0.146) 0.294 
High CRP levels (≥5 mg/L) Enrolment anaemia (Hb <11g/dL) Total -0.028 (-0.185, 0.103) 0.702 
High CRP levels (≥5 mg/L) Enrolment anaemia (Hb <11g/dL) Total indirect -0.042 (-0.094, -0.012) 0.038 
High CRP levels (≥5 mg/L) Enrolment anaemia (Hb <11g/dL) Direct 0.014 (-0.152, 0.158) 0.857 
High AGP levels (≥ 360 mg/L) Enrolment anaemia (Hb <11g/dL) Total -0.047 (-0.154, 0.064) 0.401 
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High AGP levels (≥ 360 mg/L) Enrolment anaemia (Hb <11g/dL) Total indirect -0.023 (-0.057, 0.001) 0.12 
High AGP levels (≥ 360 mg/L) Enrolment anaemia (Hb <11g/dL) Direct -0.024 (-0.132, 0.094) 0.676 
Low ferritin levels (<30 µg/l) Enrolment anaemia (Hb <11g/dL) Total 0.236 (0.113, 0.397) 0.001 
Low ferritin levels (<30 µg/l) Enrolment anaemia (Hb <11g/dL) Total indirect none specified 
Low ferritin levels (<30 µg/l) Enrolment anaemia (Hb <11g/dL) Direct Not applicable 
Plasmodium infection at enrolment (by microscopy) Low ferritin levels (<30 µg/l) Total -0.419 (-0.584, -0.313) <0.001 
Plasmodium infection at enrolment (by microscopy) Low ferritin levels (<30 µg/l) Total indirect -0.086 (-0.131, -0.041) <0.001 
Plasmodium infection at enrolment (by microscopy) Low ferritin levels (<30 µg/l) Direct -0.333 (-0.517, -0.209) <0.001 
High CRP levels (≥5 mg/L) Low ferritin levels (<30 µg/l) Total -0.185 (-0.307, -0.077) 0.002 
High CRP levels (≥5 mg/L) Low ferritin levels (<30 µg/l) Total indirect 0.004 (-0.006, 0.017) 0.549 
High CRP levels (≥5 mg/L) Low ferritin levels (<30 µg/l) Direct -0.188 (-0.310, -0.080) 0.001 
High AGP levels (≥ 360 mg/L) Low ferritin levels (<30 µg/l) Total -0.073 (-0.167, 0.019) 0.119 
High AGP levels (≥ 360 mg/L) Low ferritin levels (<30 µg/l) Total indirect -0.01 (-0.025, 0.000) 0.122 
High AGP levels (≥ 360 mg/L) Low ferritin levels (<30 µg/l) Direct -0.063 (-0.157, 0.031) 0.183 
IPTp with azithromycin & sulphadoxine pyrimethamine Haemoglobin level during study (g/dL) Total 0.023 (-0.068, 0.121) 0.646 
IPTp with azithromycin & sulphadoxine pyrimethamine Haemoglobin level during study (g/dL) Total indirect 0.005 (-0.031, 0.048) 0.798 
IPTp with azithromycin & sulphadoxine pyrimethamine Haemoglobin level during study (g/dL) Direct 0.018 (-0.080, 0.123) 0.734 
Low ferritin levels (<30 µg/l) Haemoglobin level during study (g/dL) Total -0.064 (-0.145, 0.009) 0.1 
Low ferritin levels (<30 µg/l) Haemoglobin level during study (g/dL) Total indirect 0.002 (-0.011, 0.042) 0.851 
Low ferritin levels (<30 µg/l) Haemoglobin level during study (g/dL) Direct -0.066 (-0.161, 0.007) 0.115 
Plasmodium infection at enrolment (by microscopy) Haemoglobin level during study (g/dL) Total 0.057 (0.019, 0.103) 0.007 
Plasmodium infection at enrolment (by microscopy) Haemoglobin level during study (g/dL) Total indirect 0.057 (0.019, 0.103) 0.007 
High CRP levels (≥5 mg/L) Haemoglobin level during study (g/dL) Total 0.122 (0.034, 0.211) 0.007 
High CRP levels (≥5 mg/L) Haemoglobin level during study (g/dL) Total indirect 0.014 (-0.001, 0.035) 0.124 
High CRP levels (≥5 mg/L) Haemoglobin level during study (g/dL) Direct 0.108 (0.012, 0.203) 0.026 
High AGP levels (≥ 360 mg/L) Haemoglobin level during study (g/dL) Total -0.086 (-0.162, -0.010) 0.033 
High AGP levels (≥ 360 mg/L) Haemoglobin level during study (g/dL) Total indirect -0.001 (-0.014, 0.012) 0.886 
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High AGP levels (≥ 360 mg/L) Haemoglobin level during study (g/dL) Direct -0.085 (-0.167, -0.005) 0.04 
Low MUAC (<23 cm) Haemoglobin level during study (g/dL) Total 0.048 (-0.021, 0.118) 0.17 
Low MUAC (<23 cm) Haemoglobin level during study (g/dL) Total indirect -0.006 (-0.018, 0.001) 0.218 
Low MUAC (<23 cm) Haemoglobin level during study (g/dL) Direct 0.054 (-0.017, 0.124) 0.125 
Plasmodium infection at enrolment (by microscopy) High sEng levels (≥ 28.3 pg/ml) Total 0.113 (-0.008, 0.225) 0.063 
Plasmodium infection at enrolment (by microscopy) High sEng levels (≥ 28.3 pg/ml) Total indirect -0.039 (-0.127, 0.037) 0.336 
Plasmodium infection at enrolment (by microscopy) High sEng levels (≥ 28.3 pg/ml) Direct 0.152 (-0.015, 0.320) 0.079 
Low MUAC (<23 cm) High sEng levels (≥ 28.3 pg/ml) Total -0.018 (-0.103, 0.070) 0.69 
Low MUAC (<23 cm) High sEng levels (≥ 28.3 pg/ml) Total indirect 0.006 (-0.007, 0.023) 0.43 
Low MUAC (<23 cm) High sEng levels (≥ 28.3 pg/ml) Direct -0.024 (-0.110, 0.065) 0.604 
Low ferritin levels (<30 µg/l) High sEng levels (≥ 28.3 pg/ml) Total 0.063 (-0.048, 0.183) 0.285 
Low ferritin levels (<30 µg/l) High sEng levels (≥ 28.3 pg/ml) Total indirect -0.001 (-0.029, 0.027) 0.951 
Low ferritin levels (<30 µg/l) High sEng levels (≥ 28.3 pg/ml) Direct 0.064 (-0.058, 0.199) 0.313 
High CRP levels (≥5 mg/L) High sEng levels (≥ 28.3 pg/ml) Total -0.06 (-0.178, 0.061) 0.329 
High CRP levels (≥5 mg/L) High sEng levels (≥ 28.3 pg/ml) Total indirect -0.013 (-0.039, 0.013) 0.344 
High CRP levels (≥5 mg/L) High sEng levels (≥ 28.3 pg/ml) Direct -0.047 (-0.166, 0.079) 0.447 
High AGP levels (≥ 360 mg/L) High sEng levels (≥ 28.3 pg/ml) Total 0.048 (-0.045, 0.146) 0.322 
High AGP levels (≥ 360 mg/L) High sEng levels (≥ 28.3 pg/ml) Total indirect -0.002 (-0.019, 0.013) 0.79 
High AGP levels (≥ 360 mg/L) High sEng levels (≥ 28.3 pg/ml) Direct 0.05 (-0.047, 0.152) 0.314 
Plasmodium infection at enrolment (by microscopy) High sFlt-1: PlGF ratio (≥ 38) Total 0.01 (-0.106, 0.134) 0.865 
Plasmodium infection at enrolment (by microscopy) High sFlt-1: PlGF ratio (≥ 38) Total indirect 0.018 (-0.081, 0.101) 0.679 
Plasmodium infection at enrolment (by microscopy) High sFlt-1: PlGF ratio (≥ 38) Direct -0.008 (-0.200, 0.182) 0.931 
Low MUAC (<23 cm) High sFlt-1: PlGF ratio (≥ 38) Total 0.098 (0.009, 0.188) 0.03 
Low MUAC (<23 cm) High sFlt-1: PlGF ratio (≥ 38) Total indirect -0.02 (-0.042, -0.003) 0.056 
Low MUAC (<23 cm) High sFlt-1: PlGF ratio (≥ 38) Direct 0.118 (0.026, 0.214) 0.012 
Low ferritin levels (<30 µg/l) High sFlt-1: PlGF ratio (≥ 38) Total -0.141 (-0.247, -0.029) 0.011 
Low ferritin levels (<30 µg/l) High sFlt-1: PlGF ratio (≥ 38) Total indirect -0.027 (-0.067, -0.003) 0.097 
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Low ferritin levels (<30 µg/l) High sFlt-1: PlGF ratio (≥ 38) Direct -0.114 (-0.233, 0.005) 0.056 
High CRP levels (≥5 mg/L) High sFlt-1: PlGF ratio (≥ 38) Total -0.005 (-0.124, 0.120) 0.929 
High CRP levels (≥5 mg/L) High sFlt-1: PlGF ratio (≥ 38) Total indirect 0.029 (-0.001, 0.066) 0.095 
High CRP levels (≥5 mg/L) High sFlt-1: PlGF ratio (≥ 38) Direct -0.034 (-0.159, 0.088) 0.578 
High AGP levels (≥ 360 mg/L) High sFlt-1: PlGF ratio (≥ 38) Total 0.03 (-0.064, 0.123) 0.536 
High AGP levels (≥ 360 mg/L) High sFlt-1: PlGF ratio (≥ 38) Total indirect 0.002 (-0.025, 0.025) 0.903 
High AGP levels (≥ 360 mg/L) High sFlt-1: PlGF ratio (≥ 38) Direct 0.028 (-0.065, 0.130) 0.571 

Abbreviations: CI95 = 95% confidence interval; Hb = haemoglobin; MUAC = mid upper arm circumference; CRP = C-reactive protein; AGP = ∝-1-acid-glycoprotein; 

IPTp=Intermittent Preventive Treatment in pregnancy; sEng = soluble endoglins; sFlt-1=soluble fms-like tyrosine kinase-1; PlGF=Placental Growth Factor.  
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3.4 Discussion 

Low birthweight is perhaps the most important determinant of childhood morbidities and 

mortality and a significant contributor to growth faltering in early childhood and adverse 

health, developmental, social and economic outcomes throughout life (Black, Allen et al. 2008, 

Victora, Adair et al. 2008, Christian, Lee et al. 2013, Katz, Lee et al. 2013, Lawn, Blencowe et 

al. 2014). The causes of LBW are multifactorial and inter-related hence presenting a major 

challenge for prevention of LBW, for clinical management of infants born with LBW, and for 

the use of public health interventions to address the associated factors. Teasing apart these 

inter-relationships between factors and determining and quantifying the magnitude of each 

factor’s direct and indirect effects is greatly needed to inform policies and strategies targeted 

at improving birth weight.  

 

We undertook this analysis to determine the direct and indirect effects of selected modifiable 

risk factors that are important in the PNG setting including maternal nutrition conditions 

(namely iron deficiency, anaemia, and maternal undernutrition (indicated by low MUAC)), 

malaria infections, inflammation and IPTp on birthweight and LBW. In this cohort of 2021 

PNG pregnant women, iron deficiency, low MUAC and IPTp were significantly associated 

with birthweight and were observed to be direct predictors, although this relationship was less 

pronounced for iron deficiency. Correspondingly, IPTp and maternal undernutrition but not 

iron deficiency also directly predicted LBW. Anaemia and high CRP levels at enrolment were 

associated with LBW but not birthweight and while anaemia was observed to be a direct 

predictor of LBW, we did not establish whether CRP had direct or indirect effects on LBW in 

our model. No statistically significant associations were established for malaria infections from 

our models. We did not establish any indirect effects for any of these selected factors in our 

models.  

 

In the original analysis of this dataset (Unger, Ome-Kaius et al. 2015), administering three 

courses (1 g twice daily for 2 days) of SPAZ to prevent malaria was observed to reduce LBW 

by about 30% in spite of the low prevalence of malaria observed in the study. This indicated 

that IPTp may be operating through mechanisms other than malaria to improve birthweight 

hence reducing the risk of LBW. The notion of IPTp operating through other mechanisms was 

shown in a follow up analysis of this same data investigating the impact of IPTp on 

inflammation and angiogenesis in influencing birth outcomes (Unger, Hansa et al. 2019). We 
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showed in that analysis that women receiving IPTp intervention had lower levels of 

inflammatory biomarkers at delivery which may indicate that IPTp prevents LBW by reducing 

inflammation. Apart from its antimalarial properties, azithromycin is a broad-spectrum 

antibiotic that can treat a wide range of bacterial infections such as STIs and genital infections 

during pregnancy, infections which are known to be associated with adverse birth outcomes 

(Mullick, Watson-Jones et al. 2005, Chico, Hack et al. 2013, Romero, Dey et al. 2014). It may 

also have anti-inflammatory properties (Ratjen, Saiman et al. 2012). In this analysis, we 

observed IPTp to have a direct impact on birthweight and risk of LBW independent of its 

effects on malaria infections detected during the study and the haemoglobin change. The lack 

of data regarding the sexually transmitted and genital infections did not allow us to explore 

whether IPTp could be influencing birthweight and LBW through effects on these infections.  

The mechanism underlying the effect of IPTp on birthweight and risk of LBW observed in 

original analysis therefore remains to be determined. Given this analysis was focussed on 

factors that are measurable before delivery so they can be intervened at prior to measuring birth 

outcomes at delivery, we did not explore the effects of IPTp on placental malaria, anaemia and 

inflammation at delivery. Gestational weight gain was proposed from one of our analysis 

(Unger, Wangnapi et al. 2016) as a possible mechanism through which IPTp may influence 

birthweight however, due to limited data points, we did not investigate this mechanism.  

 

Nutrition has long been recognised to play a major role in maternal and child health, and 

optimal nutrition in the periconception period and during pregnancy is considered key to 

growing a healthy baby in utero and hence giving the child a healthy start to life (Barker, 

Gluckman et al. 1993, Black, Allen et al. 2008, Abu-Saad and Fraser 2010, Black, Victora et 

al. 2013, Young, Nguyen et al. 2015). In developing countries such as PNG, optimal nutrition 

which includes consistent intake of nutritious diet with adequate amounts of nutrients needed 

to meet maternal and foetal needs is a major challenge, primarily due to the underlying poverty. 

Nutritional deficiencies, often involving multiple rather than single nutrients, are therefore 

highly prevalent in these settings and are considered major contributors to the high burden of 

LBW seen (Kramer 1987, Fall, Yajnik et al. 2003, Black, Allen et al. 2008, Abu-Saad and 

Fraser 2010, Ashorn, Hallamaa et al. 2018, Abera, Ejara et al. 2019). Inadequate nutrition may 

result in IUGR and or preterm labour, and result in LBW through its impact on the growth and 

development of placenta, mother-to-foetal nutrient transfer and maternal as well as foetal 

metabolic and endocrine status (Harding 2001, Fall, Yajnik et al. 2003, Wu, Bazar et al. 2004, 

Belkacemi, Nelson et al. 2010, Wu, Imhoff-Kunsch et al. 2012).  
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In this study, low MUAC, which is indicative of maternal undernutrition, strongly predicts 

decreased birthweight and LBW via mechanisms independent of its effects through anaemia, 

iron deficiency, angiogenesis and the change in haemoglobin during the study. This has also 

been demonstrated elsewhere, in studies where maternal nutritional status was a direct 

predictor of newborn size independent of its effects on placental weight and other factors 

(Ashorn, Hallamaa et al. 2018). In the same study, the authors indicated that nutrition, 

inflammation, infections and other constitutional factors acted both directly and indirectly 

through each other to jointly influence size at birth; providing evidence that interventions 

addressing multiple exposures may be an appropriate strategy in improving birthweight. We 

did not establish significant indirect associations between maternal undernutrition and risk of 

LBW, particularly effects operating through anaemia and/or iron deficiency, both of which are 

very common nutritional problems faced by pregnant women and which have been the focus 

of many nutrition interventions over the years (Merialdi, Carroli et al. 2003, WHO 2008, Allen, 

Peerson et al. 2009, Stevens, Finucane et al. 2013, Bhutta, Das et al. 2013a, da Silva Lopes, 

Ota et al. 2017).  

