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Abstract 

 

Introduction 

In Papua New Guinea (PNG), nearly 10% of children will die before their 5th 

birthday.  The absence of contemporary data and the lack of vital reporting mechanisms in 

PNG result in substantial uncertainty in the overall estimates of mortality. This uncertainty 

is compounded when cause- or pathogen-specific mortality is estimated.   This thesis 

focuses on malaria, caused by the parasites Plasmodium falciparum and P. vivax that are 

endemic to many coastal areas of PNG, and its impact on severe childhood illness and 

mortality.  

Official estimates suggest that malaria accounts for 15% of deaths in children older 

than 1 month across the country. However, the studies on which mortality estimates are 

based were performed in areas without intense malaria transmission. Therefore they may 

not accurately reflect the true impact of malaria in coastal populations, where transmission 

is hyperendemic and P. vivax is co-transmitted with P. falciparum.  As in African settings, 

where malaria transmission is also high, the burden of severe malarial disease and 

subsequent mortality in PNG‟s coastal populations is primarily borne by young children 

and pregnant women.   

In PNG, P. vivax is also transmitted intensely and is an important difference with 

malaria in Africa where P. falciparum accounts for the vast majority of malaria morbidity.   

P. vivax itself is recognised as a cause of severe illness and mortality, whilst published data 

on mixed infections with P. vivax are conflicting, with studies describing abrogated, or 

augmented clinical effects in patients with both species present.  
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 Another key difference between the spectrum of malaria disease in Africa when 

compared with PNG is that, although crude-mortality estimates and epidemiological data 

implicate malaria as an important factor in severe illness and mortality, previous 

community and hospital–based observational studies in PNG and elsewhere in Oceania 

have reported very low mortality rates in children suffering from severe malaria.   

These apparently low severe malaria mortality rates have led to a number of 

explanations. Local genetic polymorphisms and possible cross-protective immunity 

provided by exposure to P. vivax during infancy have been suggested in previous studies.  

Some of the total genetic variability to malaria may be accounted for by alpha-thalassaemia 

and other known red blood cell polymorphisms such as South Asian Ovalocytosis 

commonly found in coastal Melanesians. The presence of such polymorphisms suggests 

that malaria has exerted a strong selective genetic effect on these populations.  

Equally, variation in the methods of clinical assessment, the quality of 

parasitological diagnosis of malaria or the extent to which other infectious diseases are 

excluded could also account for differences in malaria mortality rates.   Finally over- or 

mis-diagnosis may be other factors accounting for this variability. Bacterial meningitis, 

viral encephalitis, pneumonia, bacterial sepsis and non-malarial severe anaemia have 

similar clinical features that overlap those of malaria such as coma, seizures, 

breathlessness, circulatory compromise and pallor.   Consequently, where good quality 

laboratory or radiographic facilities are not available, over-diagnosis of severe malaria is 

the rule rather than the exception and other conditions are overlooked, leading to 

inappropriate management.  
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In assessing the impact of malaria on the health of a population, severe malaria 

morbidity based on light microscopy may not be an accurate reflection of the total burden 

of disease.  Little is known about sub-microscopic infections in the context of severe illness 

and malaria is known to contribute to other severe non-malarial illnesses.  Bacterial blood 

stream infections and meningitis have been shown to occur concurrently with severe 

malaria in African settings and are associated with increased mortality.  In the case of 

severe anaemia, malaria is thought to be the major aetiological factor in PNG, but the 

impact of nutritional deficiencies and other infections such as parvovirus B19, HIV and 

hookworm, remains unknown.  

In summary, despite the high profile of malaria in PNG, good quality studies 

exploring the impact of malaria on severe illness and mortality are absent from the 

literature.  

 

Aims 

This thesis is based around an observational study of severe childhood illness 

conducted at a provincial hospital in Madang Province on the north coast of PNG from late 

2006 to 2009.   The aim was to investigate the impact of malaria on severe illness and 

mortality, with a focus on clinical features, genetic risk factors, diagnostic issues, potential 

biomarkers and the role of malaria in „non-malaria‟ presentations.  
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Methods 

All children presenting with pre-defined indicators of severe illness were recruited 

into the study and had detailed clinical assessments along with gold-standard malaria tests, 

microbiology, haematology and biochemistry. By recruiting all children with severe illness 

to the study, it was possible able to accurately determine malaria status based on reference 

microscopy and confirmatory PCR, as well as identifying invasive bacterial infections 

through the culture of blood and cerebrospinal fluid (CSF).  The clinical features and 

prognosis of P. falciparum, P. vivax and mixed malaria infections along with the 

histopathologic features of post mortem brain tissue from children dying from mixed 

infections were then reported.  The inclusive observational study design also permitted an 

assessment of the i) clinical characteristics of sub-microscopic malaria infection, ii) 

contribution of malaria infection as an independent prognostic indicator of mortality, iii) 

utility of malaria rapid diagnostic tests (RDTs) in all severely unwell children and iv) 

clinical predictors of acute bacterial meningitis (ABM).  In the latter study, the role of a 

parasitological diagnosis of malaria in a diagnostic algorithm for ABM was explicitly 

explored.   

Because of diagnostic difficulties of distinguishing severe malaria and ABM, a 

study exploring the potential consequences of administering intramuscular artemether to 

children with ABM was undertaken.  Artemether is the standard treatment for all children 

with severe malaria in PNG and is thought to be extremely safe at conventional doses.  In 

this study the CSF pharmacokinetics of artemether in children with and without CSF 

inflammation was defined to determine whether thresholds for a unique pattern of 

brainstem neurotoxicity demonstrated in animal models were exceeded in children treated 

with standard doses of parenteral antimalarials.   
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 In order to explore potential genetic associations with protection or susceptibility 

to severe malaria, quantitative biomarkers of malaria severity and the relative impact of 

malaria and other aetiological factors in severe anaemia, a case-control study design was 

employed.  Children with severe malaria or severe anaemia were matched to healthy 

controls or uncomplicated malaria controls by age and sex.   Using this methodology, I 

performed a severe malaria genetic association study examining 70 candidate single 

nucleotide polymorphisms (SNPs), evaluated Plasmodium falciparum histidine rich 

protein-2 (PfHRP-2) as a quantitative measure of parasite biomass and marker for severe 

illness and quantified the associations and relative contribution of malaria and other 

different aetiological factors in the development of severe anaemia. 

  

Results 

The overall study results can be summarised as follows: 

1. Malaria is the primary cause in 41% of children hospitalised with severe illness, but 

submicroscopic infection is present in an additional 19% of children. 

2. Children with severe illness and sub-microscopic infection are a heterogeneous 

group, containing some children with characteristics consistent with malarial disease 

and others with non-malarial illness.  However, those dying with sub-microscopic 

malaria infections have characteristics consistent with non-malarial illness.    

3. The WHO severe malaria definitions accurately predicted 94% of all deaths, both 

malarial and non-malarial.  Deep coma, malnutrition and hyperlactataemia were 

independently associated with mortality.  Proven malaria accounts for only 10% of 

deaths in hospitalised PNG children and the presence of malaria parasites is 
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associated with significantly lower risk of mortality when compared with children 

without parasites. 

4. P. vivax accounts for 8% of severe malaria cases and can present with any of the 

clinical features normally associated with severe disease caused by P. falciparum. 

5. Children with mixed P.vivax/P.falciparum infections are more unwell and have a 

higher mortality than infections caused by P. falciparum. 

6. Children with single species P. falciparum severe malaria have a very low mortality 

rate (0.4%) compared with that in African children. 

7. Overlap syndromes with co-existing malaria and ABM or bacteraemia do not seem to 

occur in PNG children.  

8. P. vivax is not detectable in the brain tissue of children dying from mixed infection 

and is  evidence against the hypothesis that vascular sequestration of P. vivax 

contributes to the pathogenesis of severe vivax cerebral malaria. 

9. Malaria rapid diagnostic tests (RDTs) are better than light microscopy for diagnosis 

of P. falciparum malaria in children with severe illness and perform equivalently to 

PCR diagnostic methods. The poor sensitivity of RDTs for P. vivax remains a 

challenge in children with severe malaria. 

10. A parasitological diagnosis of malaria is an important adjunct to examination for 

conventional signs of meningeal irritation in the diagnosis of ABM.   

11. Following intramuscular injection, CSF artemether concentrations are high in 

children with meningeal inflammation and potentially exceed neurotoxic 

concentrations in certain circumstances. 
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12. Novel polymorphisms in the genes for toll-like receptor-1 and interleukin-10 may 

protect Melanesian children from severe malaria. 

13. Quantitative PfHRP-2 concentrations do not reflect severity of malarial illness and is 

not useful as a biomarker for severe malarial disease in PNG children. 

14. P. falciparum accounts for 24% of the partial attributable risk for severe anaemia in 

PNG children.  Other independent risk factors include vitamin A deficiency, wasting, 

incomplete vaccination and parvovirus B19.   

 

Conclusions  

These studies demonstrate that there are substantial differences in the patterns of 

severe malarial illness between African and PNG children.  Very low mortality rates in 

severe P. falciparum infections are, in part, counterbalanced by co-circulating P. vivax and 

a higher mortality in mixed infections.  Low rates of hypoglycaemia and concomitant 

bacterial infections together with new genetic polymorphisms may account for low malaria 

specific mortality observed in PNG. In PNG, severe anaemia is multifactorial, but with a 

different aetiological profile when compared with African children. Parasitological 

diagnosis of malaria, either by light microscopy or RDT, are useful tests to diagnose severe 

malaria and as an adjunctive bedside test to predict mortality and in the assessment of 

children with ABM.   
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Chapter 1: Introduction  
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1.1 CHILDHOOD MORTALITY 

In 2010, 7.6 million children across the world died before their 5th birthday.
1
 In 

most developed countries, early childhood mortality is very low with less than 1% of 

children dying before their 5th birthday.  In contrast to this, some less developed countries 

have a death rate up to 10-30 times higher (Figure 1).
2
 These countries consequently carry 

much of the burden of global mortality.    

At the turn of the millennium, leaders from all 191 United Nations Member Nations 

signed the Millenium Declaration that resulted in setting eight interdependent global goals 

to improve the wellbeing of global citizens.  This included steps towards alleviating 

poverty, hunger, disease, illiteracy, environmental degradation, and discrimination against 

women.  Each Millenium Development Goal (MDG) has a specific target and indicators. 

MDG 4 sets out to reduce child mortality by two thirds from 1990 levels through 4 main 

strategies including i) appropriate home care and timely treatment of complications for 

newborns; ii) integrated management of childhood illness for all children under five years 

old (Under-5); iii) expanded programme on immunisation and iv) infant and young child 

feeding. Under-5 mortality data is derived from demographic health surveys and vital 

registration of death in countries where it is available.  However, clarity regarding the 

aetiology of each death is hampered by limited reporting infrastructure, inadequate 

laboratory facilities and a lack of education, both in health workers and the general 

population.  Notwithstanding this lack of clarity, it is estimated that nearly two thirds of 

childhood deaths are due to infectious causes and this has been further classified according 

to pathogen (Figure 2).   



 3 

 

Figure 1. Global mortality among children aged <5 years 

(rates are defined by the number of children dying before their 5th birthday per 1000 live 

births) 

 

Whilst „respiratory illness‟ and diarrhoeal diseases account for 26% and 24% of 

overall mortality, respectively, individual pathogens have different proportions.   Whereas 

most disease based estimates place malaria at fourth in terms of pathogen-specific 

mortality, it‟s causative agent, Plasmodium falciparum, accounts for 17% of all mortality in 

under-5s and is matched only by Streptococcus pneumoniae with 11% as an individual 

pathogen.
3
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Figure 2. Infection-related global mortality among children aged <5 years  

by pathogen-specific cause, based on figures from the World Health Organization 

Global Burden of Disease 2002 estimates (from Elliott, S and Beeson, J).
3
 

 

1.1.1 Risk factors for mortality in hospitalised children 

Many of the 7.6 million children who died in 2010 presented for care at a health 

care facility.
4
 Whilst the underlying causes of mortality are likely to reflect specific local 

epidemiology at a country level,
5
 identifying generic prognostic indicators associated with 

mortality may assist health workers in the clinical decision making process.  Tools such as 

the WHO/UNICEF integrated management of childhood illness (IMCI) strategy
6
 are aimed 

at ambulatory patients in developing countries prior to arrival to hospital rather than as a 

means of prioritising children for admission or high dependency care.   