 

Anaemia during pregnancy is generally considered a risk factor for LBW and other adverse 

birth outcomes (Levy, Fraser et al. 2005, Rahman, Abe et al. 2016, Figueiredo, Gomes-Filho 

et al. 2018, Jung, Rahman et al. 2019). However, in our analysis, we observed anaemia at 

enrolment (which occurred mostly during the second trimester) to be a direct predictor of 

reduced odds of LBW. We cannot accurately explain this observation, but it is possible that 

majority of the cases defined in our study as anaemia are of haemoglobin levels that may be 

considered optimal to achieve better outcomes (Steer, Alam et al. 1995, Steer 2000, Dewey 

and Oaks 2017). In a large study conducted in United Kingdom among women across different 

racial ethnicities, the authors observed a maximum mean birthweight among women with 

haemoglobin levels ranging from 85-95 g/l; and lowest incidence of LBW at haemoglobin 

levels 95-105 g/L (Steer, Alam et al. 1995). Given we defined our anaemia as haemoglobin 

<11 g/dL as per the WHO definitions (WHO Vitamin and Mineral Nutrition Information 

System (VMNIS)), all the women in our study with these haemoglobin levels are defined as 

anaemic. This included 69% of women defined as having anaemia in the study. Only a very 

small proportion of the women (3%) were severely anaemia precluding analysis to investigate 

the association between severe anaemia and birthweight and LBW.  It has been postulated that 

the relationship between the maternal haemoglobin levels and risk of adverse pregnancy 
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outcomes is U-shaped; i.e. risk of adverse birth outcomes increases as haemoglobin level 

approaches the extreme ends of haemoglobin levels (Steer, Alam et al. 1995, Dewey and Oaks 

2017). Women with severe anaemia are thus more likely to have an adverse birth outcome than 

women with mild or moderate anaemia. In our study, severe anaemia was observed in 3% of 

the women while 54. 6% had moderate anaemia. The relationship between haemoglobin and 

adverse outcomes however is said to differ by trimester of pregnancy owing to the effect of 

haemodilution (from plasma volume expansion) (Garn, Ridella et al. 1981, Murphy, O'Riordan 

et al. 1986, Lu 1991, Steer, Alam et al. 1995, Steer 2000, Dewey and Oaks 2017). In the studies 

that reported an adverse association of anaemia on LBW, the adverse effects of haemoglobin 

were more marked if haemoglobin was measured in the first trimester while there are mixed 

reports of such associations in the second and third trimesters of pregnancy (Rasmussen and 

Oian 1993, Hamalainen, Hakkarainen et al. 2003, Dewey and Oaks 2017, Rahmati, Delpishe 

et al. 2017, Badfar, Shohani et al. 2019). 

 

It is also possible that the protective effect of anaemia on LBW may be may be mediated 

through iron deficiency which is the most common cause of anaemia (Haider, Olofin et al. 

2013, Stevens, Finucane et al. 2013). Recently, a study conducted in PNG showed iron 

deficiency to be associated with reduced odds of LBW which the authors proposed to be 

through malaria-independent protective mechanisms (Fowkes, Moore et al. 2018). This 

association was subsequently investigated by Verhoef and group who propose that the 

protective effect of iron deficiency on LBW may be due to the improvement in the iron status 

of women from the iron supplementation they received, particularly the women who were 

initially iron deficient (Verhoef, Mwangi et al. 2019). This is consistent with findings from 

another study that followed women with iron deficiency and found iron supplementation to 

increase birthweight (Mwangi, Roth et al. 2015). In our study, two-thirds of the women were 

iron deficient at enrolment and iron deficiency was associated with an increase in mean 

birthweight while no associations were observed when we examined the relationship between 

iron deficiency and LBW. Haemoglobin is often used as a proxy for iron deficiency and in 

PNG, iron supplementation is often indicated for anaemic women, although the cut-offs used 

often vary and thus not all women may receive iron supplementation. Based on the high 

prevalence (69%) of anaemia we observed in this study, it may be possible that the positive 

effects of anaemia as well iron deficiency on birthweight we observe is due to iron 

supplementation which many of these women may have received for their anaemia during the 

antenatal care visits.  
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Malaria in pregnancy has long being recognised as an important risk factor for LBW. When 

we explored the relationship between malaria infections at enrolment and birthweight and risk 

of LBW through interactions with anaemia and iron deficiency, we did not observe any 

significant direct or indirect associations. Considering very little malaria infection was 

observed in trial participants (6.7% at enrolment), it is likely that we did not have sufficient 

statistical power to detect an association between episodes of parasitaemia and birthweight or 

LBW. Although malaria infection was associated with increased risk of anaemia, consistent 

with literature (Brabin and Piper 1997, Allen, Raiko et al. 1998, Ouedraogo, Koura et al. 2012), 

this did not appear to have an impact on birthweight nor risk of LBW. An inverse association 

was observed between presence of parasitaemia and iron deficiency such that the odds of being 

iron deficient was reduced if women had malaria infection.  

 

We also investigated the interaction between malaria, inflammation and angiogenesis on birth 

outcomes. Malaria induced inflammation had been shown to be associated with adverse birth 

outcomes (Fried, Muga et al. 1998, Rogerson, Hviid et al. 2007, Umbers, Boeuf et al. 2011a, 

Unger, Hansa et al. 2019). Inflammation during pregnancy, whether sterile or due to other 

infections, has been linked to IUGR; to pre-eclampsia (which is an important cause of preterm 

delivery (Ernst, de Jonge et al. 2011) (Karinen, Pouta et al. 2005, Rebelo, Schlussel et al. 

2013)); and has also been linked to impaired placental angiogenesis (Fiedler and Augustin 

2006, Conroy, Silver et al. 2013). We did not observe any significant associations between 

malaria and LBW through its effect on inflammation or angiogenesis nor did we observe 

associations between inflammation and LBW through angiogenesis. Nevertheless, malaria has 

consistently been demonstrated in other studies to be common and significant risk factor for 

LBW (Desai, ter Kuile et al. 2007, Umbers, Aitken et al. 2011b, Rijken, McGready et al. 2012) 

and therefore prevention of malaria in pregnancy must remain a priority in PNG and globally.  

 

The study has several limitations. Firstly, it was not designed for the purpose of this analysis 

and there are key risk factors such as STIs, chorioamnionitis and other nutrient deficiencies 

such as folate deficiency that could not be evaluated in the model. Restricting our analysis to 

only the selected risk factors that are measurable and intervenable during pregnancy precluded 

us from investigating key relationships such as the effect of IPTp on placental malaria and 

inflammation and their influence on birth outcomes. There is also the chance of bias in our 

results, particularly of the associations between anaemia and iron deficiency and the risk of 
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LBW considering we did not adjust for gestational age in our models. However, we don’t 

anticipate significant differences in results considering we did not observe any difference in 

our standard multivariable regression models when we adjusted for gestational age.  

 

3.5 Conclusion 

This analysis did not reveal any joint or indirect effects of the selected factors on birthweight 

and risk of LBW that could guide future strategies that may adopt the concept of interventions 

that can concurrently address multiple exposures. Nevertheless, this analysis provides insight 

into the direct and indirect effects of some of the common risk factors of LBW that we normally 

would not gain from standard regression models. We show that low MUAC, indicative of 

maternal undernutrition is a key predictor of reduced birthweight and increased odds of LBW 

highlighting the value of such simple to measure indicator that could be routinely measured 

and used to identify women at risk of adverse birth outcomes allowing for timely interventions. 

We have also observed that IPTp with SPAZ improves birth outcomes by mechanisms 

independent of the currently measured risk factors. A further interesting observation is the 

apparent positive influence of anaemia and iron deficiency on birthweight, two of the 

conditions generally considered risk factors for adverse birth outcomes. These findings raise 

additional questions as to what haemoglobin level may be considered optimal and at what level 

of haemoglobin can we consider a mother as anaemic hence the need for interventions such as 

iron supplementation. 
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4 Chapter 4: Investigating the association between episodes of acute malaria, 

pneumonia and diarrhoeal illness and early child growth in an intervention 

trial of malaria prevention in Papua New Guinea infants. 
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4.1 Introduction 

Childhood undernutrition as a result of infectious diseases and inadequate dietary intake is an 

important cause of morbidity and mortality during early childhood (Black, Allen et al. 2008, 

Black, Cousens et al. 2010, Olofin, McDonald et al. 2013, G. B. D. Mortality and Causes of 

Death Collaborators 2016) and is associated with long-term adverse health, developmental, 

social and economic outcomes later in life and has intergenerational influences (Grantham-

McGregor, Cheung et al. 2007, Black, Allen et al. 2008, Shonkoff, Garner et al. 2012, 

Hoddinott, Behrman et al. 2013). It is indicated by deficits in WHO child growth indices (WHO 

Multicentre Growth Reference Study Group) and comprises low birthweight, underweight, 

stunting, wasting and deficiencies of essential micronutrients.  

 

As in many developing countries elsewhere (Shrimpton, Victora et al. 2001, Victora, de Onis 

et al. 2010), children in Papua New Guinea experience significant growth faltering in the first 

1000 days of their lives (Mueller and Smith 1999, Mueller, Vounatsou et al. 2001). From the 

2011 estimates, 49.5% of the children aged under 5 years were stunted, 14% and 28% were 

wasted and underweight, respectively (WHO). In 2018, severe malnutrition (i.e. severe wasting 

and/or MUAC ≤ 115 mm and/or bilateral pitting oedema) was among the five most common 

problems seen in the hospitals and contributed either directly or indirectly to about 18.7% of 

all deaths (PNG Paediatric Society and PNG Department of Health 2018). Furthermore, 

modelling estimates that childhood undernutrition would have cost the country over $USD 500 

million in the financial year 2015-2016 through loss of economic productivity of the human 

workforce and increased health care expenditure in treating associated diseases (Save the 

Children). Reducing the burden of childhood undernutrition in PNG is therefore a very urgent 

priority and as such, it is imperative to understand the common risk factors and how best to 

intervene.  

 

Childhood undernutrition as a result of inadequate dietary intake is well documented (Bailey 

and Whiteman 1963, A. P. C. Oomen 1971, Ferro-Luzzi, Norgan et al. 1975). Inadequate 

dietary intake may result from consistently insufficient consumption of food to meet energy 

requirements, low nutrient quality of consumed food, or inadequate absorption of nutrients. In 

PNG, there is evidence although that the quantity of food consumed may be adequate but the 

quality is not, with food consumed often lacking essential nutrients such as protein and zinc 

that are needed, particularly for linear growth (A. P. C. Oomen 1971, Gibson, Heywood et al. 

1991, Mueller and Smith 1999, Mueller, Vounatsou et al. 2001). Infectious diseases are also 
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highly prevalent in PNG, with a high burden of morbidity experienced by infants and children 

(Genton, D'Acremont et al. 2008, Manning, Laman et al. 2011, Laman, Manning et al. 2012, 

Paediatric Society of Papua New Guinea 2017).  Their contribution to stunting, wasting and 

underweight is less appreciated due to the paucity of data in the country.  

 

Infectious diseases account for over two-thirds of death among children under 5 years of age 

globally (Black, Cousens et al. 2010, Walker, Rudan et al. 2013, G. B. D. Mortality and Causes 

of Death Collaborators 2016). The leading causes include diarrhoea, pneumonia and malaria 

(Black, Cousens et al. 2010, Walker, Rudan et al. 2013, G. B. D. Mortality and Causes of Death 

Collaborators 2016). In PNG, these three are among the top 5 common reasons for hospital 

admissions (PNG Paediatric Society and PNG Department of Health 2018). Although the 

overall burden of malaria has significantly declined due to the scale-up of the national malaria 

control program (Hetzel, Pulford et al. 2017), malaria remains an important cause of childhood 

morbidity and mortality (Genton, D'Acremont et al. 2008, Manning, Laman et al. 2011, 

Paediatric Society of Papua New Guinea 2017). The rates of pneumonia are particularly high 

in the highlands region of PNG (Greenhill, Pomat et al. 2010, Pomat, Greenhill et al. 2010, 

Riley 2010). Of importance is the introduction of the conjugate Haemophilus influenza type b 

vaccine in 2008 and the 13-valent Streptococcus pneumoniae vaccine (13vPCV) in 2014 to 

prevent the two most common causes of pneumonia and meningitis in the country, 

Streptococcus pneumoniae and Haemophilus influenzae (Witt, Montgomery et al. 1990, 

Lehmann 1992).  In spite of these achievements, pneumonia remains the most common cause 

of admission among young children (PNG Paediatric Society and PNG Department of Health 

2018). Diarrhoeal illness is the most common and widespread amongst the three. It is a 

manifestation of intestinal bacterial, viral or parasitic infections, often as a result of limited 

access to clean drinking water, poor hygiene and sanitation (PNG Department of National 

Planning and Monitoring , Bukenya and Nwokolo 1991).  

 

The relationship between nutrition and infection has long been recognized to be bi-directional, 

often synergistic and in some instances antagonistic (Scrimshaw, Taylor et al. 1959, 

Scrimshaw, Taylor et al. 1968). It is well recognised that undernutrition increases vulnerability 

to infections likely due to reduced immunity and lack of essential micronutrients to protect 

against infections (Keusch 2003, Bhutta 2006, Chandra 2007). Moreover, severity of illness 

and risk of death due to infectious diseases are heightened when undernutrition is an underlying 

condition (Smith 1991, Caulfield, de Onis et al. 2004, Olofin, McDonald et al. 2013). The 
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notion that infectious diseases may be a cause of undernutrition has often been debated (Briend 

1990, Briend, Hasan et al. 1990) and an area of active research (Scrimshaw, Taylor et al. 1968, 

Mata, Urrutia et al. 1972, Black 1991, Katona and Katona-Apte 2008). During an infection, 

the associated immune response and complex systemic physiological and metabolic 

adjustments occur leading to decreased nutrient  intake  due to anorexia, increased metabolic 

nitrogen and nutrient losses, malabsorption of nutrients (intestinal infections), internal 

diversion of nutrients for metabolic and immune responses and increased metabolism (in the 

presence of fever) (Scrimshaw 2003, Schaible and Kaufmann 2007, Katona and Katona-Apte 

2008).  

 

Associations of common childhood diseases such as diarrhoea malaria, acute respiratory 

infections and measles with childhood growth have been demonstrated. Likely due to its high 

prevalence and its tight link with feeding practices in young children in developing countries, 

diarrhoea is the most common infectious disease that has been used to investigate this 

relationship. Consequently, a vast amount of existing evidence examines whether and how 

diarrhoea may negatively impact growth (Black 1991, Checkley, Epstein et al. 2003, Checkley, 

Buckley et al. 2008). There have also been growing evidence of the association of malaria with 

undernutrition (Marsden 1964, Cole and Parkin 1977, Rowland, Cole et al. 1977, Sharp and 

Harvey 1980, Williams, Maitland et al. 1997, Nyakeriga, Troye-Blomberg et al. 2004, Lee, 

Yori et al. 2012, Kang, Kreuels et al. 2013, Alexandre, Benzecry et al. 2015, Gari, Loha et al. 

2018) with one study establishing a causal relationship between the two (Kang, Kreuels et al. 

2013). Some of the reported associations of malaria and undernutrition were drawn from 

studies with small sample sizes (Marsden 1964, Cole and Parkin 1977, Rowland, Cole et al. 