 5 

 

Indeed, initial triage has been identified as a target that might provide significant 

health outcome benefits,
4
 but most studies exploring risk factors for mortality in 

hospitalised children focus on specific patient groups such as children with severe 

pneumonia,
7, 8

 diarrhoea
9, 10

 and malaria
11

 where the degree of malnutrition, a young age, 

low serum albumin and invasive bacterial infection are consistently identified as 

independent risk factors for death. However, many children present with multiple, 

overlapping illnesses
5
 that make diagnostic categorisation difficult.  An example of this is 

malnutrition that can present as a co-factor with many other illnesses and has been 

identified as a risk factor for mortality in studies of malaria, respiratory infection, all 

hospitalised children and gastroenteritis.
12

 

One approach to this problem is to look at prognostic indicators in all children 

requiring admission to hospital or with „severe illness‟, without regard for the underlying 

diagnosis, but few studies have done this systematically.  In a large prospective Kenyan 

study that recruited >8,000 children, of whom 436 died, a simplified prognostic score based 

on neurological status, nutritional indices, severe anaemia, jaundice, body temperature and 

length of history predicted death well.
12

 Although the authors of this study did not include 

biochemical or microbiological variables in the predictive models due to lack of 

availability, they did include a haemoglobin measurement to assess for the presence of 

severe anaemia.  Malaria status by parasitological diagnosis was not explicitly sought or 

included in the models.   

The results of point-of-care bedside tests in the triage of sick children might 

improve prognostic scores based on clinical signs alone.  In the decade since the Kenyan 

study was published, there has been a push from the WHO for a parasitological diagnosis in 

all possible malaria cases
13

 and increasing availability and decreasing costs for point-of-
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care bedside tests that now enable the rapid measurement of haemoglobin, glucose and 

lactate.  Even in resource-poor areas, these tests are likely to become more available.  To 

my knowledge, no contemporary study has systematically explored risk factors for 

mortality in all children admitted with severe illness in PNG.  There is also a gap in the 

literature on how point-of-care tests might aid in the triage and assessment of children.  In 

particular, the effects of malaria status and point-of-care blood lactate levels on mortality 

amongst hospitalised children are unknown.   

1.2 CHILDHOOD MORTALITY IN PAPUA NEW GUINEA 

1.2.1 Papua New Guinea 

Papua New Guinea has extraordinary cultural, linguistic, geographical, and 

ecological diversity.  Its land mass lies to the north of Australia and is separated by only a 

few kilometres from the Torres Strait Islands.  To the west, PNG borders the Indonesian 

province of Irian Jaya/West Papua.     

The island of New Guinea has been inhabited for nearly 40,000 years, with at least 

one further colonisation by seafaring Austronesian-speaking peoples within the last 5,000 

years.  The domestication of certain plants occurred in PNG independently from the Fertile 

Crescent between 6-10,000 years ago. 
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Figure 3. Highlands man in traditional costume  

  Over the last two centuries, New Guinea has been claimed by various colonial 

powers including Germany, Britain and more recently by Australia.  But in spite of colonial 

governance, many inland areas still remained unexplored until after 1930.  Papua New 

Guinea gained independence in 1975 but remains a member of the British Commonwealth 

and is a vibrant democracy. 

Geographically, PNG is spread over a huge area with numerous low-lying atolls and 

volcanic islands.  On the mainland there are vast coastal plains with large rivers and a 

central highlands area with more than a million people living between 1500-2400m above 

sea level.   



 8 

 

Figure 4. Map of Papua New Guinea 

More than 700 languages are spoken in PNG with extraordinary linguistic diversity 

reported between some adjacent geographical areas.  Two main language families are 

represented; Papuan and Austronesian languages that are mainly spoken in coastal areas.  

The official government language is English, though most people speak Melanesian Pidgin 

as the vernacular. 

The diversity in languages, geography and ecology in the setting of a population 

that is, for the most part, uneducated and very poor is reflected in a very diverse and 

complex mix of health problems, many of which are specific to PNG.   

Despite its enormous natural resources, PNG is the poorest country in the Pacific 

region.  It ranks 145
th

 of 177 countries listed by the United Nations Human Development 

Index
14

 and behind its Pacific neighbours such as Solomon Islands, Fiji,  Tonga and Samoa 
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.  This index is a composite of gross domestic product (GDP) per capita, life expectancy 

and literacy.    With only 3% of GDP spent on health, all health indicators remain poor. 

1.2.2 Measuring childhood mortality in PNG 

Papua New Guinea (PNG) has the highest infant and childhood mortality in the 

Pacific Region.  The World Health Organisation (WHO) estimates an infant mortality of 70 

per 1000 live births and an under-5 mortality of 94 per 1000 live births (Figure 1).
15

 There 

has been a „slow and steady‟ decline in mortality rates over the last 40 years.
16

   

The reported mortality rates for PNG provided by the WHO are based on 

longitudinal demographic surveillance studies performed in highland areas in the 1980s.
2
 In 

a more recent hospital based, two-year prospective study of 353 deaths carried out in the 

highland town of Goroka, mortality in children aged 1-59 months was due to (in order of 

importance) pneumonia, septicaemia, malnutrition, meningitis and measles.
17

    One 

limitation of many estimates of the cause of death is they are syndromic rather than 

pathogen based.  However, estimates from this study cohort identified Streptococcus 

pneumoniae, Haemophilus influenzae and Gram-negative bacilli as major pathogens 

causing mortality. The highlands areas of PNG from which mortality estimates have been 

based do not have hyper-endemic malaria transmission.  In coastal areas it is expected that 

malaria and other arthropod transmitted diseases will contribute substantially to the burden 

of hospitalisations and mortality.   

Malaria-associated morbidity and mortality may be direct or indirect.  In the former 

situation, malaria is the only cause for admission and death.  Indirect malaria-associated 

morbidity and mortality can be due to the effects of malaria as a predisposing factor for 
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other severe illness or as a co-factor whereby malaria interacts with other diseases to cause 

severe illness and mortality.   

1.3 MALARIA 

Malaria is the term given to clinical disease caused by any one of the five mosquito 

borne Plasmodium species (Plasmodium falciparum, P. vivax, P. ovale, P. malariae and P. 

knowlesi) known to infect humans.  Although there has been a recent decline in overall 

mortality due to malaria, it still accounts for an estimated 800,000 deaths annually,
18

 the 

burden of which is predominantly borne by children and pregnant women in Africa 

suffering from malaria due to P. falciparum.   Outside Africa, disease due to P. vivax 

accounts for 350-500 million cases and has recently been recognised as a significant cause 

of severe disease and mortality in non-African malaria-endemic countries.
19

  In a more 

geographically restricted area, the recent emergence in Malaysian Borneo of P. knowlesi, a 

previously recognised parasite of Asian macaque monkeys, as the “fifth human malaria” is 

a timely reminder of the zoonotic origins of all malarial species.
20

    

1.3.1 Severe Malaria 

Although most clinical cases of malaria are uncomplicated, a small proportion of 

patients progress to severe disease and require hospitalisation and/or parenteral 

antimalarials.   It is assumed that most patients dying from malaria have had one or more of 

the following during their illness: i) impaired consciousness or coma, ii) prostration 

(inability to sit/stand unaided), iii) multiple seizures, iv) hyperlactataemia (blood lactate >5 

mmol/L), v) severe anaemia (haemoglobin <50 g/L), vi) dark urine, vii) hypoglycaemia 

(blood glucose ≤2.2 mmol/L), viii) jaundice, ix) respiratory distress, x) persistent vomiting, 

xi) abnormal bleeding, xii) signs of shock or xiii) renal failure.
21
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These criteria reflect the current WHO definition of severe malarial illness.
21

  The 

current definitions from 2000 extend previous iterations published in 1986
22

 and 1990
23

 and 

were based on descriptive studies of African children and Asian adults with severe disease 

due to Plasmodium falciparum.  The broad goal of these definitions was to identify patients 

most at risk of dying and provide standardised criteria for research studies of severe 

malaria.
21

    The differences between definitions of severe malaria are shown in Table 1. In 

recognition of the mortality associated with severe respiratory distress and prostration, 

these clinical syndromes were added to the latter definitions of severe malaria.
11
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Defining clinical 
feature 

WHO 1986
22

 WHO 1990
23

 WHO 2000
21

 

Cerebral malaria ‘Unrousable coma’ ‘Unrousable coma’ BCS<3 

Impaired 
consciousness 

NA NA BCS = 3/4 

Prostration NA NA Unable to feed, sit or stand (BCS=5) 

Convulsions NA >2 in previous 24h >1 in previous 24h 

Severe anaemia Hb<71g/L or Hct <20% 
Hb<50g/L or Hct<15% and 
parasitaemia >10,000/µL 

Hb<50g/L or Hct<15% 

Renal failure 
Cr >265µmol/L or urine 
output <400mL/d failing to 
improve after rehydration 

Cr >265µmol/L or urine output 
<12mL/kg/d failing to improve 
after rehydration 

Cr > age related range or urine output 
<12mL/kg/d failing to improve after 
rehydration 

Pulmonary 
oedema 

Clinical features Clinical features Radiographic evidence 

Respiratory 
Distress 

NA NA 
Sustained alar flaring, indrawing or 
deep breathing 

Acidaemia or 
acidosis 

‘Fluid, electrolyte or acid-
base disturbances requiring 
intravenous therapy’ 

pH<7.35 or HCO3<15mmol/L 
pH<7.35 or HCO3<15mmol/L or Base 
excess <-10 

Hyperlactataemia NA NA Lactate >5mmol/L 

Hypoglycaemia Glucose <2.2mmol/L Glucose <2.2mmol/L Glucose <2.2mmol/L 

Circulatory 
collapse 

‘Shock, hypotension’ 
BP <50mmHg and cold, 
clammy skin or core-skin 
temperature difference >10°C 

BP <50mmHg and cold, clammy skin 

Coagulopathy 
Blood or clotting 
disturbances including retinal 
haemorrhages 

Spontaneous bleeding or 
laboratory evidence of DIC  

Spontaneous bleeding or laboratory 
evidence of DIC 

Blackwater fever 
Macroscopic 
haemoglobinuria 

Macroscopic haemoglobinuria 
Macroscopic haemoglobinuria and 
urinary dipstick positive for urinary Hb 

Jaundice 
Clinical examination or 
bilirubin>50µmol/L 

NA Clinical examination 

Hyperparasitaemia Parasitaemia >5% NA Parasitaemia >4% 

BCS, Blantyre Coma Score; Hb, haemoglobin; Hct, haematocrit; Cr, creatinine; HCO3, plasma bicarbonate; BP, blood pressure; DIC, disseminated 

intravascular coagulation 

 
 

Table 1. Definitions of childhood severe malaria  
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1.3.2 Severe malaria in Papua New Guinea 

Malaria is thought to account for 15% of deaths in PNG children older than 1 

month, but the source data by which these estimates are made may not reflect the true 

impact of malaria to overall mortality.
18

  Firstly, studies were performed in highland 

provinces at altitudes greater >1,000m above sea where intensive malaria transmission does 

not occur. Secondly, the demographic surveillance studies were undertaken during the 

1980‟s
24

 and may not reflect the present situation.  Finally, a verbal autopsy (VA) 

methodology was applied to determine the cause of each death.    In areas where formal 

registration of cause of death is poor, VA is a convenient method to assess cause specific 

mortality.
25

 But in malaria-endemic areas there are concerns about the VA due to low 

sensitivity and positive predictive values in determining malaria specific mortality. 
26, 27

 

Taken together, this suggests that prior estimates of malaria specific morbidity or 

mortality not accurately reflect the true impact of malaria in coastal PNG areas where 

transmission is hyperendemic.    

Paradoxically, in coastal PNG and other areas of Melanesia where there is 

hyperendemic transmission of P. falciparum, the case fatality rates (CFR) due to severe 

malaria are thought to be much lower than in African and Asian studies. This, in theory, 

might lower estimates of the overall contribution of malaria to total mortality, especially 

where estimates of mortality are based on VA or temporal trends in rates of uncomplicated 

malaria.
28

 In attempting to account for the low P. falciparum CFRs observed in PNG, some 

researchers have hypothesised that genetic factors or cross-species protection from acquired 

immunity to P. vivax might underlie these findings.
29, 30

 Surprisingly though, the underlying 

hypothesis of lower severe malaria CFR in Melanesian children has not been tested using 



 14 

meta-analytical methods.   As part of the introductory chapters for this thesis, a meta-

analysis was performed and is described in Chapter 3.   

1.3.3 Severe Plasmodium vivax malaria 

The one major limitation of the present severe malaria guidelines and WHO 

estimates of malaria mortality is they do not consider severe disease due to P. vivax or 

mixed infections.
19

   In addition to numerous case reports,
31-37

 there have been 10 recent 

case series describing the clinical features of severe P. vivax malaria from a number of 

countries in Asia, Melanesia and South America.
19, 38-45

 All of the manifestations of severe 

malaria caused by P. falciparum have been reported in cases where P. vivax has been 

shown to be the only infecting species in both adults and children.  Table 1 summarises the 

design and the proportions of each clinical phenotype in these studies.  Most of these 

studies were published during the time period that the present study was undertaken.   

In areas where P. falciparum is also transmitted, P. vivax accounts for 8-43% of 

severe malaria and can present with a wide variety of clinical features including cerebral 

malaria, severe anaemia, respiratory distress, jaundice and renal failure.  Mortality rates 

vary widely between 0 and 32%.  In addition to the effect of study design, the heterogeneity 

of the relative proportions of each of these phenotypes and mortality rates is likely to be a 

reflection of: i) the local rate of chloroquine resistance (CQR), ii) study inclusion criteria, 

iii) laboratory confirmation by PCR, iv) exclusion of other infective aetiologies and v) the 

epidemiological context in which the study was conducted.
19, 38-45

   

As case in point is respiratory distress.  Based on animal
46

 and in-vivo functional 

studies,
47

 it has been thought that P. vivax preferentially sequesters in the pulmonary 

vasculature. Mirroring these experimental findings, some studies have reported high rates 
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of respiratory symptoms and signs in patients with P. vivax malaria.
37, 40

 The study 

reporting the lowest rate of respiratory distress (5.6%) was retrospective, did not include 

PCR confirmation of pure P. vivax infection, and only included those patients with 

radiographically confirmed acute respiratory distress syndrome (ARDS).
39

   At the other 

end of the spectrum, the study reporting respiratory distress in 60% of PNG children also 

did not have PCR confirmation, had a less stringent definition for respiratory distress that 

allowed moderate tachypnoea (> 40 per minute) and a history of breathlessness to be 

considered evidence of respiratory distress. This study did not report mortality rates.
40

     

Furthermore, chest radiography and blood culture were not performed to rule out lobar 

pneumonia or other alternate diagnoses in either study. 

Neither of the definitions used in these two studies is consistent with earlier 

definitions of respiratory distress in African children with severe illness due to P. 

falciparum where respiratory distress was characterised as sustained alar flaring, intercostal 

in-drawing and deep breathing.
11, 21

 The latter of these features has been shown to have 

good inter-observer concordance and is considered a marker of metabolic acidosis, one of 

the strongest predictors for mortality due to malaria.
11

   

How P. vivax causes severe disease manifestations such as coma is yet to be 

convincingly demonstrated in-vivo or post mortem specimens. In patients with altered 

consciousness due to Plasmodium falciparum, late stage parasites (trophozoites and 

schizonts) can be found sequestered within the brain microvasculature. There is no 

convincing evidence of a similar phenomenon in post mortem brain specimens from 

patients with P. vivax, but available data are few and from studies in which interpretation of 

the histopathologic features is confounded by issues such as the possibility of unrecognised 

mixed-species infections.
48
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Animal and in vivo functional studies reveal that P. vivax sequesters preferentially 

in the pulmonary and splenic microvasculature,
48

 consistent with clinical studies in which 

pulmonary manifestations and severe anaemia occur relatively frequently.
47

 Ex vivo studies 

have shown cytoadherence of P. vivax to chondroitin sulphate A, erythrocyte rosetting and 

endothelial cells,
48-50

 albeit at lower avidity than P. falciparum. Nevertheless, these 

observations raise the possibility that cerebral microvascular sequestration may underlie 

cerebral malaria due to P. vivax. 

Apart from research settings,
51

 autopsy studies of patients dying from malaria are 

rarely performed. In the case of fatal cerebral vivax malaria, there were no post mortem 

studies for >60 years published prior to 2012.
48

 A post-mortem case series describing from 

Brazil has been published whilst writing this thesis.
52

 In Chapter 6, histopathologic and 

molecular studies were performed using brain tissue from three children who died from 

cerebral malaria due to mixed P. vivax/P. falciparum.
53

 It was hypothesised that cerebral 

sequestration of P. vivax could contribute to severe neurological features and poor outcome. 
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Country, year Design Study Group Definition of 
severity 

N Total severe 
cases (N, % 
due to Pv) 

PCR  Resp 
Distress 
N (%) 

Severe 
anaemia

a
 

Deep 
coma 

Renal 
failure 

Jaundice Deaths 
(%) 

India, 2005 Retrospective Adults WHO 2000 11 ND Yes 3 (27.3)
b
 0 (0) 3 (27.3) 4 (36.4) 4 (36.4) 18.2 

Indonesia, 
2007 

Retrospective Adults and children WHO 2000 36  366 (9.8) No 2 (5.6) 24 (66.7) 3 (8.3) 4 (11.1) ND 25.0 

Papua New 
Guinea, 2008 

Prospective Adults and Children 
Modified 
WHO 2000

c
 

86 371 (23.1) No 52 (60.5)
d
 16 (18.6) 22 (25.6) ND ND ND 

Indonesia, 
2008 

Prospective Adults and Children  
Modified 
WHO 2000

 c
 

675 2634 (25.6) No 78 (11.6)
e
 589 (87) 42 (6.2) ND ND 4.1 

India, 2009 Prospective Adults WHO 2000 40 ND Yes 4 (10) 13 (32.5) 5 (12.5) 23 (57.5)
f
 18 (45)

g
 5 

India, 2010 Prospective Children WHO 2000 65 150 (43.3) Yes 7 (10.8) 49 (75.4) 9 (13.9) 10 (15.4) 17 (26.1) 6.2 

Brazil, 2010 Retrospective Adults and Children WHO 2000 17 ND Yes 2 (11.8) 5 (29.4) 0 (0) 2 (11.8) 10 (58.8) 5.8 

Brazil, 2010 Prospective Adults and Children WHO 2000 19 ND Yes 6 (31.6)
h
 5 (26.3)

i
 0 (0) 4 (21.1)

j
 7 (36.8)

k
 31.6 

Indonesia, 
2011 

Prospective Adults 
Cerebral 
malaria only 

6 ND Yes - - 6 (100) - - 0 

a Unless otherwise stated severe anaemia defined as Haemoglobin <50g/L 
b Defined as acute respiratory distress syndrome 
c Restricted to assessment of respiratory distress, severe anaemia or deep coma 

dRespiratory distress defined as respiratory rate >50/minute in children less than 2 months, or >40 in others AND chest indrawing OR a history of shortness of breath. 
eRespiratory distress defined as oxygen saturation <94% OR increased respiratory rate (>32/min in adults, >40 in children 5-14y, >50 in children 2months-5years and >60 in babies less 

than 2 months) 
fDefined as serum creatinine >265µmol/L 
g Serum bilirubin > 52mmol/L 
h Respiratory failure defined as tachypnoea, shortness of breath, mental confusion clinical signs of hypoxaemia (central and/or peripheral cyanosis). 
i Severe anaemia defined as Hb <70 g/L 
j Renal failure defined as urinary output <400mL per day 
k Bilirubin >35mmol/L 

Table 2. Studies (2005-2011) describing the clinical features of severe malaria caused by Plasmodium vivax  
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1.4 SEVERE MALARIA DIAGNOSIS 

In many parts of the world, the diagnosis of malaria is often based on clinical 

findings alone and confirmatory laboratory diagnostic procedures are not performed.  In 

these settings, febrile illness is considered indicative of malaria infection and every 

comatose patient is considered to have cerebral malaria.  When over-diagnosis is 

common,
54

 expensive antimalarial drugs are over-prescribed, leading to wastage of precious 

health resources and increased drug selection pressure that may promote the development 

of antimalarial resistance in malaria parasites. The relative importance of parasitological 

diagnosis of malaria is likely to increase as incidence declines in many countries.
18, 55, 56

 

Another consequence of over-diagnosis of malaria is that the attention of the attending 

health worker may be diverted from other diagnoses that may require alternate 

investigations and treatment.
54, 57, 58

 

In response to concerns regarding the widespread syndromic treatment of malaria, 

drug resistance and the expense of rolling out new antimalarial drugs, the WHO has 

recommended that a parasitological based diagnosis for case management of all potential 

cases of malaria.
59

   Compared with presumptive syndromic diagnosis, both conventional 

light microscopy (LM) and newer rapid diagnostic tests for malaria are safe, result in fewer 

prescriptions for antimalarials
60, 61

 and are cost effective,
62, 63

 even in children from highly 

endemic areas.   

1.4.1 Light microscopy 

Light microscopy of parasites in the blood has been the cornerstone of malaria 

diagnosis since Alphonse Laveran first discovered Plasmodia in the blood of a patient 

dying from malaria in 1884 and has remained largely unchanged for more than a century.
64
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Although LM has many limitations, it is still considered the gold standard for the diagnosis 

of malaria.
65

   

Light microscopy requires a functional microscope and constant light source.
65

  For 

thick films, a small amount of blood is placed on a glass microscope slide then air-dried, 

de-haemoglobinised and stained with Giemsa
66

  With this method, many layers of blood 

can be examined for stained malaria parasites.  Parasites are counted and the parasitaemia 

determined by counting peripheral blood leukocytes.   Normally, the peripheral blood 

leukocyte count is assumed to be 8,000 per microliter (µL) and the parasitaemia expressed 

as the number of parasites per µL.
66

  The reported limit of detection for this method is 4-

20/µL (0.0001%-0.0005% parasitaemia) but, under field conditions, a limit of detection of 

about 50-100/µL (0.001-0.002%) is thought to be more realistic.
67

   

For thin film microscopy, the blood is spread out on the slide to form a single layer 

of erythrocytes.  After fixation with methanol, the structure of the red cell remains intact 

along with the architecture of the parasite within it.  Parasites are enumerated as a 

percentage of parasitised cells to total red cells.   With a limit of detection of 50-200/µL 

(0.001-0.004% parasitaemia), thin film examination is less sensitive, but allows 

identification of infecting species and, for reasons described below, may provide a more 

accurate quantification of parasitaemia.
66

   

Pre-analytical factors may influence LM quality.  An apparent loss of parasites 

occurs during the thick film staining process that results in a systematic underestimation of 

parasitaemia when compared to thin film LM and PCR methods.
68, 69

 The preparation, pH 

and storage of the stain and slides can also impact on stain quality and optical 

performance.
65, 66
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Although LM of thick films is still considered to be the gold standard for malaria 

diagnosis, the reading and interpretation of slides is highly dependent on the skill of the 

microscopist.
70

 Variation in quality results in inaccurate determination for the presence or 

absence of parasites, the quantification of parasitaemia, particularly at high and low 

parasitaemias, and species identification especially in situations where mixed species 

infections are common.
70

    

In trials of drugs or vaccine efficacy, false negative and false positive microscopy 

results lead to under-estimates of the intervention‟s protective efficacy.
70

 To overcome this 

variability, many research institutions standardise microscopy by having each slide read at 

least twice by different expert microscopists with discrepant results resolved by a third 

microscopist.
71

 

The challenges associated with LM have lead to the development of many 

alternative diagnostic methods that have varying applicability as clinical tools. Malaria 

rapid antigen detection tests (RDTs), and molecular tests utilising the polymerase chain 

reaction (PCR) are the most important of these.   The relative limits of detection, 

advantages and disadvantages of different malaria diagnostic techniques when compared to 

reference microscopy are summarised in Table 2.    The diagnostic accuracy of each test is 

largely dependent on the clinical scenario as the predictive values of a positive or negative 

test vary according to the prevalence in the population.   For example, the prevalence of 

malaria in returned travellers may be different to that of febrile children in an area of 

intense transmission.  An important caveat when comparing microscopy and other malaria 

diagnostic tests is that there is an inherent problem in trying to evaluate a diagnostic test 

when the gold standard itself is imperfect.
72

 Bayesian methods that assume common 

sensitivities and specificities for each diagnostic test and a true but unobserved prevalence 
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of disease have been widely validated,
72

 but applied to malaria diagnosis in only a small 

number of studies to date.
73-75

   

In addition to immunochromatographic RDTs and PCR methods, magnetic 

purification has been applied as a diagnostic alternative for detecting asexual Plasmodium 

forms in clinical disease
76

 and as a mechanism for highly sensitive detection of 

gametocytes for use as a tool for epidemiological and malaria control studies.
77, 78

  Both 

applications exploit the magnetic properties of haemozoin, also known as malarial pigment, 

a by-product of haemoglobin digestion by malaria parasites.  By passing blood through a 

column in a magnetic field, infected cells that bind to the column matrix with an affinity 

350 times greater than uninfected cells parasites can be purified
78

 The fractionated, 

enriched infected cells can then be observed by microscopy of thin films.  When compared 

to conventional thick film microscopy, these techniques have enhanced sensitivity yet 

retain the advantage of observing the architecture of the parasite within the cell and 

therefore the identifying the infecting Plasmodium species.
77

    

Flow cytometry (FCM) has also been investigated as a method of parasite detection 

and quantification that exploits different characteristics of parasitised red blood cells such 

as their light scatter, green fluorescence
79, 80

 and deformability.
81

 But, because of limited 

sensitivity (100-2500/µL), FCM is not widely available outside research settings and offers 

few advantages over newer diagnostic methods described. 
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 Table 3. Characteristics of different laboratory techniques for the diagnosis of malaria 

  

Diagnostic Principle Technique Limit of detection 
(parasites/µL) 

Quantification 
possible 

Speciation Turn around 
time 

Ref. 