1977) often lacking data to fully adjust for confounding or in areas of low malaria transmission 

(Cole and Parkin 1977, Sharp and Harvey 1980) which in Cole et al, malaria's contribution to 

undernutrition was reported to be only 1% (Cole and Parkin 1977). Evidence on adverse effects 

on growth from pneumonia and respiratory infections are inconsistent (Black 1991), with some 

studies observing an adverse effect (Rowland, Rowland et al. 1988, Moffat 2003, Batiro, 

Demissie et al. 2017) while some do not (Black, Brown et al. 1984, Smith 1991, Assis, Barreto 

et al. 2005). Data on the associations of measles with undernutrition is limited (Cole and Parkin 

1977, Ahmed, Ahmed et al. 2012, Rahman, Rahman et al. 2019). In one study that reported an 

association between measles and undernutrition, measles was very rare in the study population 

(Cole and Parkin 1977) and observation association may have been biased by other factors.  
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Generating evidence that will improve our understanding of the association between acute 

episodes of infectious diseases such as diarrhoea, pneumonia and malaria with childhood 

undernutrition (i.e. stunting, wasting and underweight) is essential to inform the development 

of interventions, programs and guidelines that are necessary to address the burden and adverse 

outcomes of undernutrition among young children. Using a large dataset of morbidity and 

anthropometric data from a clinical trial of infants in the coastal and lowlands of PNG (Senn, 

Rarau et al. 2012), we investigated the association between acute malaria, pneumonia and 

diarrhoeal illness and stunting, wasting and underweight.  

 

4.2 Methodology 

4.2.1 Data collection 

This study analyses data from a large infant intervention trial (Clinicaltrials.gov, 

NCT00285662) conducted in PNG. The details of the study are summarised in chapter 2 and 

detailed methodology is published elsewhere (Senn, Rarau et al. 2012).  

 

4.2.2 Enrolment and active follow-up 

At enrolment, the child's demographic information was recorded, were clinically assessed for 

presence of illnesses, their immunization status was reviewed, and appropriate vaccinations 

were given. The child's weight was measured using hanging scales. Blood was collected for 

malaria determination by light microscopy and PCR and haemoglobin levels were measured 

using portable HemoCue 201 machine (Angelholm, Sweden).  

 

Following enrolment, children were actively followed up every three months for another eight 

visit time points. At each visit, the child's weight was measured and was clinically examined 

for presence of any illness. Their vaccination schedules were also reviewed, and appropriate 

vaccinations were given. Blood samples were collected to evaluate for presence of malaria 

parasites by LM or PCR. At the 5th and 9th visit time points, the child's haemoglobin level was 

measured using the portable HemoCue 201 machine (Angelholm, Sweden) and their heights 

measured using locally made portable height measuring board. Details of the study schedule 

and procedures are illustrated in Figure 4.1.  
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4.2.3 Morbidity surveillance 

To establish a continuous morbidity surveillance of the child throughout the study, children 

were queried and examined for presence of illness during all routine 3-monthly study visits 

including enrolment (Figure 4.1). Passive morbidity surveillance was also maintained at the 

health centres and the aid posts.  

 

Upon presentation with complaints of illness, children were examined by study staff using a 

standard questionnaire of signs and symptoms including danger signs as per the integrated 

management of childhood illness (IMCI) guidelines. Children with a febrile illness, defined as 

a history of fever in the preceding 2 days and/or an axillary temperature ≥37.50C were tested 

for malaria by RDT (ICT Combo, South Africa). Artemether-lumefantrine (Coartem®, 

Novartis, Switzerland) was prescribed to those parasitologically confirmed for malaria, 

irrespective of the species. Haemoglobin was measured using a portable Hemocue 201 machine 

(Angelholm, Sweden) and children with moderate to severe anaemia (haemoglobin <8g/dL) 

were supplied iron supplementation at the dose of 5 mg/kg/day of ferrous sulphate for 6 weeks. 

All other illnesses including pneumonia and diarrhoeal illness were treated according to IMCI-

based PNG Standard Treatment for Childhood Illness guidelines (PNG).  

 

 
Figure 4-1: Study timeline showing the study contact time points when weight and height as well the 

morbidity data were collected. 

 

Study visit time-points

Approximate age in 
months 

Weight measurement

Height measurement

Morbidity surveillance

Haemoglobin measurement

Enrolment into study

1 2 9876543

273 242118151296
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4.2.4 Data for current analysis 

Morbidity data was collated from the records of acute illness episodes captured during 

morbidity surveillance over the study period. The recorded signs and symptoms were used to 

define acute malaria, pneumonia and diarrhoeal illness using WHO definitions (WHO 2018). 

An acute malaria episode was defined as history of febrile illness in the past 2 days and/or 

axillary temperature ³37.50C in the presence of a RDT or microscopically detectable infection 

of any species and density. Presence of diarrhoea was defined as an acute episode of diarrhoea. 

Episodes with diarrhoea lasting more than 14 days were not included in this definition. The 

definition for pneumonia was the presence of cough or difficulty breathing and fast breathing 

or chest indrawing.  

 

Anthropometric data comprises weight and height, estimated in kilograms (kg) and centimetres 

(cm), respectively. Weight-for-age, length- and height-for-age and weight-for-height and 

weight-for-length Z-scores were calculated using WHO Child Growth Standards igrowup 

package implemented via Stata 15.0 software (StataCorp, USA) (WHO). The weight-for-age 

Z-score <-6 and >5 (n=1), height-for-age Z-score <-6 and >6 (n=33) and weight-for-height Z-

score <-5 & >5 (n=7) were considered as extreme biological implausible values and were not 

included in the analysis. Underweight was defined as weight-for-age Z-score less than -2 

standard deviations below WHO growth standards median and severe underweight if weight-

for-age Z-score was less than -3 standard deviations. Stunting was defined as height-for-age Z-

score or length-for-age Z-score more than two standard deviations below the WHO growth 

standard median of the same age and sex and severe if more than three standard deviations 

below the standard. Wasting and severe wasting were defined as weight-for-height Z-score / 

weight-for-length Z-score less than -2 and -3 standard deviations below WHO growth 

standards median, respectively (WHO Multicentre Growth Reference Study Group).  

 

4.2.5 Statistical Methods 

Descriptive statistics were derived from 2x2 crosstabulation of binary variables and expressed 

as frequencies or proportions/percentages. For continuous variables, the mean and standard 

deviation were calculated if the variable was normally distributed, otherwise the median and 

range were calculated. The population averaged prevalence of underweight, stunting and 

wasting for the entire study period was estimated using generalized estimating equations (GEE) 

with a logit link and an exchangeable working correlation matrix. The average prevalence for 
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underweight was calculated using all the weight measurements collected at the 3-monthly visit 

time points for the 1511 children while 2 height measurements from 1411 children for stunting 

and again 2 height and corresponding weight measurements for 1410 for wasting.  

 

4.2.6 Analysis of the association between acute malaria, pneumonia and diarrhoeal illness 

and weight 

A two-staged analysis plan was used to examine the effects of acute malaria, pneumonia and 

diarrhoeal illness on weight. The first stage of analysis investigated the effects of these illnesses 

occurring within each of the routine 3-monthly intervals on the child’s weight and their risk of 

being underweight. Given the longitudinal nature of the study with repeated measures of weight 

and illness episodes, we used GEE with a logit link for the binary outcome variable 

(underweight) and identity link for the continuous outcome variable (weight and weight-for-

age Z-score), all with an exchangeable working correlation matrix; to account for the 

dependency between observations from the same child.  Robust standard errors were also used 

to correct for working correlation matrix misspecification.  

 

Exploratory and descriptive analysis revealed that within each 3-monthly interval, a child 

experienced at most only one episode of each of the three acute illnesses; only a small number 

of children experienced two episodes within an interval (malaria: n=96 (6.3%); pneumonia: 

n=62 (4.1%); diarrhoea: n=35 (2.3%)).  As such, for each morbidity, the number of morbidities 

within each 3-month interval was collapsed into a binary variable: 0 if the morbidity did not 

occur within a particular 3-month interval and 1 if one or more morbidity episodes occurred in 

an interval. The potential effect of the timing of the three acute illnesses on weight and risk of 

underweight was explored by interacting the acute illness variables with study visits and Wald 

test was used to assess the statistical significance of the interaction term.  

 

In the second stage of this analysis, the objective was to determine if these acute illnesses had 

delayed effects on weight. In other words, that their effect on weight may not be limited to the 

period of acute illness but may in fact manifest much later. This was an exploratory analysis 

considering this study was not designed to estimate delayed morbidity effects.  The relationship 

between weight and a morbidity was  investigated using distributed lag models (DLM), which 

assume the outcome (weight) can be explained in terms of contributions from multiple 

exposure (morbidity) events in the past (Gasparrini, Armstrong et al. 2010, Gasparrini 2011). 
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The term lag is used to represent the period of time elapsed between measurement of the 

exposure and outcome. For each child in the study, a series of 12 lagged morbidity variables 

were constructed for each morbidity. The lagged morbidity variables record the number of 

episodes that occurred within 30-day intervals preceding a weight measurement, i.e. 0-30 (lag 

1), 30-60 (lag 2), 60-90 (lag 3), …, 330-360 (lag 12) days before a weight measurement. Due 

to the low frequency of morbidity episodes at each lag, these variables were 

collapsed/transformed to binary lag variables, where 1 indicates the presence of one or more 

acute illness episodes at a lag and 0 indicates that no acute illness was observed at a lag. The 

DLM allows the 12 regression coefficients for each lagged morbidity variable to be modelled 

parsimoniously as a function of lag, which is represented as discrete values from 1 to 12. Note 

in this case these discrete values can be interpreted as months. A natural cubic spline with 3 

knots placed at the quartiles of the discrete lag variable (3.75 (25th), 6.50 (50th) and 9.25 (75th) 

months) was used to model this relationship.  

 

As the maximum lag was 330-360 days prior to a weight measurement, only children with at 

least one weight measurement at or after 12 months in the study could be included in the 

analysis. We restricted this analysis to weight measurements that had complete illness history 

for the twelve lagged morbidity variables for all three illnesses. This was to ensure that the 

same participants were included in the analysis for each illness. A total of 508 children with 

1927 weight measurements were included in this analysis. We additionally explored the impact 

of lagged morbidity variables, where the interval had been increased to 3-month (~90 day) 

intervals preceding a weight measurement, i.e. 0-90 (lag 1), 90-180 (lag 2), 180-270 (lag 3), 

270-360 (lag 4) days before a weight measurement. These variables were included in an 

unconstrained DLM, where a regression coefficient is estimated for each lagged variable. The 

relationship between weight at or after 12 months in the study and time (days) was assumed to 

be linear for each child, and modelled by a linear mixed effects model, which allows the 

baseline weight and growth rate (change in weight over time) to vary between children. This 

was implemented via the dlnm and nlme packages in R (Gasparrini 2011). A detailed 

description of fitting a DLM in a mixed effects model framework was described in chapter 2.  
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4.2.7 Analysis of the impact the association between acute malaria, pneumonia and 

diarrhoeal illness and odds of stunting. 

We employed a repeated measures analysis approach to assess the impact of malaria, 

pneumonia and diarrhoeal illness on the odds of stunting. We used GEEs with a logit link and 

an exchangeable working correlation matrix to account for the correlations between repeated 

measurements in each child. Robust standard errors were also used to correct for working 

correlation matrix misspecification.  

 

Acute illness variables were included in the model as continuous variables representing the 

total number of each illness detected in the interval preceding the height measurement. 

Potential confounding by bednet use, haemoglobin level, study province, IPTi intervention and 

gender were accounted for. An interaction term between the binary illness variables and visit 

(either 5th or 9th) was included in the model to investigate whether the effect of an illness on 

odds of stunting depends on when the illness episode occurred. Wald test was used to test the 

statistical significance of the interaction term.    

 

4.2.8 Analysis of the association between acute malaria, pneumonia and diarrhoeal illness 

and odds of wasting. 

Weight-for-height measurements recorded at the 5th visit (n=1188) were used for this analysis 

as this data provided a larger sample size than the data at 9th visit time point. Wasting is 

generally considered to be an acute form of undernutrition and as such we investigated the 

effect of these acute illnesses occurring within a month of the measurements. The acute illness 

variables were binary with 1 denoting presence of the illness within the past 30 days and 0 for 

the illness not present.  

 

The crude relationships between wasting and the acute illness episodes were explored using a 

chi-squared test and logistic regression. The latter was also used for multivariate analysis when 

haemoglobin level, study province, gender and IPTi intervention group were included.  

 

All analyses were conducted using Stata 15.0 (StataCorp, USA) and R v3.4.0 (2017) (R Core 

Team, R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria). A p-value below the nominal level of significance of 0.05 was 

considered as a guide to determine if the observed differences were significant.  
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4.3 Results 

Of the 1605 children that enrolled into the study, 54 were excluded post-hoc due to having had 

only enrolment visit done thus not sufficient data to include in the analysis. A sample size of 

1551 children were included in the final cohort (Figure 4.2). Of these, 52% were males and 

70% resided in Madang Province. Mean age, haemoglobin and weight at enrolment were 3.2 

(0.5) months, 9.5 (0.1) g/dL and 5.8 (0.9) kg, respectively. The characteristics of the cohort are 

given in Table 4.1.  

 

The population averaged prevalence of underweight, stunting and wasting in the study was 

16.1% (CI95: 15% - 18%), 52.9% (CI95: 51% - 55%) and 6.1% (CI95: 5% - 7%) respectively. A 

low prevalence of severe underweight (3%, CI95: 3 – 4) and severe wasting (1%, CI95: 1 – 2) 

was observed while the prevalence of severe stunting was 25% (CI95: 23 – 27).   

 

Table 4.1: Cohort characteristics 

No. of children 1551 

Male (%) 52 

Age at enrolment in months (mean, SD) 3.2 (0.5) 

Madang Province (%) 70 

Haemoglobin level at enrolment (g/dL) 9.5 (1.0) 

   

Total illness episodes recorded over the study period (n) 8902 

Malaria 26 

Pneumonia 33 

Diarrhoeal illness 21 

   

aUnder nutrition (z-scores <-2) (%)  

Weight-for-age <-2 (underweight) 38 

Height-for-age <-2 (stunting) 61 

Weight-for-height <-2 (wasting) 17 
 

4.3.1 Anthropometric data summary 

A total of 11 263 weight measurements were collected from the 1551 children in this dataset, 

with over two-thirds (n=1067) of the children having 7-9 out of the 9 expected weight 

measurements over the study period. The number of weight measurements varied from 2-9 for 
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each child. At enrolment, the mean weight-for-age Z-score for all the children was -0.6 (1.1) 

with no difference in the means for female and male children (crude coef: 0.05, CI95 (-0.16 – 

0.06), p=0.41; Figure 4.3A). Over the study period, there was a slight decrease in the mean 

weight-for-age Z-score with increasing age; the decline approaching the -2 cut-off for 

underweight but did not reach it by the end of the study period (Figure 4.3A). Female children 

had slightly higher mean weight-for-age Z-score than the males throughout the study period 

(Figure 4.3A). The proportion of the underweight children increased with increasing age, and 

at each time point when weight was measured a higher proportion was observed among male 

children (Figure 4.3B). Overall, 38.1% (n=591) of the child were underweight at least once 

during the study period.  

 

Height was measured at least once in 1411 children with a total of 2024 height measurements 

recorded over the study period. Of this, 1198 were taken at the 5th visit while 826 were made 

at the 9th visit (Figure 4.2). Children who did not have any height data (n=140) were excluded 

from subsequent analysis of stunting. The mean height-for-age Z-score was -2.2 (1.5) and -2.0 

(1.3) at the 5th and 9th visits, respectively. At the 5th visit when the children were 15 months of 

age, 49.1% (n=692) of the children were classified as too short for their age. Of these 692 

children, 48.3% (n=334) were severely stunted. For the 826 children who had height 

measurements at the 9th visit time point (children aged 27 months), 47.1% (n=389) of them 

were stunted and 165 (42.4%) of these children were considered severely stunted. Male 

children in general appeared to be on average shorter than the female children (crude coef: -

0.39, CI95 (-0.51 - -0.26), p<0.001). Overall, 61.1% (862/1411) of the children were found to 

be stunted at least once during the study period.  

 

In addition, a subset of children had height measurements for both visit time points (n=613). 

Among these 613 children, 34.3% (n=210) of them were stunted at both the 5th visit time point 

when they were 15 months of age and again at the 9th visit time point when they were 27 months 

of age, a possible indication of failure to regain the lost linear growth. Of these 210 children, 

24.3% were classified as severely stunted at both visit time points. There were also children 

who were stunted at the earlier time point (i.e. 5th visit) but were no longer stunted at the 9th 

visit (n=141, 23.0%), indicating that these children caught up to their expected linear growth 

rate at age 27 months.  
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A total of 2005 weight and corresponding height data (i.e. weight-for-height Z-score data) was 

available for 1410 children; 1, 188 measured at the 5th visit and 817 at the 9th visit time point. 

The mean weight-for-height Z-score was -0.05 (1.3) and -0.18 (1.2) at the 5th and 9th visit time 

points, respectively. At the 5th visit, 75 children (6.3%) were classified as too thin for their 

height and 17 (22.7%) of these 75 children were considered severely wasted. Similar 

proportions were observed at the 9th visit (wasted: 5.5% (n=45), severe wasting: 24.4% (n=11)). 

Correspondingly, wasting was quite rare in this cohort; 8.2% (n=115) of the children were 

classified as wasted at least once during the study. 

 

 
Figure 4-2: Data flowchart. 

Of the 1605 children that were initially enrolled into the study, 54 were excluded due to having had only one 

weight and no other measurements. The flow chart shows the number of measurements that were taken at each 

visit for both weight and height. Height was measured at two timepoints.  

 

4.3.2 Morbidity data descriptive statistics 

A total of 8902 illness episodes were recorded over the course of the study. A child experienced 

7 (range: 1-28) illness episodes on average during the study. There were 67 children who did 

not report any illness episodes at all during the study. Of the 8902 episodes, 60.1% (n=5348) 

were due to either malaria and/or pneumonia and/or diarrhoeal illnesses. Malaria was 

diagnosed in 26% (n= 2326) of the illness episodes, pneumonia in 33% (n=2901) and 21% 

(n=1899) were due to diarrhoeal illnesses. Overall, 53%, 72% and 62% of the children 

1605 children enrolled 
into the study

Enrolment visit 1549

visit 2 1480

visit 3 1435

visit 4 1401

visit 5 1384 1198

visit 6 1183

visit 7 1057

visit 8 945

visit 9 829 826

54 children 
excluded

Weight data
n=1551

Height data
n=1411Visit sequence
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experienced an acute episode of malaria, pneumonia and diarrhoeal illness, respectively, at 

least once during the study. Amongst these children, each child experienced on average 3 

episodes of malaria (range: 1 - 12), 3 episodes of pneumonia (range:  1 – 15) and 2 episodes of 

diarrhoeal illness (range: 1 – 11) over the study period.  

 

Of the 5348 illness episodes that were due to any of the 3 illnesses of interest, a single diagnosis 

of malaria, pneumonia or diarrhoea was more common than co-morbidities (Figure 4.4). 

Specifically, a single diagnosis of malaria, pneumonia and diarrhoea was made in 30%, 24% 

and 17%, respectively (Figure 4.4). Two or more concomitant diagnoses occurred in 29% 

(n=1591) with only 196 episodes during which all 3 illnesses were diagnosed (Figure 4.4). The 

latter was observed in 158 children with 128 of them having had this only once (range: 1 – 4) 

during the study. Diagnosis of co-morbidity with malaria/pneumonia was made in 411 children, 

malaria/diarrhoeal illness in 220 children and pneumonia/diarrhoeal illness in 381 children. 

The majority of these children (70%, 81%, 73%, respectively) experienced these co-

morbidities only once throughout the study period. 
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Figure 4-3: Plots showing A) the distribution of weight-for-age Z-score with the mean Z-scores across the 

ages and by sex in reference to the WHO growth standards median at each time point when weight was 

measured and B) the trend in the proportion of children (by sex) with weight-for-age Z-score <-2 

(underweight) at the various ages at the time points when weight was measured. 
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Figure 4-4: A venn diagram illustrating the proportion of acute malaria, pneumonia and diarrhoeal illness 

episodes and the proportion of co-morbidities. % are percentage out of the 5348 illness episodes that were 

due to either one of the three illnesses as a single morbidity or as co-morbidities. 

 

4.3.3 Association of acute malaria, pneumonia or diarrhoeal illness with weight and odds of 

being underweight 

Children who had one or more episodes of pneumonia or diarrhoeal illness within 3 months of 

their weight measurement were on average 110 (p<0.001) and 50 (p<0.017) grams lighter than 

those that did not have pneumonia or diarrhoeal illness respectively (Table 4.2). Consequently, 

the odds of being underweight was increased by 32% among children who had pneumonia 

(OR=1.32, p<0.001) and 15% for those who had diarrhoeal illness (OR=1.15, p=0.065) (Table 

4.2). An association between acute malaria and weight-for-age Z-score was not observed 

(Coef: 0.003, p=0.878), nor was there any association between acute malaria and odds of 

underweight (OR=1.0, p=0.984) within 3 months of its occurrence (Table 4.2). Potential 

confounding effects of haemoglobin, age, gender, IPTi intervention and the study province 

were adjusted for in the models (Table 4.2).  

 

Pneumonia
30%

Malaria
24%
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illness
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While some of the effects of these acute illnesses on child health and growth are immediate, 

some may be delayed and manifest much later than the time of their occurrence. With the DLM 

that allowed modelling of these lag or delayed effects, we show that approximately 6-9 months 

following an acute episode of malaria, children were observed to be underweight for their age 

compared to other lag intervals (Figure 4.5B). This is demonstrated more clearly in the 3-month 

interval lag model where we observe a reduction in the mean weight-for-age Z-score in the 6-

9-month interval following a malaria episode (Figure 4.6B). Lagged effects of acute pneumonia 

and diarrhoeal illness on weight were only observed from 1 to 3 months after an episode with 

none thereafter (Figure 4.5A & 4.5C & 4.6A & 4.6C).  

 

The occurrence of an acute illness of pneumonia, malaria or diarrhoeal illness at certain time 

points in the first 1000 days of a child’s life could potentially influence associations observed 

between these acute illness episodes, weight and weight-for-age. In this analysis there was no 

evidence to suggest that timing of these illnesses influences the association between these three 

morbidities and weight (pneumonia: chi2: 10.2, p=0.17; malaria: chi2: 13.0, p=0.07; diarrhoea: 

chi2: 5.5, p=0.60) or weight-for-age (pneumonia: chi2: 13.2, p=0.07; malaria: chi2: 9.4, 

p=0.23; diarrhoea: chi2: 5.7, p=0.580).  

 

Table 4.2: Association of acute malaria, pneumonia and diarrhoeal illness with weight and odds of being 

underweight.  

 weight (kg) underweight (< - 2 Z-score) 

 Coef. CI95 p-value Odds Ratio CI95 p-value 
aAcute malaria 0.003 [-0.05, 0.04] 0.878 1.00 [0.85, 1.17] 0.984 
aAcute pneumonia -0.11 [-0.14, -0.07] <0.001 1.32 [1.15, 1.52] <0.001 
aAcute diarrhoeal illness -0.05 [-0.09, -0.01] 0.017 1.15 [0.99, 1.34] 0.065 
Abbreviation: CI95 = 95% confidence interval; Coef = coefficient; GEE model-based estimates of association 

between acute malaria, pneumonia and diarrheal illness episodes and the weight as a continuous outcome and the 

odds of underweight while adjusting for haemoglobin, bednet use, sex, IPTi intervention and study province.  

aMorbidity variables are binary for presence of 1 or more episodes versus absence of the illness within 3 months 

of weight measurement.    



127 
 

 
Figure 4-5: Estimates of distributed lag models for monthly intervals 

Estimates (purple line) and 95% confidence intervals (purple region) for the association between weight difference 

and the lagged variables for diarrhea (column A), malaria (column B) and pneumonia (column C) variables from 

the distributed lag model (DLM). A natural cubic spline with 4 knots, was used to model how the weight difference 

caused by the presence of a morbidity at a particular lag changes as the lag period increases from 0-30 days (~1 

month) to 330-360 days (~12 months) prior to a weight measurement. All estimates adjusted for sex and study 

site. 
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Figure 4-6: Estimates of distributed lag models for 3-monthly intervals.  

Estimates (green line) and 95% confidence intervals (green region) for the association between weight difference 

and the lagged variables for diarrhea (column A), malaria (column B) and pneumonia (column C)derived for 3-

month time intervals preceding a weight measurement, i.e. 0-3, 3-6, 6-9 and 9-12 month intervals. All estimates 

adjusted for sex and study site.  

  

4.3.4 Association of acute illness with malaria, pneumonia or diarrhoea with odds of stunting.  

Of the 1198 children with height measurements at the 5th visit, 511 (43%), 713 (60%) and 645 

(54%) children experienced a total of 1005 (range: 1-8) malaria, 1417 (range: 1-9) pneumonia 

and 1083 (range: 1-6) diarrhoeal illness episodes respectively, prior to the height measurement. 

At the 5th visit and thereafter, 51% (n=421), 56% (n=459) and 35% (n=292) of the 826 children 

with height measurements at the 9th visit experienced a total of 876 (range: 1-8) malaria, 760 

(range: 1-7) pneumonia and 397 (range: 1-4) diarrhoeal illness episodes, respectively.  

 

Neither pneumonia or diarrhoeal illness showed any association with stunting while there was 

a tendency for an association of malaria with stunting after adjusting for mean haemoglobin 

level, average bednet use, study province, IPTi intervention and gender. For every one 

additional malaria episode experienced by the child, there was a tendency for their odds of 
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stunting to increase by 8% (OR 1.08, p=0.075; Table 4.3). A seven percent increase in the odds 

of stunting was observed for diarrhoeal illness but this was not statistically significant (OR 

1.07, p=0.193; Table 4.3), while no difference was observed for pneumonia episodes (Table 

4.3).  

 

The effect of the timing of these 3 illnesses, that is, if occurring in the first 15 months of life 

versus occrring after 15 months of age on odds of stunting was investigated with no remarkable 

observations (interaction terms non significant; pneumonia: CI95 :0.93, 1.33,  p=0.24; malaria: 

: CI95 :0.81, 1.10,  p=0.26; diarrhoea: CI95 :0.74, 1.19,  p=0.60). However, it was noted that the 

odds of a child being stunted at the 9th visit when they were approximately 27 months of age 

was significantly reduced by 28% (OR 0.72, p<0.001; Table 4.3), a possible indication that the 

odds of stunting may be much higher in the earlier months of life than after 15 months of life. 

 

Table 4.3: Association of acute malaria, pneumonia and diarrhoeal illness with odds of stunting.  

 
Odds Ratio CI95 p-value 

aAcute malaria 1.08 [0.99, 1.18] 0.075 
aAcute pneumonia 0.97 [0.89, 1.04] 0.384 
aAcute diarrhoeal illness 1.07 [0.97, 1.19] 0.193 
9th visit time point 0.72 [0.60, 0.86] <0.001 
Abbreviation: CI95 = 95% confidence interval; GEE model-based estimates of association between acute malaria, 

pneumonia and diarrhoeal illness episodes and the odds of stunting while adjusting for haemoglobin, bednet use, 

sex, IPTi intervention and study province. aMorbidity variables are continuous variables denoting totals of 

episodes captured in each interval preceding height measurements, i.e. pre-5th visit interval and 5th - 9th visit 

interval.  

 

4.3.5 Association of acute illness with malaria, pneumonia or diarrhoeal illness with odds of 

wasting.  

Wasting was quite rare in this cohort with 8.2% (n=115) of the children observed to be wasted 

at least once during the study period. There were 1188 children with weight-for-length Z-score 

data at the 5th visit and 13.1% (n=156) of these had malaria, 15.9% (n=189) had pneumonia 

and 8.8% (n=105) had diarrhoeal illness in the previous month. None of the three acute 

illnesses were associated with wasting in unadjusted and multivariate analysis (Table 4.4). 

Given the small number of  children meeting the definition of wasting and small number of 

acute illness episodes in the previous month, it is likely that this analysis is under-powered to 

detect a signficant association between acute illness episodes and wasting.  The odds of wasting 
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for children with pneumonia (OR 1.10, CI95 [0.59, 2.04], p=0.768) or diarrhoeal illness (OR 

1.42, CI95 [0.69, 2.94], p=0.343) in the preceding month were higher compared to those 

children that did not have pneumonia and diarrhoeal illness respectively and this may warrant 

further investigation in a larger dataset. There was no difference in the odds of wasting for 

those children who had malaria versus those who did not (OR 1.00, CI95 [0.50, 1.99], p=0.994; 

Table 4.4). The sample size at the 9th visit was much lower precluding analysis of the 

associations at that time point for reasons mentioned above.  

 

Table 4.4: Association of acute malaria, pneumonia and diarrhoeal illness with odds of wasting 

 
Odds Ratio CI95 p-value 

aAcute malaria 0.44 [0.0.15, 1.36] 0.156 
aAcute pneumonia 0.84 [0.35, 2.02] 0.700 
aAcute diarrhoeal illness 1.12 [0.36, 3.44] 0.845 
Abbreviation: CI95 = 95% confidence interval; Logistic regression estimates of association between acute malaria, 

pneumonia and diarrhoeal illness episodes and the odds of wasting while adjusting for haemoglobin, bednet use, 

sex, IPTi intervention and study province. aMorbidity variables are binary for presence versus absence of the 

illness within a month of the weight and height measurements.  

 

4.4 Discussion 

The high prevalence of stunting observed in this study confirms previous findings (Gibson, 

Heywood et al. 1991, Keeble and Keeble 2006, Wand, Lote et al. 2012) and highlights the 

importance of addressing stunting to improve child health and development in PNG. At birth, 

children in PNG are believed to be similar to WHO reference growth standards but experience 

significant faltering thereafter (Mueller, Vounatsou et al. 2001). In particular, children 

experience significant growth faltering in their linear growth with the mean height-for-age 

approaching the cut-off for stunting (-2SD) in the second year of life with no evidence of catch 

up thereafter (Mueller, Vounatsou et al. 2001). In our study, the mean height-for-age at 15 

months of age was 2.2 SD below the WHO growth standard. At 27 months of age, there was a 

slight improvement in the mean height-for-age Z-score to - 2.0 SD as compared to the that at 

15 months of age. The odds of being stunted at 27 months of age was also noted to be lower 

when compared to the odds at 15 months of age. In a subset of children who had height 

measurements at both time points, 23.0% of the children who were stunted at 15 months of age 

were no longer stunted at 27 months of age. Taken together, these observations may indicate 

that the children in PNG could potentially catch up to their normal linear growth trajectory at 
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27 months of age provided they receive appropriate interventions and quality health care. These 

observations are made in the context of a clinical intervention trial with improved health care 

provision (which also includes mother's improved knowledge on child health and maternal 

health care) and hence could reflect the positive impact of this on the potential for the child to 

catch up on growth. This highlights the importance of adequate health care services, maternal 

care as well as their awareness of the importance in childcare and comprehensive vaccinations 

which among many other interventions which are known to be key in improving child growth 

(Bhutta, Das et al. 2013, Buisman, Van de Poel et al. 2019, Faye, Fonn et al. 2019). These 

however are major challenges in PNG with the failing health systems, low human capacity for 

adequate health care provisions and lack of political support among the many other challenges 

(PNG Department of Health 2010).  