Light microscopy Giemsa-stained thick film 4-20 ++ + 30-60min  

 Giemsa-stained thin film 50-200 +++ ++ 30-60min  

Fluorescent microscopy Acridine orange 100 -  30-60min 82, 83
 

 Quantitative buffy coat 5-100 + + 30-60min 73, 82, 84, 85
 

Antigen based rapid 
diagnostic test (RDT) 

PfHRP-2 ~100 - + (P.f only)  15min 82, 86
 

pLDH ~100 - - 15min 87, 88
 

 Aldolase (pan-malarial antigen) 100-1000 - + (Non Pf only) 15min 89, 90
 

Molecular techniques Nested PCR <5 - +++  Hours 91, 92
 

 Quantitative PCR 10 +++ +++ 24 hours 93, 94
 

 Fluorescent microsphere-based assay  <1 + +++ 24 hours 95
 

Physico-chemical 
properties 

Magnetic fractionation <1 + +++ Hours 76-78
 

Flow cytometry 100-2500 ++ - 24 hours 79, 80
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Clinical scenario  Target 
antigen 

Malaria 
species 

Studies  
(n) 

Sensitivity 
%  

(95% CI) 

Specificity 
%  

(95% CI) 

Negative 
likelihood ratio 

(95% CI) 

Ref. 

Returned 
travellers 

PfHRP-2  Pf 19 88-99 95-100 0.08 (0.06-0.10) 96 

pLDH Pf 6 79-95 98-100 0.13 (0.07-0.22) 96 

 Aldolase Pv 5 46-93 >95 0.24 (0.11-0.54) 96 

 pLDH Pv 6 62-95 >95 0.13 (0.06-0.27) 96 

Uncomplicated 
malaria – 
endemic 
countries 

PfHRP-2  Pf 75 95.0 (93.0-96.8) 95.2 (93.4-96.6) 0.05 97 

pLDH  Pf 19 93.2 (88.0-96.2) 98.5 (96.7-99.4) 0.07 96, 97 

Severe Illness PfHRP-2  Pf 3 91.2 – 96.6 70.9 – 93.7 0.04-0.09 57 98 

 pLDH  Pf 1 88.0 (86.0–89.7) 88.3 (85.7–90.7) 0.14 57 

Table 4. Diagnostic utility of malaria rapid diagnostic tests (RDTs) in returned travellers, 

uncomplicated malaria and severe illness 

 

1.4.2 Rapid antigen detection tests  

Malaria RDTs are now being widely deployed at every level in the health care 

sector in malaria-endemic countries as a rapid, convenient means of parasite-based malaria 

diagnosis that have many advantages over conventional microscopy.   In 2008, it was 

estimated that 50-70 million RDTs were performed worldwide.
67

  The low ease of use 

means that they can also be employed successfully by village health care workers with 

minimal training
61

 or by pre-trained travellers from developed countries for self-diagnosis 

of febrile illness.
99

    In addition to requiring limited training, RDTs can be deployed 

cheaply with a unit cost less than $1,
63

 have low false positive rates and do not require 

refrigeration to maintain stability.
59

    

Malaria RDTs are immune-chromatographic antigen capture tests that detect one or 

more parasite antigens including P. falciparum histidine-rich protein-2 (PfHRP-2), lactate 

dehydrogenase (pLDH) or pan-malarial antigen (aldolase).  Most RDT platforms consist of 

a nitrocellulose membrane strip with a capture monoclonal antibody embedded at the test 

and control sites.  Blood containing malarial antigen is added to a well at the end of the 
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strip with a dye labelled monoclonal antibody.  Lysed blood migrates along the 

nitrocellulose until reaching the capture antibody in the immobile phase and produces a 

visible line.   

The Food and Drug Administration has only approved one RDT for malaria 

diagnosis in the United States,
100

 but at least 200 different RDT test kits are commercially 

available worldwide.  Many of these have not undergone rigorous field-testing to validate 

their accuracy for the diagnosis of malaria.   

There are a number of methods by which RDTs can be validated for malaria 

diagnosis.  The conventional methodology has been to compare the results of a single (or a 

few) RDT with conventional thick film microscopy and to derive sensitivity, specificity and 

negative and positive predictive values for that test in the specific setting.   However, recent 

studies of RDT performance under strict laboratory conditions and clinical effectiveness 

studies have also added to the literature evaluating their overall utility.   

1.4.2.1 RDT performance under standard laboratory conditions 

In an attempt to overcome variability across commercially available RDTs, the 

WHO has embarked upon a strategy of RDT comparison using standardised laboratory 

detection rates for individual commercially-available RDTs.
59, 101

  After proving that 

sufficiently good manufacturing procedures have been undertaken  (requirements as per: 

ISO 13485:2003) manufacturers producing RDTs are invited to submit their tests to the 

WHO.  Each RDT is tested against known parasitaemias (200/µL [0.004%] and 2,000-

5,000/µL [0.04-0.1%]) from a number of laboratory and wild-type malarial strains of P. 

falciparum and, where the test has an incorporated pLDH or aldolase line, P. vivax strains.   

The results indicate that most PfHRP-2- and pLDH-based platforms have detection rates ≥ 



 27 

95% for detection of P. falciparum at parasitaemias greater than 2000/µL (0.04%). The 

detection rates, however for lower P. falciparum parasitaemias (200/µL [0.004%]) vary 

widely from 0-100%.   Although some tests targeting pLDH performed well, tests targeting 

PfHRP-2 antigens had generally higher detection rates.   Detection rates for P. vivax also 

vary widely at both high and low parasitaemias, although there are a number of tests that 

have detection rates ≥ 95%.  In general, tests targeting pLDH have better detection rates of 

P. vivax than those utilising aldolase.  In the context of these results, there have been 

longstanding concerns about RDT performance in settings where P. vivax is an important or 

co-dominant circulating malarial species.
101

   

1.4.1.2 RDT compared with light microscopy in returned travellers, uncomplicated 

malaria and severe malaria 

Notwithstanding differences in the RDT platform, wide variation in local malaria 

transmission,
102

 comparator LM technique, malarial immunity, standardised RDT result 

interpretation and infecting malaria species can all affect estimations of diagnostic 

accuracy. Studies of RDT diagnostic accuracy can be broadly grouped into three clinical 

scenarios, namely returned travellers, uncomplicated malaria in malaria-endemic countries 

and severe disease.
57, 98

 There are more than 100 published papers assessing RDT 

performance and a number of review papers summarising their findings,
67, 73, 82, 96, 97, 103-105

 

but a Cochrane review
97

 and meta-analysis
96

 have been published on the diagnostic 

performance in patients with uncomplicated malaria in endemic settings
97

 and returned 

travellers,
96

 respectively.  Only two studies to date have examined RDT performance in 

severely unwell patients, a group in whom the consequences of a false-negative test are 

potentially greater.
57, 98

 Table 3 summarises malaria RDT performance in the three different 

clinical contexts described above.  Overall, the test performance across these clinical 

scenarios mirrors that found in the laboratory setting and confirms that, when PfHRP-2 is 
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used as a target antigen to detect P. falciparum, performance is slightly better than pLDH-

based tests.  However, RDTs utilising pLDH or aldolase have lower sensitivity for the 

detection of P. vivax across all three clinical settings.
57

 

To date, there are no studies that have assessed the diagnostic performance of RDTs 

in severely ill patients in a setting where there is transmission of both P. falciparum and P. 

vivax.   

1.4.1.3 Studies of RDT Effectiveness 

The final methodology of assessing RDT performance is to test the effectiveness of 

their use under field conditions, from which treatment decisions are based on RDT results 

and patients are followed up to ensure no adverse outcomes occurred.  Studies performed in 

African
61, 106

 and Papua New Guinean
107

 children with uncomplicated malaria have looked 

at the potential consequences of withholding antimalarials when the RDT is negative.   In 

Africa where P. falciparum is the main species transmitted, a PfHRP-2-based RDT did not 

miss any cases of malaria that subsequently went on to require hospitalisation.
61, 106

 In a 

similar study, but in younger children living in an area with P. falciparum and P. vivax co-

transmission, 24 of febrile 3942 children presented with severe illness within 7 days 

following a negative combined PfHRP-2/aldolase RDT when antimalarials had been 

withheld.  Of these, the majority remained RDT negative.  Only two children had evidence 

of P. vivax infection and associated respiratory distress, at parasitaemias below 1000/µL.   

The results of these two studies suggest that it appears a safe strategy to withhold 

antimalarial treatment in children from endemic areas with non-severe disease and a 

negative RDT.
107
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1.4.1.4 Limitations of RDTs 

Like any diagnostic test, RDTs have limitations. Although interpretation errors and 

limited sensitivity at low parasitaemias are likely to account for the majority of discordant 

results in the RDT-microscopy comparative studies, false-negative results do occur when 

the P. falciparum parasitaemia is above reported detection thresholds. Explanations for 

false-negative RDTs include the prozone effect
108

 and the presence of PfHRP-2 genetic 

polymorphisms.
109-111

 The former has been reported in up to 1% of children with 

parasitaemia >100,000/µL
57

 for PfHRP-2 based RDTs and occurs when excess antigen 

blocks all sites for the colour change reaction.  It can be mitigated by the dilution of 

samples. The presence of PfHRP-2 genetic polymorphisms in P. falciparum has been 

shown to influence the results of RDTs in South American patients with uncomplicated 

malaria.
111, 112

 

Unlike LM, RDTs cannot be routinely used to quantify parasitaemia or as a tool for 

monitoring response to treatment.  Quantification of parasitaemia is important to identify 

patients with hyperparasitaemia (>100,000/µL) who are considered to have severe illness 

and who are often admitted to hospital. Due to persistence of the target antigens in 

peripheral blood for up to three weeks, RDTs cannot be used alone in clinical trials of 

antimalarial drug efficacy because quantification of parasitaemia remains an important 

endpoint.   

In areas where P. vivax is the main malarial species causing uncomplicated and 

severe malaria the limited sensitivity of current RDTs in detecting P. vivax is seen as an 

obstacle to long-term P. vivax control.  An RDT targeting P. vivax specific antigens will 

require a lower detection threshold because of its ability to cause clinical disease at lower 
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parasitaemias than P. falciparum should be considered an urgent development goal in this 

field.
19

  

1.4.2 Molecular based diagnostic tests 

Molecular methods for detecting malaria have been available for nearly 20 years.
92

   

Because all involve PCR amplification of plasmodial DNA and detection of amplified 

product, they have a detection threshold 10 to 100-fold lower than conventional microscopy 

and RDTs, respectively.
91, 92

 Such exquisite assay sensitivity is a double-edged sword 

because, as with RDTs, comparisons with an imperfect gold standard mean that diagnostic 

performance is hard to assess.  The phenomenon of non-sterilising immunity to malaria in 

endemic countries has been recognised for more than 100 years and can result in low 

numbers of malaria parasites in the blood of asymptomatic individuals that will be more 

readily detected by PCR than microscopy.  Although some commentators assert that even 

when microscopy is negative but PCR is positive, there may be more than 2x10
8
 parasites 

within a human host, the clinical significance of submicroscopic parasitaemia is uncertain, 

particularly in patients with severe disease  (Chapter 4).  