 

A much greater concern from our observations is that a high proportion of the children who 

were classified as stunted were severely stunted; 48% at 15 months of age and 42% at 27 

months of age. Moreover, 24.3% of the children were severely stunted at 15 months of age and 

remained severely stunted at 27 months of age. An analysis by Olofin et al showed that the 

associated risk of mortality with severe stunting was 5.5-fold higher than the risk in children 

who were not stunted (Olofin, McDonald et al. 2013). What's even more concerning is that the 

risk of dying is much greater in severely stunted children than moderately wasted children 

(Olofin, McDonald et al. 2013) and yet, the children with the latter are more likely to be 

identified to receive treatment while severe stunting would often go unrecognised. This is 

because in many settings such as PNG where short stature is prevalent, parents and even health 

professionals often fail to recognise stunting as a problem (Emergency Nutrition Network 

(ENN) 2014, de Onis and Branca 2016). Our observation of the persistence of severe stunting 

at 27 months of age may reflect this, such that stunting was likely not recognised as a problem 

and was therefore not adequately managed at the earlier time point. Adequately addressing 

stunting in PNG as well as globally will require everyone involved in the care of children to 

recognise stunting as a problem and importantly, to identify it early for timely interventions. It 

has been indicated in some studies that reversal of stunting after it had occurred, although 

possible may be challenging to achieve (Golden 1994, Martorell, Khan et al. 1994, Checkley, 

Buckley et al. 2008). Preventing occurrence of stunting is therefore very important and 

understanding the causes is vital.  
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Child undernutrition and infectious diseases are a common co-occurrence in resource-

constrained settings such as PNG and often of very high burden. The associated risks of 

stunting, wasting and underweight with infectious diseases have been demonstrated in other 

settings. We investigated the contribution of common infectious diseases, acute diarrhoea, 

pneumonia and malaria on child growth in the lowland settings of PNG, where there is scant 

information regarding their association. Care must be taken when interpreting the reported 

associations given this study was not specifically designed for this purpose and as such, 

potential confounding from unmeasured variables was unable to be adjusted for. The 

association between diarrhoea and stunting, wasting and underweight have been widely 

documented in many parts of the world (Becker, Black et al. 1991, Checkley, Epstein et al. 

2003, Checkley, Buckley et al. 2008, Richard, Black et al. 2013, Fekadu, Mesfin et al. 2015). 

From our analysis, diarrhoea was observed to have adverse association with weight but not 

linear growth. We observed a reduction in weight at 1-3 months following an episode of 

diarrhoea. There was also a tendency for children who had 1 or more episodes of diarrhoea 

within 3 months of their weight measurement to be at increased risk of being underweight. 

Associations with underweight are often difficult to interpret given underweight can represent 

both stunting and wasting (Waterlow 1973, WHO 1995). However, short term change in weight 

often reflects change in weight-for-height Z-scores (WHO 1995). and as such, the effects of 

diarrhoea on weight demonstrated in this study are likely short term, as consistently 

documented elsewhere (Black, Brown et al. 1984, Briend, Hasan et al. 1989, Richard, Black et 

al. 2013). Although acute weight loss is often reflected in a change in weight-for-height Z-

score and subsequent wasting, we did not see an association between diarrhoea and wasting in 

this study. Given the significantly low prevalence of wasting observed in the study, it is likely 

that our analysis is under-powered to detect any meaningful association between diarrhoea and 

wasting.  

 

Effects of diarrhoea on weight are generally considered temporary (Black, Brown et al. 1984, 

Briend, Hasan et al. 1989, Richard, Black et al. 2013) and catch-up growth may occur provided 

there is adequate nutrient intake, prevention of further infections and prolonged time between 

infections (Briend, Hasan et al. 1989, Moy, de et al. 1994, Scrimshaw 2003). Observations of 

longer-term impact of diarrhoea on growth have been inconsistent and controversial (Black 

1991, Richard, Black et al. 2013). In this study, the effects of diarrhoea on weight lasted up to 

3 months following an episode indicating a delayed effect of diarrhoea on weight. The lack or 

associations following the 3 months suggests that children did catch up on their weight growth, 
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only that it is delayed by 3 months. It is possible that the worsening of nutrition during 

diarrhoea may prolong the duration of the ongoing illness thus delaying recovery (Smith 1991, 

Scrimshaw 2003, Katona and Katona-Apte 2008). In LMICs such as PNG, children tend to 

contract infections frequently which prevents the children from catching up their lost growth 

before they further lose more weight.  

 

Although numerous studies have demonstrated an association between diarrhoea and stunting 

(Checkley, Epstein et al. 2003, Checkley, Buckley et al. 2008), we fail to show an association 

in our study. Researchers of the earlier nutritional studies in PNG noted that the prevalence of 

wasting was low because the food intake was not a problem in PNG. They indicated that the 

children experience growth faltering largely from the lack of essential nutrients for growth such 

as protein and zinc in their typical diets. (A. P. C. Oomen 1971, Ferro-Luzzi, Norgan et al. 

1975, Gibson, Heywood et al. 1991, Mueller, Vounatsou et al. 2001). These nutrients are 

particularly essential for achieving normal linear growth and was therefore explaining the high 

burden of stunting observed in the country.  Our lack of association between diarrhoea and 

stunting may indicate that diarrhoea does not have a bigger influence on the child's linear 

growth.  

 

Malaria as an important risk factor for childhood undernutrition has been demonstrated in 

various studies. It has been associated with weight faltering (Marsden 1964, Cole and Parkin 

1977, Rowland, Cole et al. 1977) and stunting (Kang, Kreuels et al. 2013) (Williams, Maitland 

et al. 1997, Nyakeriga, Troye-Blomberg et al. 2004, Lee, Yori et al. 2012, Alexandre, Benzecry 

et al. 2015) and wasting (Gari, Loha et al. 2018). In our analysis, we observed malaria to be 

have a delayed impact on weight-for-age. In addition, there was also a tendency that for every 

additional episode of malaria, risk of stunting increased 1.08-fold. No short-term associations 

of malaria with growth were observed in our analysis. Undernutrition may be a consequence 

of inflammation induced by malaria infection. During malaria, an acute inflammatory response 

is initiated resulting in secretion of proinflammatory cytokines such as TNF (Clark, Virelizier 

et al. 1981, Bate, Taverne et al. 1989, Schofield and Hackett 1993) . TNF has been shown to 

be pyrogenic thus increasing metabolism and induces anorexia and cachexia (Beutler, Milsark 

et al. 1985, Schofield and Hackett 1993) and may also be responsible for nausea, vomiting and 

diarrhoea (Jakubowski, Casper et al. 1989), which all together can significantly affect the 

nutritional status of the child.  
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The relationship between malaria however is complex (McGregor 1982, Das, Grais et al. 2018) 

given the bi directionality of their association, that undernutrition can predispose children to 

malaria (Deen, Walraven et al. 2002, Friedman, Kwena et al. 2005). In addition to this 

complexity, some studies even indicated that undernutrition may also be protective against 

malaria (Genton, Al-Yaman et al. 1998, Alexandre, Benzecry et al. 2015). Interpretation of 

findings from associations between malaria and undernutrition are therefore complicated.  

 

Association between pneumonia and undernutrition remains to be clarified (Black 1991) in 

many settings. While there are some studies that have shown an association between the two 

(Rowland, Rowland et al. 1988, Sulaiman, Bushara et al. 2018, Rahman, Rahman et al. 2019), 

others did not demonstrate any association between acute respiratory infections and linear 

growth faltering (Martorell, Habicht et al. 1975, Black 1991, Owoaje, Onifade et al. 2014). The 

study by Martorell et al showed in a population where respiratory illness were present for 30-

35% of the time, respiratory infections were not associated with undernutrition (Martorell, 

Habicht et al. 1975, Black 1991). In our study in a setting where the incidence of pneumonia 

was 0.85 episodes/child/year (Senn, Rarau et al. 2014), we demonstrated that one or more 

episodes of pneumonia occurring in the 3 months prior to the weight assessment was associated 

with 32% increased odds of being underweight consistent with observations made elsewhere 

(Bloss, Wainaina et al. 2004). The negative effects of pneumonia on weight-for-age were 

observed to be delayed up to 3 months following an acute episode. Worsening of nutrition 

during pneumonia may further increase the susceptibility of the child to other infections and 

diseases or prolonging the duration of the ongoing illness thus delaying recovery or increasing 

the severity of disease (Smith 1991, Scrimshaw 2003, Katona and Katona-Apte 2008) which 

may explain observed delay in our study.  

 

Although studies have demonstrated associations of respiratory infections with stunting 

(Batiro, Demissie et al. 2017) and wasting (Sulaiman, Bushara et al. 2018), we did not observe 

such associations in this study. Stunting is a long-term process although it may initiate 

immediately following an illness episode and whether the effects of pneumonia on linear 

growth hence stunting manifest immediately may be questionable. For studies that report on 

the adverse effects of pneumonia on stunting, the effects are often observed in the short-term, 

some as short as 2 weeks (Batiro, Demissie et al. 2017). Catch up of growth is postulated to be 

within 4-6 weeks (Black 1991, Moy, de et al. 1994) and thus in these studies, the time may be 

too short for the child to catch up on his/her growth and the observed effects may be an 
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overestimation of the association between pneumonia and stunting. The lack of association 

with wasting may be explained by the low prevalence of wasting observed in this study.  

 

It is important to note that this study was not specifically designed for this analysis and as such, 

important determinants of growth such as the socioeconomic status, dietary intake and feeding 

practices were not able to be included in the analysis. Secondly, this was a clinical trial where 

children were intensively monitored with early detection and prompt treatment of diseases 

which are likely to influence the observed associations; this pattern of health care is not 

reflective of standard care in a PNG setting and improved health care provided in the study 

may lead to an underestimation of associations between acute illness episodes and  growth. 

Third, our analysis of the lagged effects of the 3 illnesses was limited to children who had 

complete illness exposure history resulting in a sample size that may be underpowered.  

 

4.5 Conclusion  

The data presented here re-affirms that there is a high burden of stunting among young children 

in PNG. Of greater concern is that the majority of children who are stunted are severely stunted. 

Unless recognised and addressed, these children are at an increased risk of dying. If they 

survive, they face the risk of remaining stunted past 2 years of age when reversal may be 

challenging to achieve. The effects of acute pneumonia and diarrhoea on weight can last up to 

3 months while effects of malaria can manifest several months later highlighting the 

importance of regular monitoring of the child’s wellbeing, health and nutritional status during 

the months following an episode of illness. This may be a crucial step to allow early detection 

of nutritional stressors and to introduce early intervention thus preventing deterioration of the 

nutritional status. Although not significant, there is a tendency for malaria to be associated with 

stunting. Malaria may therefore a potential contributor to the high burden of stunting in the 

country and its prevention must be priority.    
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5 Differential impact of malaria control interventions on P. falciparum and P. 

vivax infections in young Papua New Guinean children. 
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5.1 Introduction 

Malaria poses a much greater threat in the lowlands of PNG as it not only inflicts high burden 

of disease on young children during infancy, it starts affecting the lives of these children at the 

time of conception. Infection with malaria during pregnancy and subsequent maternal anaemia, 

placental malaria, LBW and preterm delivery have been widely documented for this setting 

(Brabin, Ginny et al. 1990, Brabin and Piper 1997, Allen, Raiko et al. 1998, Stanisic, Moore et 

al. 2015, Lufele, Umbers et al. 2017).  Historically, malaria has been the leading cause of 

childhood illness and death in PNG, although, children acquired immunity quickly (Michon, 

Cole-Tobian et al. 2007, Genton, D'Acremont et al. 2008, Lin, Kiniboro et al. 2010). This was 

attributed to high exposure to infections, particularly in the lowlands PNG where malaria 

transmission was hyperendemic in most parts (Muller, Bockarie et al. 2003, Michon, Cole-

Tobian et al. 2007, Lin, Kiniboro et al. 2010). Since 2004, the national malaria control program 

has received increased support allowing scale-up of control interventions. In the period 

between 2004 and 2014 there was a significant reduction in the overall burden of malaria 

nationwide (Hetzel, Morris et al. 2015, Hetzel, Pulford et al. 2017, Koepfli, Ome-Kaius et al. 

2017).  

 

As the overall transmission of malaria declines, the epidemiology of malaria becomes complex 

with significant epidemiological changes including the risk profile of malaria infection and 

illness and immunological changes (Ceesay, Casals-Pascual et al. 2008, Brasseur, Badiane et 

al. 2011, Fowkes, Boeuf et al. 2016). For example, in areas that are transitioning from high-to-

low-to-no malaria transmission, children are less frequently exposed to parasites which will 

ultimately impact their rate of acquiring clinical immunity and their risk of malaria as a whole 

These may lead to a shift in cases of malaria to older ages as seen in some settings (Ceesay, 

Casals-Pascual et al. 2008, Brasseur, Badiane et al. 2011, Griffin, Ferguson et al. 2014). In 

settings like PNG where P. falciparum and P. vivax, the two predominant human malaria 

species are co-endemic, evaluating the impact of the improved malaria control on these two 

species is important for guiding further interventions that can sustain and maintain these 

reductions. This is especially important for PNG considering it traditionally had very diverse 

transmission scenarios ranging hyper-endemic settings in coastal to malaria free area in the 

highlands  (Muller, Bockarie et al. 2003, Kazura, Siba et al. 2012).   
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Understanding the changing epidemiology will require a detailed understanding of the 

relationships between transmission intensity, the prevalence of infection and the incidence of 

clinical malaria episodes. Transmission intensity is traditionally quantified through 

entomological measures of exposures and the gold standard metric for measuring transmission 

is the entomological inoculation rate (EIR). It is however labour intensive and is becoming 

increasingly difficult to establish particularly in low transmission settings (Tusting, Bousema 

et al. 2014). The two most commonly used traditional metrics, parasite prevalence and 

incidence of clinical illness are widely employed to measure the impact of interventions, 

although the confidence in the estimates significantly reduces as malaria becomes rare and that 

large sample size is required to achieve precision in these estimates (Gregory and Blackburn 

1991, Hay, Smith et al. 2008). Force of infection (FOI) is the number of new infections 

acquired over time and has been a widely accepted alternative for measuring transmission. The 

molecular force of blood-stage infections (molFOB) has recently been demonstrated to be a 

sensitive and suitable proxy for measuring transmission at the population level and for 

measuring exposure at individual level (Mueller, Schoepflin et al. 2012, Koepfli, Colborn et 

al. 2013).  

 

In the latter, presence of new blood-stage infections can be easily determined through sensitive 

molecular approaches (Smith, Beck et al. 1999, Smith and Vounatsou 2003, Sama, Owusu-

Agyei et al. 2006). By genotyping parasites, multiple co-infecting parasite clones within one 

host can be distinguished and monitored over time hence allowing precise estimation of the 

number of new infections in the bloodstream over time (molFOB) (Mueller, Schoepflin et al. 

2012, Koepfli, Colborn et al. 2013). It is therefore a measure of exposure to new blood-stage 

infections rather than a direct measure of infective mosquito bites. For P. falciparum, molFOB 

is a directly proportional measure of the FOI, that is, the number of new infections entering the 

blood-stream acquired through infective bites over time and therefore, may closely reflect P. 

falciparum transmission as most of the new infections acquired through a bite are likely to 

establish blood-stage infections. In contrast, P. vivax blood-stage infections do not only derive 

from a recent infective bite but also from the relapsing hypnozoites. Hence molFOB for P. vivax 

is a composite measure of exposure from new infections from a recent infective bite and from 

relapses. As such, molFOB for P. vivax is not a direct measure of mosquito-to-human P. vivax 

transmission.  
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Use of molFOB as an alternative to EIR alongside the commonly used metrics such as parasite 

prevalence and clinical incidence would provide a detailed insight into epidemiology of 

malaria. However, estimation of molFOB and clinical incidence rely on longitudinally collected 

data as collected in cohort studies. The benefit of using a longitudinal cohort study is that it 

allows detailed investigation into the dynamics of infection and illness in a host over time. 

More importantly, the ability to assess the impact of intensification on the incidence of 

infections and illness, both of which provide vital information on the rate of acquiring new 

infections and clinical illness over time. This is not achievable using cross-sectional studies 

which by their nature reflect a relatively short period providing only a snapshot of transmission 

or the burden of infections and illness through a single time point measurement. Extrapolating 

this single time point measurement to an overall contribution to the burden of infections and 

illness or transmission can be challenging. Many of the studies that have investigated the 

impact of the improved malaria control on epidemiology of malaria in PNG and elsewhere are 

cross-sectional in nature including nationwide household surveys, large community cross-

sectional studies and health information systems (Pulford, Kurumop et al. 2013, Hetzel, Morris 

et al. 2015, Hetzel, Pulford et al. 2017, Koepfli, Ome-Kaius et al. 2017). There is currently 

limited data available on the impact of declining transmission that is investigated from a 

longitudinal context. Moreover, despite being the group that bears the highest burden of 

malaria in the country, there is currently no study in PNG that has specifically investigated in 

detail the impact of the observed declining transmission between 2004 and 2014 in children 

under 5 years of age.   

 

5.2 Methodology 

The detailed description of the methods are provided in the published article (included in this 

chapter) however, here we describe in brief the procedures involved in estimating the molFOB 

to account for the differences in the sampling schedules of the studies that we analysed. molFOI 

is defined as the number of distinct clones acquired by an individual throughout his follow-up 

period. Depending on the sampling interval, a clone may be detected or missed because it 

would have been acquired after a scheduled visit and cleared before the subsequent one. Since 

clones can be short-lived (White, Karl et al. 2018) it is expected that the molFOI would increase 

with smaller sampling intervals. We compared three studies, one of which used a different 

sampling scheme (larger sampling interval of ~2 months with double-bleeds 24 hours apart). 

This sampling difference was corrected by censoring the two studies that had shorter sampling 
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intervals, participant-wise, so that the mean interval between consecutive visits would match 

that observed in the third study. Additionally, we randomly discarded one of the two repetitive 

bleeds from the third study. Overall, this yielded a dataset comprised of three independent 

studies, now with comparable sampling scheme. We used Negative-Binomial regression 

stratified by study and offseted by the time at risk for each participant to estimate the incidence 

of new clones. 
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Table 5.S1: Crude associations between the risk factors and the prevalence of infections due to P. falciparum and P. falciparum as detected by PCR and LM. 

 Prevalence 

 P. falciparum P. vivax 
 PCR LM PCR LM 

 OR/Odds [CI95] p-value OR/Odds [CI95] p-value OR/Odds [CI95] p-value OR/Odds [CI95] p-value 

Covariates                 

Areas of residence                 

bIlahita 1,2,3,4,6,7 0.05 [0.04 - 0.06] <0.001 0.01 [0.005 - 0.015] <0.001 0.07 [0.04 - 0.10] <0.001 0.03 [0.02 - 0.05] <0.001 

Balanga & Balif 1.04 [0.59 - 1.85] 0.885 1.46 [0.33 - 6.48] 0.618 0.99 [0.52 - 1.88] 0.983 0.61 [ 0.25 - 1.50] 0.284 

Kamanokor & Ilahita 
5 

3.04 [1.87 - 4.92] <0.001 5.75 [2.56 - 12.9] <0.001 9.36 [5.54 - 15.8] <0.001 12.0 [6.03 - 23.9] <0.001 

Sunuhu 1&2 8.49 [6.14 - 11.8] <0.001 19.7 [10.6 - 36.8] <0.001 12.6 [8.11 - 19.6] <0.001 11.7 [6.23 - 21.9] <0.001 

  aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   

                  

Age in years (linear) 1.24 [1.09 - 1.41] 0.001 1.13 [0.94 - 1.36] 0.183 1.11 [0.98 - 1.26] 0.109 0.96 [0.84 - 1.10] 0.554 

                  

Haemoglobin level  0.72 [0.64 - 0.80] <0.001 0.45 [0.38 - 0.54] <0.001 0.98 [0.90 - 1.07] 0.655 0.94 [0.83 - 1.07] 0.331 

                 

Haemoglobin 
categories 

               

b≥0 grams/dL 0.10 [0.08 - 0.12] <0.001 0.02 [0.01 - 0.03] <0.001 0.25 [0.20 - 0.30] <0.001 0.11 [0.09 - 0.14] <0.001 

9 – 9.9 grams/dL 1.29 [1.04 - 1.60] 0.022 2.02 [1.36 - 3.00] <0.001 0.99 [0.86 - 1.13] 0.832 1.00 [0.81 - 1.23] 0.975 

≤ 9 grams/dL 2.11 [1.64 - 2.72] <0.001 5.70 [3.54 - 9.19] <0.001 1.18 [0.96 - 1.44] 0.114 1.29 [1.05 - 1.84] 0.023 

  aOverall p<0.0001   aOverall p<0.0001   aOverall p=0.1777   aOverall p=0.0344   

                  

Active detection of 
infection (ADI) 
timepoint 
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bEnrolment 0.23 [0.18 - 0.29] <0.001 0.12 [0.08 - 0.16] <0.001 0.30 [0.24 - 0.38] <0.001 0.17 [0.13 - 0.22] <0.001 

Week 4 / Interval 1 0.42 [0.31 - 0.57] <0.001 0.51 [0.34 - 0.75] 0.001 0.89 [0.73 - 1.08] 0.222 1.02 [0.76 - 1.37] 0.88 

Week 8 / Interval 2 0.42 [0.31 - 0.58] <0.001 0.32 [0.19 - 0.53] <0.001 0.90 [0.74 - 1.10] 0.307 1.05 [0.78 - 1.42] 0.749 

Week 12 / Interval 3 0.33 [0.23 - 0.48] <0.001 0.19 [0.10 - 0.38] <0.001 0.78 [0.62 - 0.97] 0.025 0.88 [0.64 - 1.22] 0.458 

Week 16 / Interval 4 0.39 [0.27 - 0.56] <0.001 0.31 [0.18 - 0.53] <0.001 0.75 [0.60 - 0.93] 0.009 0.71 [0.51 - 0.99] 0.040 

Week 20 / Interval 5 0.46 [0.30 - 0.71] <0.001 0.25 [0.13 - 0.49] <0.001 0.82 [0.61 - 1.10] 0.178 0.52 [0.36 - 0.77] 0.001 

Week 24 / Interval 6 0.36 [0.24 - 0.54] <0.001 0.31 [0.17 - 0.57] <0.001 0.93 [0.72 - 1.20] 0.569 0.53 [0.35 - 0.81] 0.003 

Week 28 / Interval 7 0.38 [0.26 - 0.57] <0.001 0.40 [0.24 - 0.69] 0.001 0.78 [0.60 - 1.02] 0.071 0.82 [0.57 - 1.18] 0.295 

Week 32 / Interval 8 0.42 [0.29 - 0.61] <0.001 0.29 [0.16 - 0.53] <0.001 0.72 [0.55 - 0.95] 0.018 0.65 [0.43 - 0.96] 0.033 

Week 36 / Interval 9 0.54 [0.38 - 0.76] <0.001 0.46 [0.28 - 0.75] 0.002 0.72 [0.55 - 0.95] 0.018 0.54 [0.36 - 0.80] 0.002 

Week 40 / Interval 10 2.10 [1.59 - 2.78] <0.001 0.77 [0.49 - 1.19] 0.231 0.99 [0.77 - 1.28] 0.954 0.39 [0.25 - 0.60] <0.001 

  aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   

                  

Bed net use 0.58 [0.27 - 1.29] 0.182 0.64 [0.13 - 3.06] 0.578 0.80 [0.45 - 1.40] 0.431 1.08 [0.38 - 3.01] 0.898 

                  

Febrile illness 2.28 [1.66 - 3.15] <0.001 4.60 [3.09 - 6.83] <0.001 1.07 [0.78 - 1.47] 0.663 1.27 [0.83 - 1.95] 0.265 

                  

History of febrile 
illness 

2.97 [1.57 - 5.63] 0.001 3.57 [1.42 - 8.99] 0.007 1.68 [1.06 - 2.66] 0.028 1.87 [0.86 - 4.07] 0.116 

                  

Enlarged spleen 2.25 [1.23 - 4.11] 0.009 3.28 [1.55 - 6.93] 0.002 1.82 [1.07 - 3.11] 0.028 2.11 [1.04 - 4.27] 0.038 

                  

Recent antimalarial 
use 

1.59 [0.87 - 2.90] 0.133 1.36 [0.47 - 3.98] 0.570 0.36 [0.15 - 0.85] 0.021 0.39 [0.10 - 1.56] 0.181 

Abbrevitaion: PCR = polymerase chain reaction; LM = light microscopy; OR = odds ratio; CI95 = 95% confidence interval. Estimates of crude associations estimated by 

GEE for prevalence. aOverall significance level for the variable estimated using wald chi-squared test; bComparison group; For multilevel variables, comparison group 

estimates are presented as odds or incidence rate. 
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Table 5.S2: Crude associations between the risk factors and the prevalence, clinical incidence and molecular force of blood-stage infections. 

 Clinical incidence molFOB 

 P. falciparum P. vivax P. falciparum P. vivax 

Covariates IRR/IR [CI95] p-value IRR/IR [CI95] p-value IRR/IR [CI95] p-value IRR/IR [CI95] p-value 

Areas of residence                 

bIlahita 1,2,3,4,6,7 0.05 [0.02 - 0.11] <0.001 0.06 [0.03 - 0.13] <0.001 1.09 [0.78 - 1.53] 0.622 0.65 [0.44 - 0.96] 0.030 

Balanga & Balif 0.56 [0.11 - 2.77] 0.476 0.96 [0.27 - 3.41] 0.946 1.15 [0.66 - 2.00] 0.618 1.45 [0.79 - 2.65] 0.234 

Kamanokor & Ilahita 5 5.03 [1.86 - 13.6] 0.001 8.73 [3.44 - 22.2] <0.001 1.67 [0.97 - 2.87] 0.062 7.46 [4.67 - 11.9] <0.001 

Sunuhu 1&2 9.59 [4.05 - 22.7] <0.001 5.53 [2.25 - 13.6] <0.001 3.28 [2.21 - 4.85] <0.001 8.29 [5.35 - 12.8] <0.001 

  aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   aOverall p<0.0001   

                  
cAge in years (linear) 1.27 [1.01 - 1.59] 0.044 1.01 [0.78 - 1.32] 0.925 1.21 [1.07 - 1.36] 0.003 1.22 [1.08 - 1.38] 0.001 

                  

Haemoglobin level  0.38 [0.26 - 0.55] <0.001 0.27 [0.17 - 0.43] <0.001 0.96 [0.83 - 1.11] 0.571 0.86 [0.77 - 0.96] 0.008 

Haemoglobin categories                 

b≥0 grams/dL 0.16 [0.10 - 0.26] <0.001 0.10 [0.06 - 0.19] <0.001 1.60 [1.22 - 2.10] 0.001 2.15 [1.73 - 2.67] <0.001 

9 – 9.9 grams/dL 1.09 [0.58 - 2.07] 0.782 1.84 [0.83 - 4.07] 0.132 1.18 [0.83 - 1.67] 0.359 1.15 [0.95 - 1.41] 0.159 

≤ 9 grams/dL 1.48 [0.73 - 3.01] 0.278 3.63 [1.58 - 8.33] 0.002 1.29 [0.85 - 1.95] 0.229 1.33 [1.00 - 1.78] 0.048 

  aOverall p=0.5469   aOverall p=0.0093   aOverall p=0.4532   aOverall p=0.1244   

Active detection of 
infection timepoint 

            

bEnrolment     Not applicable 

Week 4 / Interval 1 

Cannot be tested due to aggregated data 

        

Week 8 / Interval 2 0.69 [0.34 - 1.41] 0.309 0.82 [0.56 - 1.20] 0.306 

Week 12 / Interval 3 0.18 [0.07 - 0.46] <0.001 0.50 [0.34 - 0.73] <0.001 

Week 16 / Interval 4 0.62 [0.30 - 1.29] 0.202 0.72 [0.49 - 1.05] 0.091 
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Week 20 / Interval 5 2.10 [1.08 - 4.07] 0.029 1.13 [0.78 - 1.61] 0.52 

Week 24 / Interval 6 0.96 [0.51 - 1.80] 0.889 0.69 [0.47 - 1.01] 0.057 

Week 28 / Interval 7 0.92 [0.48 - 1.78] 0.802 0.62 [0.41 - 0.93] 0.021 

Week 32 / Interval 8 1.04 [0.55 - 1.95] 0.905 0.77 [0.53 - 1.11] 0.165 

Week 36 / Interval 9 5.85 [3.54 - 9.68] <0.001 0.71 [0.47 - 1.07] 0.100 

Week 40 / Interval 10 aOverall p<0.0001   aOverall p=0.0002   

                  

Bed net use 0.01 [0.00003 - 4.85] 0.148 0.05 [0.00001 - 152.5] 0.459 Data not converging 

                  

Febrile illness In the definition of clinical episode 1.12 [0.63 - 1.98] 0.693 1.25 [0.85 - 1.82] 0.253 

                  

History of febrile illness 

Cannot be tested due to aggregated data 

1.15 [0.20 - 6.46] 0.877 0.94 [0.29 - 3.10] 0.922 

          

Enlarged spleen         

          

Recent antimalarial use 4.89 [3.05 - 7.84] <0.001 1.14 [0.49 - 2.63] 0.758 

                  

molFOB 1.20 (1.12 - 1.28) <0.001 1.27 (1.19 - 1.36) <0.001 Not applicable 

Abbrevitaion: IRR = incidence rate ratio; IR = incidence rate; CI95 = 95% confidence interval; molFOB = molecular force of blood-stage infections; Estimates of crude 

associations estimated by GEE for molecular force of blood-stage infections and negative binomial regression model used for clinical malaria episodes. Recent 

antimalarial use was not tested in the model for clinical malaria episodes due to aggregated clinical data. aOverall significance level for the variable estimated using wald 

chi-squared test; bComparison group; For multilevel variables, comparison group estimates are presented as odds or incidence rate. cAge in years at enrolment was used 

for clinical malaria incidence while at the start of interval was used for molFOB. 
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Table 5.S3: Key predictors of the prevalence of infections due to P. falciparum and P. vivax as diagnosed by light microscopy in 2013 
 P. falciparum P. vivax 

 Observed positive 
(%; n=4359) 

AOR CI95 p-value 
Observed positive 

(%; n=4359) 
AOR CI95 p-value 

Areas of residence         

Ilahita 1-4, 7 0.8 Reference 2.7 Reference 

Balanga & Balif 1.1 1.69 (0.41 - 6.99) 0.469 1.7 0.77 (0.30 – 2.01) 0.595 

Kamanokor & Ilahita 5 4.7 4.14 (1.67 - 10.3) 0.002 25.4 15.1 (7.52 – 30.4) <0.001 

Sunuhu 1&2 14.4 18.0 (8.94 - 36.4) <0.001 25.0 16.0 (8.44 – 30.3) <0.001 

   aOverall p<0.0001    aOverall p<0.0001  

         

Age  1.48 (1.21 - 1.81) <0.001  2.59 (1.14 – 1.51) <0.001 
         

ACD time-points         

Enrolment 10.4 Reference 14.8 Reference 

Week 4 5.4 0.46 (0.27 - 0.78) 0.004 15.1 0.99 (0.69 - 1.42) 0.949 

Week 8 3.6 0.25 (0.13 - 0.48) <0.001 15.2 1.02 (0.71 - 1.46) 0.925 

Week 12 2.2 0.13 (0.05 - 0.30) <0.001 13.2 0.80 (0.53 - 1.19) 0.269 

Week 16 3.4 0.21 (0.11 - 0.40) <0.001 10.5 0.61 (0.41 - 0.91) 0.016 

Week 20 3.0 0.17 (0.07 - 0.39) <0.001 8.5 0.40 (0.26 - 0.63) <0.001 

Week 24 3.5 0.20 (0.10 - 0.43) <0.001 8.4 0.40 (0.24 - 0.67) <0.001 

Week 28 4.0 0.31 (0.15 - 0.62) 0.001 11.8 0.68 (0.43 - 1.10) 0.117 

Week 32 3.3 0.19 (0.09 - 0.42) <0.001 10.1 0.49 (0.30 - 0.80) 0.004 

Week 36 5.0 0.38 (0.20 - 0.74) 0.004 8.5 0.39 (0.24 - 0.62) <0.001 

Week 40 8.1 0.63 (0.33 - 1.21) 0.166 6.1 0.26 (0.15 - 0.44) <0.001 

   aOverall p<0.0001    aOverall p<0.0001  
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Haemoglobin level  0.49 (0.41 - 0.58) <0.001     

Recent antimalarial use 8.9    8.9 0.29 (0.09 - 0.90) 0.032 

Enlarged spleen  22.7    36.4    

Febrile illness 18.3 3.29 (2.12 - 5.12) <0.001 18.8    

2 weeks history of 
febrile illnessb  

16.7    26.2    

Abbreviation: AOR = adjusted odds ratio; CI95 = 95% confidence interval Multivariate GEE model-based estimates of the risk of infection detected at each monthly 

active detection of infection visits via backward selection of significant risk factors. aOverall significance level for the variable estimated using wald chi-squared test; 

bExcluding febrile illness at the time of visit; AOR: multivariate adjusted odds ratio; CI95: 95% confidence interval. 
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6.1 Summary of key findings 

This thesis has focussed on understanding the factors that influence growth in utero and early 

childhood among young Papua New Guinean children. Specifically, to investigate the direct 

and indirect associations between selected risk factors, birthweight and LBW, the impact of 

infectious diseases on stunting, wasting and underweight and the changing burden of malaria 

in the most at-risk age group.  