Newer methods of real-time PCR and fluorescent microsphere-based assays (LDR-

FMA) have lead to quantitative estimates of parasitaemia that correlate well with LM-

derived estimates.
93

    

Molecular methods are extremely reliable at identifying the infecting malaria 

species because PCR amplification using primers for multiple species can be performed 

simultaneously.
92

  As one of the main sources of microscopy error is misidentification of 

Plasmodium species in single and mixed infections, PCR is now a major adjunctive 

diagnostic test in research settings in areas where multiple species are transmitted.   



 31 

Due to cost, the requirement for specialised laboratory equipment and personnel, 

PCR is not routinely used for direct patient management.  It does, however, have a key role 

in research settings, where accurate speciation is extremely important.  Where available, 

PCR techniques are ideally suited to epidemiological, longitudinal and treatment 

intervention studies because newer methods enable throughput of large numbers of 

samples. Molecular methods have other beneficial applications in research environments.  

It is possible to perform nPCR and qPCR without stored blood cell pellet using archived 

samples from blood slides, filter paper and RDTs.
113-115

  Finally, in drug efficacy studies, 

the ability to differentiate strains of P. falciparum by examining small differences in the 

genes encoding variant proteins allows researchers to delineate whether malaria 

parasitaemia observed after treatment represents recrudescence of the original strain or a 

new infection.   

1.5 CAN QUANTITATIVE MARKERS OF PARASITE BIOMASS PREDICT SEVERITY OR 

MORTALITY IN MALARIA? 

1.5.1 Peripheral parasitaemia by light microscopy does not reflect severity  

Light microscopy of Giemsa-stained blood smears has the advantage of being cheap 

and requiring no equipment other than a microscope.  But a number of lines of evidence 

exist that quantitative parasite counts by LM might not be representative of total parasite 

biomass in patients presenting with a possible malarial illness. 

Firstly, peripheral blood asexual parasitaemia is only a weak predictor of mortality 

in severe falciparum malaria.
116

  Late stage trophozoites and schizonts of P. falciparum 

adhere to activated endothelial cells in the peripheral vasculature and are not present in the 

peripheral blood. The sequestration of late stage parasites is thought to be the major patho-
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physiological mechanism for severe forms of falciparum malaria but may be associated 

with few parasites visible in the peripheral blood.  

Secondly due to loss of parasites during the staining process, LM may also 

underestimate parasite density by as much as 10-fold.
69

 

Finally, many children presenting to a referral centre for admission to hospital may 

have been pre-treated in the community or referring health centres with effective 

antimalarials.  In the case of artemisinin compounds that kill parasites rapidly, many 

patients rapidly will have negative LM after 12-24 hours,
117

 making it difficult to make a 

definitive diagnosis of malaria when they eventually present to a referral hospital.    

A number of host and parasite factors have been evaluated as possible quantitative 

measures of parasite biomass that could be applied as predictive markers of severity or 

mortality.   Changes in packed red cell volume,
118

 soluble cytokines,
119

 host DNA,
120

 and 

markers of endothelial activation such as angiopoietin-2 and vascular endothelial growth 

factor
121

 have been evaluated as measurable indicators of parasite biomass or as host-

derived biomarkers of severity, but only angiopoietin-2 has been associated with severe 

disease and mortality after adjustment for traditional clinical risk factors.
121

 

Potential parasite derived factors such PfHRP-2, pLDH, haemozoin pigment within 

leukocytes and quantitative PCR are candidates for determining parasite biomass.
120

  

PfHRP-2 and pLDH are already established as diagnostic markers in qualitative rapid 

diagnostic tests but only PfHRP-2 has been explored in more detail as a marker of parasite 

biomass. 
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1.5.2 Quantitative PfHRP-2 concentrations as an indicator of parasite biomass 

Plasmodium falciparum histidine-rich protein-2 is a water-soluble protein that is 

synthesised by both asexual and early sexual stages of the parasite. Its production increases 

as the asexual parasite matures such that most (approximately 90%) is released at 

schizogony.
122, 123

 Its presence in plasma has allowed the development of inexpensive 

point-of-care RDTs.
82

  

PfHRP-2 can be accurately quantified in plasma using conventional techniques 

including enzyme-linked immunosorbent assay (ELISA).
116, 122, 124

 Because of the stage-

dependency of its release into the circulation, plasma PfHRP-2 concentrations have been 

postulated to be a clinically useful marker of the sequestered biomass of cytoadherent 

mature parasites and therefore reflective of complications such as coma and renal failure 

where sequestration is important. In Asian adults and, in recently published studies of 

African children, plasma PfHRP-2 concentrations at presentation have been associated with 

severe falciparum malaria, cerebral malaria 
116, 122, 125-127

 and subsequent mortality.
116, 121, 

126, 127
 However, in an earlier, and relatively small study involving 22 African children, no 

association with severe malaria was found.
120

  

The role of quantitative plasma PfHRP-2 as a marker of the severity and outcome 

may depend on the epidemiological context. PfHRP2 persists in the circulation for up to 

four weeks after successful treatment of falciparum malaria
128, 129

 where it may be unbound 

in plasma, antibody-bound in plasma, inside infected erythrocytes, bound to uninfected 

erythrocytes as part of immune complexes, and/or bound to other cells such as 

leukocytes.
124

 In adults with no or limited immunity to malaria, no recent infection and a 

relatively early symptomatic presentation, admission plasma PfHRP-2 may parallel prior 

parasite replication and thus the probability of complications and death.
116, 122

 In children 
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from areas with hyperendemic transmission who are likely to have experienced recent 

asymptomatic or symptomatic infections, who have a degree of immunity including to 

PfHRP-2 itself,
130

 and who may thus present relatively late, plasma PfHRP-2 quantified by 

immunoassay may not reliably identify those with severe infections or those at risk of death 

in all settings.
120

 

1.6 MISDIAGNOSIS AND DIAGNOSTIC OVERLAP  

1.6.1 Overlap between severe malaria and acute bacterial meningitis 

In many malaria-endemic countries, acute bacterial meningitis (ABM) is also 

common.  Because many of the characteristic clinical features such as impaired 

consciousness, prostration, fevers and fits occur commonly in both conditions, health 

workers in these areas often find it difficult to distinguish between them on clinical grounds 

alone.  Furthermore these settings are also often characterized by limited or poor quality 

diagnostic facilities that may not aid a health worker‟s diagnosis.  Treatment guidelines in 

most developing countries reflect this uncertainty by recommending concomitant treatment 

with antimalarial and antibiotic medications to treat both conditions for all children with 

signs of either malaria or ABM.   

Clearly, where both conditions are extremely common, dual treatment appears to be 

an intuitive, pragmatic strategy.  But recommendations applying this strategy assume that i) 

severe malaria and ABM cannot be reliably distinguished on clinical grounds or bedside 

laboratory testing alone, ii) parenteral antimalarials are safe in all situations, including 

children with ABM, iii) common, cheap, first-line antibiotics such as chloramphenicol will 

remain appropriate therapy for ABM, iv) functional laboratory facilities are not available 

and v) the incidence of both conditions will remain high enough to justify the costs of 

providing combined empirical therapy for all.   
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Studies performed in Africa more than a decade ago fulfilled many of these 

assumptions, demonstrating that up to 13% of children had overlapping malaria and 

ABM.
131

  The vast majority of bacteria identified were Streptococcus pneumoniae and 

Haemophilus influenzae (HiB).
131, 132

 

Set on a global backdrop of declining malaria mortality and in a different 

epidemiological context, the observed overlap between ABM and severe malaria was 

explored in children recruited to the wider severe illness study.  In particular, how the 

clinical signs of ABM or a diagnosis of malaria affect the likelihood of ABM was assessed. 

1.6.2 Overlap between malaria and encephalopathy 

Making an unequivocal diagnosis of cerebral malaria in a comatose child is 

challenging. Differentiating malaria from the large number of alternative causes of 

encephalitis (usually viral)
133

 or non-infectious encephalopathies is extraordinarily difficult 

on clinical grounds, even for experienced clinicians.  Consequently, cerebral malaria is 

frequently over-diagnosed in African settings,
54

 particularly in adults.  In one study, <5% of 

comatose adults with a diagnosis of cerebral malaria fulfilled the WHO definitions for 

severe malaria.
58

 Even in an established African paediatric malaria research centre, 23% of 

children dying from well-defined „cerebral malaria‟ had an alternative diagnosis following 

post mortem examination of brain tissue.
134

   

To date, the only clinical indicator shown to improve the specificity of cerebral 

malaria diagnosis is examination for „malaria retinopathy‟.  However, as this examination 

requires specialized equipment and is operator-dependent, it is not widely available outside 

research settings.
135
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The limited specificity of a diagnosis of cerebral malaria described above may be 

further complicated by attempts to refine the diagnosis by use of molecular methods. For 

example, when alternative causes for coma in children with a clinical diagnosis of cerebral 

malaria are sought by examination of cerebrospinal fluid (CSF), viruses such as herpes 

simplex virus-1 (HSV-1) may be detectable in ~10% of cases.
136

 It is unclear, however, if 

the presence of HSV-1 or viral DNA from other neurotropic viruses represent an alternative 

cause of encephalopathy, a co-incident infection or simply a consequence of malaria-

induced reactivation of a latent reservoir of virus.   

In most malaria-endemic settings, the limitations of determining an unequivocal 

diagnosis of cerebral malaria should be acknowledged for all comatose patients.  However, 

this fact should not dissuade clinicians from optimizing the diagnosis of malaria through 

conventional methods such as LM or RDTs and consideration of other treatable causes of 

encephalopathy. 

1.6.3 Overlap between malaria and bacteraemia 

In contrast with the difficulties in differentiating malaria and ABM or 

encephalopathy, the importance of concomitant bacteraemia in severe childhood malaria is 

well established as an entity. Concomitant bacteraemia is thought to have major clinical 

implications in terms of mortality and a mechanistic hypothesis has been developed
137

 to 

account for its occurrence in African children.   

Although concomitant bacteraemia has been demonstrated a number of times in 

studies of African children with severe malaria,
138-144

 it has yet to be observed in children 

from other malaria-endemic areas.  Furthermore there is substantial variability in the rate of 
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concomitant bacteraemia, associated mortality rates and the relative proportions of different 

organisms isolated (Table 4).  
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Country, year Clinical  
scenario 

Bacteraemia 
 rate (%) 

Non-
typhoidal 

salmonella 
(%) 

Staphylococcus 
aureus 

(%) 
 

Streptococcus 
pneumoniae 

(%) 

Died 
(%) 

Ref 

Nigeria, 1993 Cerebral 
malaria 

8/50 (16%) 25% 0 0 NR 138
 

Nigeria, 1993 Febrile children 43/440 (9.6%) NR NR NR NR 139
 

Gambia, 1998 Cerebral 
malaria 

14/276 (5%) 7% 43% 0% 7% 140
 

Kenya, 1999 Severe malaria 42/440 (7.8%) 14% 17% 31% 33% 141
 

Malawi, 2007 Severe malaria 64/1388 (4.6%) 58% 2% 11% 22% 142
 

Mozambique, 
2009 

Hospitalised 
malaria 

76/1407 (5.4%) 21% 17% 26% 22% 143
 

Kenya, 2011 Severe malaria 59/506 (11.5%) 42% 36% 0% 3% 144
 

Table 5. Studies describing children with severe malaria and concomitant bacteraemia  

 

Such variability is likely to be due to differences in local bacterial epidemiology 

(such as S. aureus nasal carriage rates or circulating S. pneumoniae serotypes), HIV sero-

prevalence, sickle cell disease and nutrition status.
137

 

Non-typhoidal salmonellae (NTS) are an important cause of concomitant 

bacteraemia accounting for 7-58% of bacterial isolates and are a direct result of concurrent 

infection with malaria via down-regulation of humoral and cellular immunity or disruption 

of the gut mucosa during malaria infection.  By contrast, a clear mechanistic hypothesis 

does not exist for concurrent bacteraemia with Staphylococcus aureus or Streptococcus 

pneumoniae, and the presence of these organisms could represent a primary invasive 

bacterial infection in a child with incidental parasitaemia.
137

  

To date, the frequency and impact of concomitant bacteraemia in severe malaria has 

not been examined in PNG children.  