 

Although a multitude of factors have been associated with LBW (Kramer 1987), in this thesis, 

we selectively investigated the association of birthweight and LBW with modifiable risk factors 

including maternal undernutrition, anaemia, iron deficiency, peripheral malaria infection, IPTp 

intervention and inflammation. These factors have been identified in previous studies and 

previous analyses of this same dataset to be key in causing LBW in PNG (Brabin and Piper 

1997, Allen, Raiko et al. 1998, Mueller 2002, Stanisic, Moore et al. 2015, Unger, Ome-Kaius 

et al. 2015, Fowkes, Moore et al. 2018). The nutritional status of pregnant women was observed 

to be a key determinant of foetal birthweight and risk of LBW. Low MUAC at enrolment was 

directly associated with a reduction in mean birthweight and an increased risk of LBW, 

independent of effects of MUAC mediated through other factors. There was a tendency for 

iron deficiency to be directly associated with an increase in mean birthweight, but with no 

effect on rates of LBW. Maternal anaemia on the other hand was directly associated with an 

increased risk of LBW but did not influence birthweight. IPTP intervention with SPAZ during 

pregnancy was directly associated with increased mean birthweight and reduced propensity for 

LBW independent of its effects through anaemia and peripheral malaria infection during the 

study. Inflammation as indicated by high CRP levels was a direct predictor of LBW but not 

birthweight while no associations were observed for peripheral microscopically detected 

malaria infection at first antenatal care visit and birthweight and LBW. We did not observe any 

indirect associations for any of these selected factors in our analyses. 

 

Secondary analysis of data from a trial of IPTi in PNG children revealed that stunting was the 

most common form of undernutrition observed among these young children. At 15 months of 

age, 49.1% of the children were stunted and 43.8% of these stunted children were classified as 

severely stunted. Similar proportions were observed at 27 months of age (stunted: 47.1%; 

severely stunted: 42.4%). The overall prevalence of stunting and severe stunting in the study 

however was 52.9% and 25.0%, respectively. Whereas the overall prevalence of underweight 
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and wasting were 16.1% and 6.1% respectively, the severe forms of the two were rarely 

observed in the study (severe underweight: 3%; severe wasting: 1%). Acute illness episodes of 

malaria, pneumonia and diarrhoea each appeared to have differential impacts on child 

undernutrition. Acute episodes of pneumonia and diarrhoea were associated with increased 

odds of underweight and their negative effect on weight-for-age Z-score was observed to last 

up to 3 months. Malaria on the other hand had a delayed negative association with weight-for-

age Z-score as well as a tendency to be associated with increased odds of stunting.  

 

In-depth analysis of the impact of improved malaria control on the burden of malaria infections 

and illness among children aged 1 - 5 years demonstrated that standard malaria control 

interventions have differential impact on rates of P. falciparum and P. vivax infections in young 

children but not clinical malaria episodes. Within a few months of the first population-wide 

distribution of LLINs into the study area, there was an immediate reduction in the prevalence 

and incidence of P. falciparum but not P. vivax infections. The decline in P. vivax infections 

was only evident in a cohort study conducted after 5 years of sustained control in the study 

area. Contrary to the pattern of decline observed for infections, the burden of P. vivax clinical 

episodes dropped immediately following the first LLIN distribution. The pattern of decline in 

the incidence of clinical episodes due to P. falciparum was similar to that observed of the 

infections. During the time of significantly reduced transmission in 2013, the two key 

predictors of infection and clinical episodes were individual level of exposure to new infections 

as measured by molFOB and the place of residence.  In this same time period, there was marked 

spatial clustering of infections and illness and a high proportion of the infections detected were 

low-density and asymptomatic.         

 

6.2 Direct and indirect associations of low birthweight 

Although a multitude of factors have been implicated as causes of LBW, it is often less clear 

as to whether they are causal determinants or just the markers or associated factors representing 

a true underlying causal determinant. Differentiating between these factors requires adequately 

controlling for appropriate confounding factors or use of analytical approaches that can allow 

distinguishing between the two. It is challenging to collect data on all the factors that can 

potentially influence birthweight or risk of LBW in one study and thus adequately control for 

confounding. While direct associations can be determined using standard analytical approaches 

such as linear and logistic regressions, these methods lack the ability to determine both direct 
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and indirect associations thus the observed associations are considered direct independent 

associations on the assumption that potential confounding was adequately accounted for. 

Failure to adequately control for confounding can result in associations that could lead to 

misinformed policies and strategies.  For instance, if insufficient caloric intake was a true 

causal determinant of LBW, and if anaemia was acting as a marker of poor maternal nutritional 

status, failure to adequately control for calorie intake may lead investigators to conclude that 

there is an association between anaemia and LBW. Consequently, routine iron supplementation 

upon detection of anaemia during pregnancy may have no impact on foetal growth as anaemia 

has no independent effect on foetal growth (Kramer 1987). Distinguishing between the 

associated factors and causal determinants should be priority research areas to guide the 

development and implementation of strategies and interventions that are targeted at alleviating 

the burden of LBW. There is very limited published data on this subject.  

  

In the meta-analysis undertaken by Kramer in 1987 (Kramer 1987), the modifiable factors 

identified to have direct causal association with intrauterine growth included maternal height, 

pre-pregnancy weight, paternal height and weight, maternal birthweight, parity, history of prior 

LBW, gestational weight gain, general morbidity and episodic illness, malaria and maternal 

habits (cigarette smoking, alcohol consumption and tobacco chewing). For gestational 

duration, pre-pregnancy weight, prior history of prematurity or miscarriage, in utero exposure 

to diethylstilboestrol and cigarette smoking were identified to have direct causal effects. 

Similar observations of direct associations especially between maternal nutrition, infections or 

inflammation and birthweight were also observed in a recent study by Ashorn et al, which also 

elucidated the indirect pathways through which some of these factors influenced newborn size. 

A joint effect of various risk factors including maternal infections, inflammation, nutrition and 

constitutional factors (e.g. parity) on newborn size (Ashorn, Hallamaa et al. 2018) providing 

evidence for a more holistic approach where multiple exposures could be concurrently 

addressed with interventions to achieve a maximum effect on LBW. Supporting this concept 

is the observation made in our primary analysis that despite the low prevalence of malaria 

observed in the study, IPTp with SPAZ reduced LBW by about 30% suggesting that the 

intervention not only addressed not only malaria but also other additional factors that 

influenced LBW (Unger, Ome-Kaius et al. 2015).  

 

Mechanisms through which IPTp may be operating to improve birthweight and reduce LBW 

were investigated in this thesis. IPTp improved birthweight and reduced LBW by mechanisms 
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independent of the currently investigated risk factors which included peripheral blood malaria 

infection and maternal haemoglobin concentration. However, it was shown in the main trial 

analysis that IPTp reduced peripheral malaria at delivery as well as active placental malaria 

(Unger, Ome-Kaius et al. 2015) indicating the clearance of malaria infections by IPTp. This 

indicated that IPTp with SPAZ did indeed reduce malaria. However, given the low overall 

malaria burden, the main impact on birthweight seemed not to be due to its effect on malaria. 

The low prevalence of malaria detected during the study may therefore have prevented us from 

seeing the effect of SPAZ IPTp on birth outcomes because the malaria-attributable fraction of 

LBW was too small. It was also shown that IPTp was associated with reduction in PTD and N. 

gonorrhoeae indicating a clearance of infections associated with PTD, especially infections of 

the reproductive tract (RTIs) (Unger, Ome-Kaius et al. 2015). STIs/RTIs are key predictors of 

adverse birth outcomes (Mullick, Watson-Jones et al. 2005, Chico, Hack et al. 2013, Romero, 

Dey et al. 2014) and azithromycin has been shown in studies to be effective in treating these 

infections (Chico, Hack et al. 2013). The positive impact of IPTp with SPAZ may therefore be 

in part be due to clearance of the STIs/RTIs thus improving birth outcomes.  

 

In separate analyses of this same dataset, it was shown that IPTp was associated with an 

increase in gestational weight gain, which in itself is a predictor of birthweight (Medicine and 

Council 2009, Unger, Wangnapi et al. 2016), and with a reduction in inflammation biomarkers 

at delivery (Unger, Hansa et al. 2019). Whether these benefits are due to SP, or AZ, or the 

combination, is not known, but there has been interest in AZ-based combination treatments for 

use as IPTp to address the dual burden of malaria and STIs (Chico, Hack et al. 2013). With 

malaria parasites developing resistance to SP in many settings, there has been an increasing 

urgency to find alternative treatment regimens and AZ-based combination treatments are being 

considered as potential candidates to replace SP (Chico, Hack et al. 2013, Moore, Benjamin et 

al. 2019). They could be developed into an antenatal intervention to be used in many LMICs 

to address not only malaria and STIs but also the poor gestational weight gain that was 

frequently observed in our study, and thus to improve birth outcomes. Additionally, it may 

have beneficial impact on the mother's and the infant's nutritional status post-delivery, and 

those benefits may even last up to 5 years of age (Luntamo, Kulmala et al. 2013, Unger, 

Wangnapi et al. 2016, Roca, Camara et al. 2018, Hallamaa, Cheung et al. 2019). In the recent 

study by Hallamaa et al, the mean values of the anthropometric indices (weight, MUAC and 

head circumference) among infants of women receiving monthly SP plus two doses of AZ as 
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IPTp were higher compared to monthly SP alone indicating that SP alone was not enough to 

create long-lasting effect on child growth (Hallamaa, Cheung et al. 2019).  

 

The concern with implementing such an azithromycin-based intervention on a large scale is 

the development of antimicrobial resistance to organisms such as Streptococcus pneumoniae, 

E coli and Staphylococcus aureus (O'Brien, Emerson et al. 2019) which could pose a major 

challenge in the management of diseases caused by these infections such as pneumonia, 

diarrhoea, meningitis and sepsis (Bergman, Huikko et al. 2006). Of note, macrolides are not 

typically used against diarrhoea caused by E. coli. In a separate sub-analysis of this same 

dataset, IPTp with SPAZ was associated with a small but significant increase in macrolide-

resistant pneumococci (Unger, Aho et al. 2015). Azithromycin is a long-acting macrolide and 

it is believed that such macrolides can select for resistance more effectively than other 

macrolides.  Moreover, increasing treatment frequency has been linked to increased selection 

for resistance especially in Streptococcus pneumoniae (Baquero 1999, O'Brien, Emerson et al. 

2019). There is however some evidence that suggests that resistance may reduce after removal 

of antibiotic pressure (Haug, Lakew et al. 2010). Frequency of azithromycin use and the impact 

of selection of resistance by AZ on response to management of diseases such as pneumococcal 

meningitis, pneumonia and sepsis are key factors to consider when considering AZ-based 

regimens as IPTp interventions. 

 

Nutritional status of women both before and during pregnancy plays a crucial role in optimising 

pregnancy outcomes (Kramer 1987, Mason, Saldanha et al. 2012, Ashorn, Hallamaa et al. 

2018). The observation of the negative impact of maternal undernutrition on birthweight and 

LBW in this thesis re-emphasises the importance of nutrition and provides support that 

inclusion of nutritional interventions as part of antenatal care is important as they are likely to 

have a direct impact on the nutritional status of the mother. Besides weight and height, simple 

to measure indicators such as MUAC should also be routinely measured as part of antenatal 

care to identify women of suboptimal nutritional status for timely interventions. Dietary advice 

for diet improvements as well as general health education on infections and other determinants 

of undernutrition, balanced protein-energy supplementation and high protein supplementation 

are some of the nutritional interventions that could be beneficial to such women (Imdad and 

Bhutta 2012, Bhutta, Das et al. 2013).  
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Somewhat counterintuitively, maternal anaemia, i.e., haemoglobin < 11g/dL (WHO Vitamin 

and Mineral Nutrition Information System (VMNIS)) at enrolment (which occurred mostly 

during the second trimester) was observed in this analysis to be a direct predictor of reduced 

odds of LBW which contradicts the general consensus that anaemia is a risk factor for LBW 

(Levy, Fraser et al. 2005, Rahman, Abe et al. 2016, Figueiredo, Gomes-Filho et al. 2018, Jung, 

Rahman et al. 2019). Studies however have also demonstrated better birth outcomes with 

haemoglobin levels of 85-110g/l which by current WHO definitions (WHO Vitamin and 

Mineral Nutrition Information System (VMNIS)) and used in our analysis would be classified 

as mild to moderate anaemia (Steer, Alam et al. 1995, Steer 2000, Dewey and Oaks 2017). It 

is particularly very low levels of haemoglobin indicative of severe anaemia (haemoglobin < 

7.0 g/dL) (WHO Vitamin and Mineral Nutrition Information System (VMNIS)) that are 

associated with increased risks of LBW (Kozuki, Lee et al. 2012). Furthermore, the association 

between anaemia and adverse birth outcomes may only be evident if the haemoglobin is 

measured in the first trimester of pregnancy (Dewey and Oaks 2017). For most of the women 

in PNG and elsewhere in LMICs, women present late, often in their second to third trimester 

to antenatal care (Simkhada, Teijlingen et al. 2008, Kisuule, Kaye et al. 2013) which presents 

a major challenge in identifying anaemic women earlier for timely interventions.  

 

The conflicting evidence in the literature about the association between anaemia and LBW 

raises the important question as to what level of haemoglobin can one consider optimal and 

what cut-offs can be used define anaemia that may worsen pregnancy outcomes. Clarifying 

this is important considering low haemoglobin as defined by WHO, i.e., haemoglobin < 110 

g/l (WHO Vitamin and Mineral Nutrition Information System (VMNIS)) is in many settings 

an indication for iron supplementation. WHO recommends daily oral iron and folic acid 

supplementation as part of the antenatal care to prevent maternal anaemia, puerperal sepsis, 

LBW and PTD (WHO). A recent study in the malaria endemic setting of PNG showed that 

iron deficiency was associated with better birth outcomes independent of its effects on malaria 

(Fowkes, Moore et al. 2018) raising concerns about the routine iron supplementation. Although 

not statistically significant, we also observed in this analysis an increase in mean birthweight 

among women who were iron deficient, also independent of its effect on malaria. Studies 

however show that iron supplementation can be beneficial only if the women were initially 

iron deficient (Mwangi, Roth et al. 2015, Verhoef, Mwangi et al. 2019) which Verhoef et al 

(Verhoef, Mwangi et al. 2019) indicated to be the underlying explanation for the observation 

made in the study by Fowkes et al (Fowkes, Moore et al. 2018). Due to the lack of quality data 
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on iron supplementation and the indications for it (e.g. haemoglobin <11 g/dL) in our study, 

we are unable to draw any firm conclusions as to whether our observations of positive impact 

of iron deficiency on birthweight were due to iron supplementation in iron deficient women. 

However, to note that two-thirds of the women were iron deficient and 69% of women were 

anaemic with the latter likely to have been identified for iron supplementation. Women who 

are iron replete taking iron supplementation may be at risk of adverse birth outcomes due to 

haemoconcentration and subsequent increased blood viscosity, oxidative stress and impaired 

systemic response to infections and associated inflammation (Dewey and Oaks 2017, Verhoef, 

Mwangi et al. 2019). To ensure that only women who are iron deficient can receive iron 

supplementation will require iron deficiency screening alongside haemoglobin level 

measurements. Research that can clearly indicate as to what level of haemoglobin can one 

consider it to be due to iron deficiency will be important for resource poor settings like PNG 

where routine testing for iron deficiency is likely to be challenging. 

 

In spite of the widespread recognition of the importance of LBW globally, many LMICs 

including PNG lack reliable data on the magnitude and geographical distribution, which also 

presents a major challenge to monitor the progress of interventions that are implemented in the 

country to alleviate the burden of LBW (UNICEF 2016). Improvement in data collection and 

reporting should be the focus of the PNG government as this would be important to advise as 

to what interventions work and guide development and implementation of interventions in the 

country.  

 

6.3 Infectious causes of child undernutrition 

Suboptimal growth in utero may continue during early childhood causing growth faltering 

(Arifeen, Black et al. 2000, Christian 2009, Christian, Lee et al. 2013). Children born LBW are 

considered more prone to growth faltering during early childhood (Marks, Reichman et al. 

2006). Additional causes of child undernutrition are diverse and include factors such as 

suboptimal breastfeeding, inappropriate weaning and child feeding practises, low quality and 

inappropriate complementary foods, and environmental factors including infections (Checkley, 

Buckley et al. 2008, Prost 2009). In chapter 4, we specifically investigated the impact of acute 

malaria, pneumonia and diarrhoeal illness episodes on child growth in a cohort of young 

children. Despite frequently co-occurring in PNG, little is known about the impact of these 

infectious illnesses on growth faltering.  
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In a cohort of 1-3 year old children, stunting was the most common form of undernutrition 

observed, which is supported by previous evidence from PNG revealing a high burden of 

stunting (WHO , Gibson, Heywood et al. 1991, Keeble and Keeble 2006, Wand, Lote et al. 

2012). The overall prevalence of severe stunting in this cohort was 25%, which is higher than 

the national prevalence of 17.6% based on the 2005 national data (UNICEF 2016). Severely 

stunted children have significantly increased risk of dying (Olofin, McDonald et al. 2013) but 

given short stature is very common in PNG, they will likely not be identified for treatment. 

Health workers are also less likely to identify these children given height is not routinely 

measured as part of child growth monitoring as seen in many LMICs (Dewey and Begum 

2011). Any form of child undernutrition at any degree of severity have been shown to heighten 

the risks of child morbidities and mortality due to common childhood infectious diseases 

including respiratory infections, malaria and diarrhoea (Smith 1991, Caulfield, de Onis et al. 

2004, Olofin, McDonald et al. 2013). Childhood infectious diseases may also further 

exacerbate any pre-existing poor nutritional status of the child (Smith 1991). In this thesis, 

acute episodes of pneumonia and diarrhoea negatively impacted weight with the effects lasting 

up to 3 months while the effect of malaria on weight, although more modest lasted up to 6 or 

more months.  

 

Observations made in this thesis highlight major concerns for the country. First, failure to 

recognise and identify stunting in any degree of severity could translate into large proportion 

of unproductive human capacity and adversely affect societal and national development. 

Second, failure to identify severely stunted children could result in high rates of child mortality 

thus reduction in population. Third, infectious diseases including malaria, pneumonia and 

diarrhoea which are highly prevalent in the country play a role in adversely impacting 

nutritional status of young children and these effects may be long-lasting. These observations 

however also provide evidence that could be capitalised on to improve nutritional status of 

young children in PNG. It is very clear from this analysis and many previous studies that 

stunting is significantly more common in children than any other form of child undernutrition 

in the country. This calls for concerted and targeted strategies to tackle stunting. PNG is a poor 

country faced with multiple problems and to adequately address stunting or any other form of 

undernutrition will be challenging. However, starting small with simple additions to routine 

childcare such as routine measurement of child length and height, educating health workers, 

parents and community at large to recognise stunting as a health problem and collecting quality 
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data on the burden and distribution of undernutrition will be vital in moving towards reducing 

stunting in the country. Although more research is needed on this subject, there has been some 

indication that MUAC may identify stunting (Emergency Nutrition Network (ENN) 2014). 

Given it is simple to measure and that it is already routinely implemented to identify severe 

acute wasting, routine measuring of MUAC may provide an alternative to height 

measurements, where the latter are not practical for logistics reasons, for example in village 

clinics. Routine measurement of length/height and MUAC will be key to monitoring linear 

growth of the child allowing early detection of stunting with timely interventions.  

  

It has long been recognised that quality and not quantity of food intake was the problem in 

PNG (A. P. C. Oomen 1971, Gibson, Heywood et al. 1991, Mueller and Smith 1999, Mueller, 

Vounatsou et al. 2001). The persistence of the high burden of child undernutrition, particularly 

that of stunting where linear growth is dependent on protein and other essential nutrients, 

suggests that quality of diet remains a major underlying problem in the country. While 

promoting nutritious diets through education and community awareness may be achieved, their 

impact on improving nutrition status of children or undernutrition in general is likely to be 

minimal given the vast majority of the population in PNG are not well educated, unemployed 

and living in rural settings (UNICEF 2016) and will likely not have the means to continuously 

afford a nutritious meal. Underlying challenges such as education, employment and food 

insecurity among other factors will need to be addressed before significant progress can be 

made. PNG government however should commit to the implementation of strategies and 

evidence-based nutrition-specific interventions such as high protein supplementation or control 

of infectious diseases (Bhutta, Ahmed et al. 2008, Bhutta, Das et al. 2013, Bhutta, Das et al. 

2013, da Silva Lopes, Ota et al. 2017) to achieve immediate effects which could eventually 

translate into long-term positive outcomes (Hoddinott, Maluccio et al. 2008, Martorell, Melgar 

et al. 2010, Martorell and Zongrone 2012).  

 

The observed adverse association between the infectious diseases and weight-for-age and 

underweight is an indication that malaria, pneumonia and diarrhoea play a part in contributing 

to the high burden of undernutrition in the country. These observations provide supporting 

evidence that infection control should form an important component in the drive for reducing 

child undernutrition in the country. Some of the effective strategies against these infections 

such as the scale-up of malaria control measures (LLINs, test-and-treat, AL), vaccines against 

infections (e.g. Streptococcus pneumoniae and Haemophilus influenzae) and water, sanitation 
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and hygiene (WaSH) program among others are already being implemented in the country. 

These interventions however are not reaching every child in PNG for reasons such as logistic 

difficulties, failing health systems and lack of sufficient financial among many other factors 

(PNG Department of Health 2010). Strengthening these infection control strategies is urgently 

needed to prevent the infection-associated morbidities as well as undernutrition. The long-term 

effects of the three illnesses on weight-for-age highlights that close monitoring of nutritional 

status of children following an episode will be important. This can allow for early detection of 

growth faltering and timely interventions to allow catch-up of lost growth. Malaria for instance 

was observed to have effects lasting several months, and interventions such as IPTi for malaria 

prevention may be worth considering in a PNG setting. While IPTi for malaria was previously 

investigated in PNG and showed promising results for prevention of malaria (Senn, Rarau et 

al. 2012), research will be needed to investigate its impact on malaria and undernutrition in this 

setting.    

 

6.4 Malaria in young children 

Malaria affects a child’s health, growth and development from the time of conception through 

to childhood. During pregnancy, malaria infection could result in maternal anaemia and 

placental malaria through which nutrient supply to the foetus as well as the intrauterine 

environment could be compromised leading to IUGR and preterm delivery resulting in LBW 

(Brabin and Piper 1997, Allen, Raiko et al. 1998). Malaria in pregnancy may adversely 

influence childhood growth independent of LBW (Kalanda, van Buuren et al. 2005, Walther, 

Miles et al. 2010), lead to an increased risk of malaria-related morbidities (Schwarz, Adegnika 

et al. 2008, Asante, Owusu-Agyei et al. 2013) and anaemia (Desai, ter Kuile et al. 2007, Boel, 

Rijken et al. 2012) during infancy. Between 2004 and 2014, PNG observed a dramatic decline 

in malaria infection prevalence and clinical incidence as evidenced in the nationwide surveys 

(Hetzel, Morris et al. 2015, Hetzel, Pulford et al. 2017) and our analysis (chapter 5; (Ome-

Kaius, Kattenberg et al. 2019)). This indicates that strong and sustained malaria control leads 

to few clinical episodes of malaria during early childhood and hence lowers the risk of negative 

effects on child growth and development. Similarly, the risk of malaria during pregnancy and 

its associated risk of adverse birth outcomes is also reduced.  

 

The analysis presented in Chapter 5 confirms that the key biological differences between P. 

falciparum and P. vivax renders them differentially susceptible to standard control tools such 
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as LLINs and case management. P. vivax takes longer to respond to the control interventions 

which clearly is due to the reservoir of hypnozoites and this poses a major challenge for 

elimination. Furthermore, with significant reduction in the overall burden of malaria, the 

remaining infections and clinical episodes are becoming clustered in high risk areas and 

populations surrounded by areas with little or no transmission and it can be challenging to 

identify such areas. Moreover, the infections are mostly of low density, asymptomatic and 

submicroscopic. Further reduction in malaria will thus require a shift in the focus of programs 

to address these issues.  

 

Data from PNG indicates that sustained implementation of nationwide distribution of LLINs 

and strengthened case management can reduce the burden of infections and illness due to both 

P. falciparum and P. vivax. The interventions should therefore be maintained. However, in 

order to accelerate the reduction in the burden of P. vivax infections, there is still the need to 

strengthen the implementation of P. vivax radical cure to maximise the impact of control in 

PNG. Although primaquine radical cure is part of malaria treatment protocol in co-endemic 

countries such as PNG, due to its associated toxicity in glucose-6-phospate dehydrogenase 

(G6PD) deficient individuals and the lack of G6PD testing, it is often not prescribed (John, 

Douglas et al. 2012). Additionally, the current 14-day regimen of 0.25mg/kg/day primaquine 

treatment is often associated with low compliance (John, Douglas et al. 2012) and limited 

efficacy against the Chesson strain of vivax endemic in PNG (Ehrman, Ellis et al. 1945, Baird 

and Hoffman 2004, Baird 2009). To accelerate control of P. vivax in co-endemic settings and 

further reduce the burden, these issues must be addressed.  

 

The high burden of low-density and asymptomatic malaria infections observed in specific 

geographic areas results in a reservoir of parasites that cannot be easily and routinely detected 

by the currently implemented methods of detection (LM and RDTs) and thus evade treatment. 

If these potential hotspot areas are not identified and targeted with additional interventions, 

they are likely to be the areas where residual transmission will persist and act as a source of 

infection for the rest of the community or for seasonal increases in clinical malaria episodes 

(Bousema, Griffin et al. 2012, Bejon, Williams et al. 2014). As the malaria control program 

considers a more stratified approach to malaria control in PNG, identifying and targeting these 

areas of residual transmission may become an important priority. Asymptomatic parasite 

carriage, reported fever, drug use and serological responses to malaria specific antigens are 

some of the approaches used in identifying hotspots of malaria transmission in other settings 
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(Bousema, Griffin et al. 2012) and may warrant considering in the PNG context when some 

low burden areas of the country shift from control phase to elimination.  

 

6.5 Further research 

The investigations that form the basis of this thesis utilised several datasets that were not 

specifically designed to address additional questions relating to causes of LBW and 

undernutrition. Further research into the mechanisms that may be involved in mediating the 

impact of IPTp on LBW is required. Applying SEM in the existing data set to further 

investigate this may not be appropriate considering the limited data points for most of the key 

variables such as the gestation weight gain, STIs and gestation age as confirmed by 

ultrasonography. Future studies are therefore needed to explore in more detail the mechanisms 

by which SP and AZ operate to improve pregnancy outcomes, beyond their effects as 

antimalarials. SEM analysis should be considered in future analysis that investigate the causes 

of adverse birth outcomes as they can provide important information that will be key to 

development of interventions as in whether or not to address a single cause or to concurrently 

address multiple factors to achieve a maximum effect from an intervention. The association 

observed for anaemia and LBW contradicts the general consensus of the association between 

anaemia and LBW and is an area that warrants further research, particularly to clarify the 

optimal haemoglobin levels and cut-offs used for anaemia. Detailed analysis of the association 

between anaemia, iron deficiency and adverse birth outcomes are currently being investigated 

by our group.  

 

MUAC is an easy to measure indicator of nutritional status. It could be used to identify pregnant 

women of suboptimal nutritional status to allow for early detection and timely intervention to 

which may have a positive impact on birth outcomes. Similarly, there has been indication that 

MUAC may identify stunting in childhood (Emergency Nutrition Network (ENN) 2014) but 

data has been limited. Research is needed to investigate the utility of MUAC as part of routine 

antenatal care and routine child health care and the associated benefits of birth outcomes and 

early child growth, stunting in particular. If this is feasible and MUAC performs well in 

identifying suboptimal nutritional status that may influence risk of poor birth outcomes or 

stunting, it could be recommended for inclusion into antenatal and child health care.  
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Aspects of the relationship between infectious diseases and child growth that remain to be 

clarified and will require further research include the lag effects of infectious diseases on 

stunting and wasting. We have clearly shown that acute episodes of malaria, pneumonia and 

diarrhoea have a delayed effect on weight-for-age Z-score. Lack of serial data on height-for-

age precluded assessment of the lag effects of these infections on linear growth and weight-

for-height Z-score. A large study with serial measurements from birth to after 24 months of 

age will allow a full assessment of the effects of these infections on child growth. This will 

provide a complete picture of the pattern of child growth and how infections may contribute to 

altering child growth from birth to after 24 months in PNG.  

 

Lastly, the impact of malaria control interventions on transmission are a function of diverse 

social and ecological settings leading to differences in mosquito abundance, mosquito 

behaviour and human-mosquito interaction. While improvements in the quality of housing 

have occurred over the past decade in many urban areas of PNG, housing for PNG’s rural 

majority remains largely dependent on bush material. Higher quality of housing and socio-

economic status was associated with reduced risk of malaria in previous studies in PNG 

(Hetzel, Pulford et al. 2017); however, such data is not available from the child cohorts 

analysed. Further work understanding the dynamic, complex and responsive ecological niches 

driving ongoing malaria transmission in certain areas of PNG will inform the development of 

targeted control and elimination.  

 

6.6 Concluding remarks 

Although progress is being made in reducing the global burden of infectious diseases and child 

undernutrition including LBW, stunting, wasting and underweight, it is proving stubbornly 

difficult to reduce rates to desired levels. Although the underlying reasons are multifactorial, 

this thesis focussed on understanding the factors that influence the risks of LBW and the 

association between infectious diseases and early child growth. The findings of the thesis 

indicate that child growth in utero was independently influenced by maternal 

undernourishment, anaemia and IPTp with SPAZ. During early childhood, suboptimal growth 

expressed as stunting, wasting and underweight were differentially influenced by acute 

malaria, pneumonia and diarrhoea. Children suffering from acute episodes of pneumonia and 

diarrhoea had higher odds of being underweight as well as experiencing weight faltering for 

up to 3 months following an episode. In contrast, children suffering a malaria episode 
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experienced weight faltering several months later. Of these infections, malaria poses a major 

threat on child's life from when in utero through early childhood. The currently implemented 

control measures reduced the burden of malaria in young children but the impact on the 

predominant species in this age group, P. vivax was delayed highlighting the need to strengthen 

implementation of P. vivax radical cure to maximise the impact of control in PNG. 
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