1.6.4 Sub-microscopic malaria infections  

As shown in Table 2, conventional LM has a practical limit of detection of ~20-100 

parasites/µL.  Low-density infections can therefore be missed by LM, but may be positive 
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by PCR, a technique with a limit of detection >10-fold lower.  In malaria-endemic 

countries, PCR identifies an additional 2- and 10-fold prevalence of asexual parasites and 

gametocytes, respectively.  This submicroscopic reservoir is likely to be important for 

malaria control at a population level.
145

  

Data exploring the clinical relevance of sub-microscopic infections where LM is 

negative, but PCR is positive, have been limited to three studies.  Sub-microscopic 

infections have been associated with low birthweight in babies of pregnant women
146

 and 

the maintenance of humoral responses to malarial antigens,
147

 but not with poor outcomes 

in African children with uncomplicated febrile illness untreated with antimalarials.
148

 

There are no data on the clinical features or impact of submicroscopic infections in 

the context of severe illness. In this setting, PCR positivity may be a consequence of the 

release of Plasmodium DNA from non-viable parasites in a child with severe malaria 

following prior treatment with antimalarials, be associated with deep tissue sequestration of 

late stage parasites in the vasculature (false-negative microscopy) or as an incidental 

finding in a child with an alternative diagnosis and „asymptomatic infection‟.  

As part of this thesis, the clinical and laboratory features together with the outcomes 

in children with sub-microscopic malaria infections are described. 

1.7 THE CONTRIBUTION OF MALARIA TO SEVERE ANAEMIA 

Severe anaemia (<50g/L) is a common cause of sickness and admission to hospitals 

for children in developing countries.
149-152

 In malaria endemic countries, Plasmodium 

falciparum is thought to be the major cause of severe anaemia,
150, 153, 154

 but nutritional 

deficiencies,
155

 other non-malarial infections
156, 157

 and genetic conditions such as glucose-



 40 

6-phosphate dehydrogenase deficiency (G6PD)
157

 or red cell polymorphisms
158

 are also 

common in such settings and may contribute to the population burden of severe anaemia.   

However, despite the fact that the WHO has also recognised the multi-factorial 

nature of anaemia,
155

 only one study has systematically examined the relative impact and 

interactions between multiple aetiological factors in a malaria endemic country.
149

 In this 

case-control study, bacteraemia, hookworm, human immunodeficiency virus (HIV), G6PD 

genotype (G6PD
-202/-376

), vitamin A deficiency and vitamin B12 deficiency were 

significantly associated with severe anaemia.  Iron deficiency anaemia, thought to be the 

most common cause of anaemia worldwide was, by contrast, negatively associated with 

severe anaemia.  In contrast with other studies performed in Africa, P. falciparum was only 

associated with severe anaemia in children living in urban areas and not in surrounding 

rural sites where malaria transmission is intense.
149

   

The role of Plasmodium vivax in the aetiology of severe anaemia is also not clear.  

Severe anaemia is the commonest presentation of severe P. vivax disease in West Papua,
44

 

and yet, in Thailand the presence of P. vivax appears to abrogate the nadir haemoglobin in 

adults with co-existing P. falciparum malaria.
159

 

Conflicting associations have been observed between parvovirus B19 (B19V) and 

severe anaemia in different countries,
156, 160, 161

 differences that might, in part, be explained 

by a boosting effect of chloroquine on B19V replication where this drug has been used as 

first line treatment for malaria.
162

 The triangular relationship between malaria, chloroquine 

use and malaria further highlights the potentially complex interactions between malaria and 

severe anaemia. Variability in the importance of different causal factors suggests there is a 

high chance that each epidemiological setting will have a specific aetiological pattern.   
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In Chapter 13, the associations and relative impact of different casual factors in the 

aetiology of severe anaemia are explored in PNG children, an epidemiological setting 

where P. falciparum, P. vivax, B19V, micronutrient deficiencies and alpha-thalassaemia are 

thought to be common.    

1.8 TREATMENT OF SEVERE MALARIA 

For much of the previous two millennia, extracts from the Cinchona and Chinese 

Wormwood trees (Artemisia annua) were used by Quechua Indians in Peru and traditional 

Chinese healers for the treatment of shivering and fevers, respectively. These are the plants 

from which quinine and the artemisinin or qinghaosu derivatives are still derived today.   In 

Europe, the extract from the bark of the cinchona tree was known as „Jesuit‟s Bark‟ and 

was adopted for the treatment and prophylaxis of malarial fevers in the 17
th

 century
163

.  In 

contrast, the specific anti-malarial properties of artemisinin were not widely appreciated 

until Chinese researchers identified the active compounds in the 1970‟s.     

Artemisinin compounds are now considered first-line therapy for severe malaria, 

with significant mortality benefits over quinine, and for uncomplicated malaria as part of 

artemisinin combination therapy (ACT).     Artemisinins are highly potent against malaria 

parasites and have a different mode of action to other classes of antimalarials.  The parent 

drug, artemisinin can be derivatised to a lipophilic ether form called artemether or a hemi-

succinate water-soluble form called artesunate that have increased potency and more 

favourable pharmacokinetic profiles when compared with the parent compound.  Both of 

the latter compounds are available in parenteral forms, though only artesunate can be given 

intravenously and both are rapidly converted in-vitro to the same active metabolite called 

dihydoartemisinin (DHA).  All four artemisinin compounds can be administered orally 

though they have highly variable bioavailability.   Artemisinin, DHA and artesunate can 
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also be given rectally as formulations that are well absorbed.
164

 Regardless of the mode of 

administration, artemisinins are generally characterised by rapid absorption, short 

elimination half-life and extremely potent effect on malaria parasites. However, due to their 

short half-life, the few remaining parasites will not be exposed to prolonged concentrations 

of artemisinin compounds and may recrudesce, causing further clinical symptoms and 

eventual development of relative tolerance to the drug.   

Parenteral artesunate therapy is now considered the best treatment for severe 

malaria, and a direct head-to-head trial of artesunate and artemether is unlikely to be 

performed.  Most recent studies have used intravenous quinine as the comparator arm.  

Early studies that were followed by at least three meta-analyses comparing intramuscular 

artemether with intramuscular quinine did not show a convincing mortality benefit in 

African children with cerebral malaria
165

 or in any patient group with any form of severe 

malaria.
166, 167

  However, although no clear mortality benefit was demonstrated, artemether 

was associated with faster parasite clearance and fewer neurological sequelae than quinine.  

Furthermore, it became apparent that the oily intramuscular preparation of artemether had 

erratic, prolonged absorption kinetics that might hamper efficacy
168, 169

 and which 

suggested that the intravenous preparation of artesunate may have greater efficacy.  In this 

context, two large studies comparing intravenous artesunate with intravenous quinine have 

been performed.   In the first, performed in South-east Asian adults and children with 

severe malaria, overall in-hospital mortality was 15% and 22% for artesunate and quinine, 

respectively, representing a relative risk reduction (RRR) of 34.7% (p=0.0002).  With the 

exception of patients with cerebral malaria (RRR 19%, p=0.06) and severe anaemia (RRR 

11%, p=0.32), significant mortality benefits were consistent across different clinical 

subgroups.
170

 The second trial performed in African children also demonstrated a clear 
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mortality benefit for artesunate (RRR 22.5%, p=0.0022).  An accompanying meta-analysis 

to the latter trial mirrored the results of prior trials and indicated an overall mortality benefit 

for artesunate of 30%.
171

 

1.8.1 Are artemisinins safe for all patients? 

The clear mortality benefits by giving parenteral artemisinins to patients with severe 

malaria are now well established from randomised controlled trials.  There is also an 

apparently good safety profile in this group of patients.  Yet, this does not necessarily mean 

that artemisinins are safe in every clinical context because in vitro and animal studies have 

consistently demonstrated a characteristic pattern of neurotoxicity that develops after 

administration of high doses of artemisinins for long periods.
164, 172, 173

   

  In malaria-endemic countries where laboratory facilities are often not available, it 

is likely that all patients presenting with neurological symptoms such as coma or confusion 

will be considered to have malaria and treated with parenteral antimalarials such as 

artemisinins.   In this situation ABM, cryptococcal meningitis or encephalitis may be 

common whilst malaria may only be present fewer than 5% of patients.
58

 Consequently, 

large numbers of patients with abnormal brain function or impaired blood-brain barriers 

may be treated with artemisinins. Empirically-treated patients with other neurological 

syndromes are substantially different to those recruited to the large randomised trials of 

antimalarial efficacy and may be the group at the highest risk of high artemisinin 

concentrations in the CSF and brain tissue.   Furthermore, the ascertainment of patients 

with potential neurotoxicity due to artemisinins is extraordinarily difficult because brain 

infections such as cerebral malaria, ABM and encephalitis are themselves associated with 

mortality and long-term neurological sequelae.  This intrinsic limitation applies to 
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controlled severe malaria trials and in settings where patients are given empiric artemisinin 

therapy for all presumed brain infections.
164

   

To date, there are limited human data to support the hypothesis of clinically-

relevant artemisinin neurotoxicity.  One small study of 6 adult patients has measured the 

CSF concentrations of DHA in cerebral malaria patients but there are no data on CSF 

concentrations of artemisinins in severely-ill children with or without meningeal 

inflammation.
174

   

1.8.2 Ancillary and supportive treatment of severe malaria 

Because severe malaria has a wide spectrum of clinical manifestations including 

coma, severe anaemia, hypoglycaemia, metabolic acidosis, renal failure and shock, 

clinicians need to be mindful of each of these when assessing a patient with malaria.  In 

addition to antimalarials, supportive therapy needs to be tailored for individual patients.
21

    

However, for some interventions there is limited evidence to show a clinical benefit and for 

others, evidence of harm.   Blood transfusion, for example, seems like an intuitively 

sensible approach to children with severe anaemia without cardiovascular compromise, yet 

the two studies performed have not shown a survival benefit.  Secondary outcomes of 

shorter length of hospital stay, less respiratory distress, less need for urgent blood 

transfusion but lower or equal day 28 packed cell volumes highlight the mixed results for 

this body of evidence.
175, 176

   

In terms of fluid management, a recent study examined the benefits of bolus 

albumin and normal saline compared with maintenance fluids only in African with critical 

illness due to an infection.  Children with severe malaria represented 57% of all patients 

recruited to the study.   Surprisingly, and contradictory to international standards of 
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practice, fluid bolus administration of albumin and normal saline were both associated with 

an increase in mortality at 48 hours (relative risk increase 45%, p=0003).
177

   

In addition to supportive management, a large number of adjunctive therapies have 

been proposed and subsequently tested in patients with severe malaria without showing any 

demonstrable clinical or mortality benefit and in some cases have been shown to be 

harmful.   Due to demonstrated lack of effect, dexamethasone,
178

 mannitol, 
179, 180

 heparin, 

dextran, pentoxifylline,
181

 desferrioxamine
182

 or tumour necrosis factor inhibitor
183

 should 

not be given in severe malaria.
21

  Preliminary studies for arginine,
184

 erythropoietin,
185

 

levamisole,
186

 rosiglitazone
187

 show promise in human studies, but there is insufficient 

evidence to recommend their routine use in the treatment of malaria without further 

research.   

1.9 THESIS STRUCTURE 

This thesis is structured so that each results chapter has been submitted or published 

as a stand-alone paper in a peer reviewed journal. The results chapters are arranged into two 

broad sections that include observational studies (Chapters 4-9) and case-control studies 

(Chapters 11-13).  Chapter 2 is a systematic meta-analysis of all descriptive published 

studies of severe childhood malaria to date.  Chapter 4 is an overview of the entire severe 

childhood illness cohort with a focus on malaria status as a risk factor for mortality, whilst 

the series of studies employing a case-control design is preceded by a study (Chapter 10) of 

reference intervals for common laboratory tests in PNG children that describe the healthy 

controls for the studies in the subsequent three chapters.  

Finally, the detailed clinical assessments and laboratory support for this 

observational study are not available in any other district hospitals of this size in PNG and 



 46 

therefore provided the infrastructure for other studies describing unusual neurological 

presentations such as subacute sclerosing encephalitis (SSPE) and cryptococcal meningitis 

as well as drug resistance patterns of bacterial pathogens causing ABM.   The data from 

this study have also contributed to two collaborative studies that have subsequently been 

published.  All five studies fall outside the main thread of the thesis and are therefore not 

included. 
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INTRODUCTION 

Chapter 2: Regional and temporal differences in the clinical features and 

outcome of severe Plasmodium falciparum malaria: a systematic meta-

analysis  
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2.1 BACKGROUND 

Of the 500 million clinical episodes of malaria occurring globally every year, some 

are considered severe enough to require hospitalisation. The generic term „severe malaria‟ 

is often described as a number of distinct but overlapping phenotypes, namely coma, severe 

anaemia and metabolic acidosis. Additionally, hypoglycaemia, seizures, shock, acute 

respiratory distress syndrome, renal failure and prostration are also features of malaria that 

sometimes require admission to hospital.  Despite a number of studies suggesting 

Melanesian children have lower malaria specific mortality than African children, it is 

unclear whether this is a real phenomenon.
29, 188

   

Reported case fatality rates (CFRs) from severe childhood malaria studies vary 

widely, from 1-25%.
189, 190

 Making direct comparisons between studies is hampered by the 

application of different definitions for severe malaria and temporal and geographical 

variability.  

The aim of this meta-analysis is to explore whether there is any real difference 

between severe malaria in Melanesian children when compared with children in Africa and 

Asia and to estimate proportions of the clinical phenotypes of children presenting with 

severe malaria, overall mortality and phenotype-specific mortality. Potential moderators 

that might affect these parameters include the severe malaria definition used, geographic 

region in which the study was performed and the year in which the study was performed.  

The incorporation of year as a moderator will demonstrate the significance of trends over 

time. 
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2.2 METHODS  

2.2.1 Search strategy and selection criteria 

A literature search of the large number of descriptive studies published on severe 

childhood P. falciparum malaria was conducted using Medline. The following MeSH terms 

were employed: “child*” OR “paediatric” OR “pediatric” AND “severe malaria” OR 

“cerebral malaria” OR “severe anaemia” OR “severe malarial anaemia” OR “metabolic 

acidosis” OR “lactic acidosis”.  The literature search, to the level of abstracts, was 

performed independently by LM and ML.  Disagreement was resolved by consensus. The 

bibliographies of key papers were reviewed and additional studies were obtained.  

Publications in French were included where appropriate.  The last data-search did not 

include the results of the present study, nor published studies after November 2009.   

Studies describing children with severe P. vivax malaria are not included.   Unless 

otherwise stated, included studies were prospective with observational, case control or 

interventional study designs.   

In the final analysis, studies with clearly-defined severe malaria clinical phenotypes 

with reported CFRs were included.  Intervention trials of severe malaria were included if 

clinical phenotypes were described.  In case-control trials, only those participants with 

severe malaria were included.  In situations where a treatment comparison trial was carried 

out in children with severe malaria all children with severe malaria from that study were 

analysed together if there were no outcome differences between the treatment groups. 

Studies were then grouped according to geographical region that included Africa, Asia and 

Papua New Guinea. 

To help determine temporal trends in the proportions of severe malaria phenotypes 

and mortality rates the year during which the study was undertaken was recorded rather 
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than year of publication.  Where studies were conducted over a number of years, the middle 

year was incorporated into meta-regression analyses.  

The definition of severe malaria applied to each study was categorised as follows: 

„all malaria admissions‟, pre-1990, WHO 1990 and WHO 2000.  The latter two were 

applied if explicitly stated or if they were broadly consistent with published definitions.   

Studies focusing on specific clinical phenotypes such as severe malarial anaemia, 

cerebral malaria, hypoglycaemia and metabolic acidosis were identified and included in 

CFR analyses only within those specific phenotype groups. They were therefore excluded 

from the analyses exploring the contribution of individual phenotypes to presenting features 

of severe malaria and from estimates of overall mortality.  The term „deep coma‟ 

„unrousable coma‟, „comatose not responding to painful stimulus‟ were considered 

synonymous and assumed to represent a Blantyre Coma Score (BCS) of ≤2 out of 5.  In one 

study, the Adelaide coma scale was used
191

 whilst one other study used a modification of 

the BCS out of four.  In all instances there was relative uniformity of definition and the 

scores for deep coma equate to BCS ≤2. Definitions for severe malarial anaemia (Hb 

<50g/L) and hypoglycaemia (glucose <2.2 mmol/L) have remained uniform across time, 

place and WHO definition.    The identification of the presence or absence of 

hypoglycaemia was not dependent on documentation of the prior administration of glucose 

as this is rarely provided.  Either hyperlactataemia (lactate ≥5mmol/L) or bicarbonate 

(≤15mmol/L) was considered indicative of metabolic acidosis. 

2.2.2 Statistical analysis 

The R package „metafor‟ was used.
192

  Briefly, the variable of interest was 

considered a proportion for random effects models.  Study level covariates including 
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region, definition of severe malaria applied and year of study were incorporated into mixed 

effects meta-regression analyses.   

Heterogeneity was examined using the I
2 

statistic. This value quantifies the 

percentage of total variability due to between study heterogeneity.  Values <50% suggest a 

lack of significant heterogeneity.  The τ
2 

statistic is a measure of total amount of 

heterogeneity before and after incorporation of moderator variables.  In this way, the 

contribution of moderator variables in mixed effects models can be quantified as a relative 

proportion of the overall study heterogeneity.   

The results of random effect models are depicted using forest plots. Publication bias 

was assessed by visual inspection of funnel plots.  For each outcome of interest, funnel 

plots with and without moderator effects are shown.   

Finally, meta-regressions for outcomes of interest according to the year that the 

study was undertaken.  These are shown with a meta-regression line and 95% confidence 

intervals.   

2.3 RESULTS 

2.3.1 Studies included in meta-analysis 

The initial Medline search yielded 3719 citations.  A flow diagram outlining the 

selection of studies for inclusion into the meta-analysis is shown (Figure 5).  Fifty-seven 

studies were included in the meta-analysis.
11, 189-191, 193-244

.   One study was retrospective, 

but was included on the grounds that the data was of good quality and had been collected 

prospectively.
201
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Figure 5. Flow diagram showing studies included in meta-analysis 

 

2.3.2 Random effects forest plots  

2.3.2.1 Proportions of phenotypes in severe malaria studies  

Forest plots for the proportions of deep coma (Figures 6 and 7), hypoglycaemia 

(Figures 8 and 9), metabolic acidosis (Figures 10 and 11) and severe anaemia (Figures 12 

and 13) in descriptive studies of severe malaria according to severe malaria definition or 

geographic region are shown. 
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2.3.2.2 Mortality rates in severe malaria studies 

Forest plots for CFRs according to severe malaria definition, geographic region 

along with phenotype specific CFR according to geographic region are shown (Figures 15-

19). 

2.3.3 Heterogeneity in descriptive studies of severe malaria  

There was substantial heterogeneity for all outcomes of interest, with I
2 

statistics 

>80% in all cases.  The overall heterogeneity, total estimated heterogeneity (τ
2
) and the 

effect of moderators on τ
2 

are shown in Table 5.   Funnel plots for each outcome of interest 

are shown in Figures 20-22 and demonstrate the effect of moderators on estimates of 

heterogeneity and publication bias in random effects and final mixed effects models.   

The definition of severe malaria applied to each of the studies had a significant 

impact on the reduction of heterogeneity for the proportions of deep coma, severe anaemia 

and hypoglycaemia, accounting for 38%, 26% and 18% of total heterogeneity, respectively.  

When compared with „all malaria admissions‟, the WHO 1990 definition had significantly 

higher proportions of deep coma and hypoglycaemia.  The proportion of severe anaemia 

was higher in all studies compared with „all malaria admissions‟.   Studies from Asia had 

higher proportions of deep coma than Africa or PNG.   

 Definition and region had significant effects on the heterogeneity of estimates of 

overall mortality.  When compared to „all malaria admissions‟, WHO 1990 had a higher 

mortality rate.  Asian studies also had higher overall mortality and severe anaemia-specific 

mortality than African ones.   Regional differences accounted for 26% of heterogeneity in 

deep coma-specific mortality rates, with PNG children having a significantly CFR due to 

deep coma.   
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2.3.4 Temporal trends in severe malaria mortality rates 

The year in which the study was done was a significant moderator and contributed 

significantly to heterogeneity for metabolic acidosis and hypoglycaemia mortality.  

Temporal trends in CFRs are shown in Figure 24 and show declining mortality over time 

for these outcomes of interest.   Although not statistically significant, there is also a trend 

for declining CFRs due to severe anaemia and overall mortality (Figures 23 and 24).  This 

is in contrast to deep coma, where the CFR has remained constant over the past 30 years 

(Figure 24).    
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Figure 6. Proportion of deep coma by severe malaria definition 
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Figure 7. Proportion of deep coma in severe malaria according to geographic region 
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Figure 8. Proportion of hypoglycaemia by severe malaria definition 
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Figure 9. Proportion of hypoglycaemia in severe malaria according to geographic region 
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Figure 10. Proportion of metabolic acidosis by severe malaria definition 
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Figure 11. Proportion of metabolic acidosis in severe malaria according to  

geographic region 

 

Random Effects Model for All Studies
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Figure 12. Proportion of severe anaemia by severe malaria definition 
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Figure 13. Proportion of severe anaemia in severe malaria according to  

geographic region 
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Figure 14. Overall severe malaria mortality according to severe malaria definition 
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Figure 15. Overall severe malaria mortality according to geographic region 
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Figure 16. Mortality due to deep coma by region 
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Figure 17. Mortality due to metabolic acidosis by region 
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Figure 18. Mortality due to hypoglycaemia by region 
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Figure 19. Mortality due to severe anaemia by region 
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Outcome of interest 

Number of 
studies 

with 
available 
data (n) 

Overall 
heterogeneity 
from random 
effects model  

(I
2
) 

Total estimated 
heterogeneity 

(τ
2
) 

Effect of moderators on heterogeneity (τ
2
) Final mixed effect model 

Definition, τ
2 

(%) 
Region, τ

2
 

(%) 
Year, τ

2 

(%) 
Moderators 

included 

Residual 
heterogeneity, τ

2 

(%heterogeneity) 

Phenotype proportion:         

      Deep coma  31 99.8% 0.0452 0.0279 (38)*** 0.0369 (18)* 0.0387 (14) ** Def+Year+Region 0.0259 (38)* 

      Metabolic acidosis  11 99.4% 0.014 0.0165 (NS) 0.0137 (NS) 0.0048 (66)*** Year 0.0048 (66)*** 

      Severe anaemia  29 99.4% 0.0245 0.180 (26)** 0.0249 (NS) 0.0249 (NS) Def 0.180 (26)** 

      Hypoglycaemia  25 99.4% 0.0039 0.0032 (18)* 0.0038 (NS) 0.0041 (NS) Def 0.0032 (18)* 

Mortality rates:          

      Overall  36 97.6% 0.0021 0.0017 (19)* 0.0016 (24)** 0.0020 (NS) Def + Region 0.0015 (29)** 

      Deep coma  36 80.87% 0.0061 NA 0.0045 (26)* 0.0064 (NS) Region 0.0045 (26)* 

      Metabolic acidosis  7 85.5% 0.0050 NA 0.0063 (NS) 0.0015 (70)** Year 0.0015 (70)** 

      Severe anaemia  20 97.9% 0.0050 NA 0.0046 (8)* 0.0048 (NS) Region 0.0046 (8)* 

      Hypoglycaemia  17 90.4% 0.0275 NA 0.0320 (NS) 0.0203 (26)* Year 0.0203 (26)* 

 NS, No statistically significant contribution to overall heterogeneity; Def, Definition; *, ** and ***, P-values <0.05, <0.01 and <0.0001, respectively 

Table 6. Heterogeneity in descriptive studies of severe Plasmodium falciparum malaria 
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Figure 20. Funnel plots for proportions of phenotypes in random effects (A) or  

final mixed effects (B) models 
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Figure 21. Funnel plots for overall mortality in random effects (A) or  

final mixed effects (B) models 
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Figure 22. Funnel plots for phenotype specific mortality in random effects (A) or  

final mixed effects (B) models 
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Figure 23. Meta-regression for overall mortality versus year of study  

(dashed lines represent 95% confidence intervals of predicted mortality rates) 
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Figure 24. Meta-regression of phenotype specific mortality versus year of study  

(dashed lines represent 95% confidence intervals of predicted mortality rates) 

 

2.4 DISCUSSION 

This meta-analysis demonstrates a number of findings that are directly applicable to 

the present contemporary study of severe malaria in PNG, where it is thought that overall 

mortality due to severe malaria is lower than elsewhere.   It should be noted that this meta-

analysis draws on data available prior to the cessation of the present study at the end of 



 78 

2009 and aimed to summarise the body of knowledge on this subject by using standard 

meta-analytical procedures.   In due course, the methods used here will be applied to a 

contemporary meta-analysis that incorporates data from this and other recent studies. 

 There is substantial overall heterogeneity between studies across all outcomes of 

interest.  This heterogeneity is only partly accounted for by moderator covariates.  

However, the definition of severe malaria applied for each study has a large effect on 

heterogeneity for overall CFR and the relative proportions of deep coma, severe anaemia 

and hypoglycaemia.  When compared to „all malaria admissions‟, the WHO 1990 definition 

had increased rates of deep coma and hypoglycaemia that were reflected in higher overall 

CFRs.   This finding is consistent with the concept that the later WHO 2000 definitions and 

studies where all admitted children with malaria were included had less restrictive inclusion 

criteria than studies in which WHO 1990 criteria applied.   The inclusion of prostration, 

impaired consciousness and fewer seizures in WHO 2000 criteria are examples of this.     

Regional differences also account for at least some of the heterogeneity between 

studies.  When compared with their African counterparts, studies from Asia had increased 

deep coma rates, overall mortality and mortality due to severe anaemia.   These differences 

could be due to epidemiological differences in transmission intensity that result in different 

patterns of severe malaria disease that occur at different ages.  In Sub-Saharan Africa, very 

young children develop severe anaemia.  However, the development of clinical immunity 

then protects them from cerebral malaria at older ages.  In most parts of Asia, the 

transmission intensity is unstable and burden of severe malaria disease is in older children 

and adults.   
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In most instances, studies enrolling children from PNG were no different to those 

from Africa.  The only exception to this was a significantly lower CFR due to deep coma.   

This exploratory hypothesis will be explored during the present study.  

Significant temporal trends for outcomes of interest have also been demonstrated in 

this meta-analysis.  Mortality rates due to hypoglycaemia and metabolic acidosis are 

declining over time and there are visual trends for declining overall mortality and mortality 

due to severe anaemia.  These results are further evidence of declining global malaria 

mortality and are consistent with recent WHO estimates that are derived from other sources 

such as vital registration of death and VAs.
28

   Decreasing mortality rates for individual 

phenotypes may reflect better supportive therapies such as the judicious use of fluids, 

glucose and blood transfusions.  The striking finding is that, in spite of these gains, the 

mortality due to deep coma or cerebral malaria has remained unchanged for more than 30 

years.   

2.5 CONCLUSIONS 

Substantial heterogeneity across all studies of severe malaria makes direct regional 

comparisons difficult.  However, studies of severe malaria in Asian children appear to 

demonstrate more severe disease and worse outcomes than in African children.  Although 

there was no evidence to suggest that the overall CFR is lower in PNG children, a 

statistically significant difference in CFR due to deep coma was demonstrated.   Finally, 

with the exception of mortality due to deep coma, temporal changes demonstrated in this 

study are consistent with other studies showing declining mortality due to severe malaria.   
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3.1 STUDY SETTING 

3.1.1 Madang Province, Papua New Guinea 

Madang Province is situated on the north coast of the main island of PNG.  The 

majority of the 450,000 provincial residents are subsistence farmers and their families.  The 

province is divided into 6 districts that are further divided into 16 local level government 

areas. A highway that connects Madang with Lae (PNG‟s second city) and the Highland 

Provinces continues from Madang to Bogia, near the Ramu River (Figure 25).  Many of the 

inland areas are only accessible by foot or by air making inland areas extremely remote.  

Consequently, people in these areas often have poor access to health care services (Figure 

26). 

 

 

Figure 25. Map of Madang Province and Districts 
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Figure 26. An example of Papua New Guinea‟s poor road infrastructure  

Madang town is the provincial capital and was once described as the prettiest town 

in the Pacific.
245

  It sits on a coral peninsula within a large reef adjacent to Astrolabe Bay 

(Figure 27).  The town is renowned for its excellent scuba diving in and around the nearby 

reefs and is a hub for the nascent PNG tourist industry.  Traditionally, the Port of Madang 

has been a gateway for the export of cash crops such as copra, coffee and vanilla.  More 

recently a nickel mine has opened in the area that, together with a marine park (tuna fish 

factory) has changed the industrial landscape of the province.     
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Figure 27. Madang town from the air (Photo courtesy of Jan Messersmidt) 

3.1.2 Epidemiology of malaria and other infections in Madang Province 

The local annual entomological inoculation rate (EIR) for Madang Province has 

recently been estimated at 37 for P. falciparum and 24 for P. vivax.
246

 Malaria parasites are 

transmitted by a number of mosquito vectors including Anopheles punctulatus complex, A. 

farauti and A. koliensis.
246

 The estimated age-specific populations of children in Madang 

Province who are aged <1 year, 1-4 years and 5-9 years are 12,000, 60,000 and 45,000, 

respectively.
247

 In healthy, asymptomatic Madang children aged 1-10 years, the spleen rate 

is 13% and the prevalence of parasitaemia by microscopy is 8.2% for P. falciparum 

(median [interquartile range (IQR)] 1360 [453-2881] /µL) and 14.1% (348 [226-727] /µL) 

for P. vivax.
248

 Approximately 90% of local children have alpha-thalassemia trait.
249

 The 

national human immunodeficiency virus (HIV) sero-prevalence is 0.9%.
250

 The 

Haemophilus influenzae type b (Hib) vaccine was added to the national vaccine schedule in 
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2007 but was not implemented at a local level until 2008. Pneumococcal vaccination is not 

yet part of the vaccine schedule. 

3.1.3 Modilon Hospital field site 

Modilon Hospital is the main provincial referral hospital and located in Madang 

town.  It provides nominal tertiary-level surgical, medical, paediatric and obstetric services.  

There are operating theatres and blood transfusion services on-site.  Basic laboratory 

services are limited to malaria microscopy, CSF microscopy, haemoglobin measurements 

and serology for syphilis and HIV.  A biochemical analyser is on-site, but rarely undergoes 

calibration or other quality control. An Emergency Department is open continuously whilst 

a Children‟s Outpatients annex is open during business hours Monday to Friday. The 

paediatric wards have 60 beds across 3 different wards (Figure 28). 

 

Figure 28. Paediatric ward at Modilon Hospital 
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A Consultant Paediatrician (Dr Ilomo Hwaiwhanje) and Paediatric Registrar (Dr 

Jimmy Aipit) provided medical governance for all admitted children during the study.   

Paediatric Resident Medical Officers and Health Extension Officers rotate through the 

wards.   Nursing cover is provided on a 24-hour basis.   

A purpose built research unit located behind the paediatric wards was set up 

specifically for this study (Figure 29).   

 

Figure 29. Purpose built research unit behind the paediatric ward 
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This research area included space for a stand-alone laboratory that housed facilities 

for bacteriology, malaria microscopy, CSF microscopy and haematology testing (Figure 

29).  In addition, this area was a base for study administration on a daily basis and case 

report forms were stored here initially prior to transfer to the PNG IMR‟s main 

administration site in Yagaum.  

 

 

 

Figure 30. Haematology and microbiology facility  

 

3.1.4   Study team 

A team of research nurses, health extension officers and support staff to undertake 

this study was established (Figure 31).   
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Figure 31. The nursing, medical and laboratory staff for the severe childhood illness study 

 He was responsible for maintenance, calibration and quality controls of the 

instruments.  The study clinicians also provided laboratory support for bacteriology 

procedures after hours.   

In addition to ward-based activities, the research unit was the hub for outreach 

activities. Part of the team conducted community child health clinics on a regular basis as a 

means of recruiting healthy or uncomplicated malaria controls.  This also enabled follow-

up of children previously admitted with severe malaria for immunology studies that are not 

included in the present thesis.   At the community clinics, the research team provided 

routine outpatient health care and opportunistic immunisation activities for all children 

from the area (Figure 32).   
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Figure 32. Members of the research team at a mobile immunisation clinic 

 

3.2 ETHICS STATEMENT 

Written informed consent was obtained from the parent/guardian(s). The present 

study was undertaken as part of an observational case-control study of severe malaria and 

expanded to include all children with severe illness was approved by the PNG Institute of 

Medical Research Institutional Review Board and the Medical Research Advisory 

Committee of the PNG Health Department and conducted according to the principles of the 

Declaration of Helsinki.  The study also received ethical approval from the University of 

Western Australia Ethics Committee.  

Separate ethics approvals or amendments were obtained for the brain biopsy 

(Chapter 6), febrile seizure/ABM (Chapter 8) and severe anaemia (Chapter 13) studies.   
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Archived DNA from the two previous studies of severe disease at this site was used, 

both of which had valid ethics approvals at the time of study.   

3.3 PATIENTS AND PARTICIPANTS 

3.3.1 Children with severe illness 

Between October 2006 and December 2009, all children aged 0.5-10 years admitted 

to Modilon Hospital, the provincial hospital to which the majority of children with severe 

illness are referred, were assessed for recruitment to an observational study of severe 

paediatric illness. Inclusion criteria included any of: i) impaired consciousness/coma 

(Blantyre Coma Score (BCS) <5
223

), ii) prostration (inability to sit/stand unaided), iii) 

multiple seizures, iv) hyperlactataemia (blood lactate >5 mmol/L), v) severe anaemia 

(haemoglobin <50 g/L), vi) dark urine, vii) hypoglycaemia (blood glucose ≤2.2 mmol/L), 

viii) jaundice, ix) respiratory distress, x) persistent vomiting, xi) abnormal bleeding or xii) 

signs of shock. These criteria reflect the current WHO definition of severe malarial 

illness.
21

 After recruitment, a standardised case report form that recorded demographic and 

medical data was completed.
251

 This included details of immunisations, past medical 

history and recent treatment with antimalarial drugs and antibiotics, as documented in each 

child‟s hand-held medical record book. Vaccination history was identified from the health 

record book where available.  It was assumed children without a documented vaccination 

history were unvaccinated.  The expanded programme of immunisation in Papua New 

Guinea recommends giving two doses of vitamin A at 6 and 12 months.  Two doses of 

measles vaccine are given at 6 and 9 months, respectively. 

Trained study nurses carried out clinical assessments on admission and an 

additional detailed neurological examination was performed by study clinicians (LM, ML) 

on all children admitted with a BCS≤4, regardless of the time of admission. The study 
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clinicians conducted weekly bedside teaching to ensure consistency of clinical assessment 

by study nurses. 

A BCS≤2 was considered deep coma and a BCS≤4 as impaired consciousness at 

0.5, 1 or 6 hours after correction of hypoglycaemia, a seizure or parenteral anticonvulsant 

therapy, respectively. Respiratory distress was considered present if the child had i) deep 

breathing, ii) inter-costal in-drawing, iii) sub-costal recession, iv) persistent alar flaring, v) 

tracheal tug, and/or vi) respiratory rate >60/minute. Due to variable availability, chest 

radiography was performed in a minority of children with respiratory symptoms. 

Clinical signs of meningeal irritation suggestive of acute bacterial meningitis 

comprised: i) neck stiffness (inability to flex the neck so that the chin touched the upper 

chest), ii) a positive Kernig‟s sign (straightening of the knee joint eliciting discomfort with 

the hip and knee joints flexed to 90), iii) a positive Brudzinski‟s sign (involuntary hip 

flexion from 0 elicited on neck flexion), or iv) bulging fontanel in children <18 months 

old.
251

  

3.3.1.1 Specific inclusion criteria for Chapter 8 

Nested within the broader severe illness observational study was a study of children 

in whom a lumbar puncture was required to exclude acute bacterial meningitis (ABM).  

The age range for this sub-study was extended to include children aged 2 months to 10 

years. Children were eligible for recruitment if a LP had been performed for suspected 

ABM. The decision to proceed to LP was made by attending ward doctor after initial 

clinical and laboratory assessment in accordance with local protocols.
252, 253
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3.3.1.2 Specific inclusion criteria for Chapter 9 

Children aged 2 months to 10 years were considered eligible for recruitment if i) 

written informed consent had been obtained from parent(s)/guardian(s), ii) intramuscular 

artemether was considered appropriate therapy based on the attending clinician‟s 

assessment and the national paediatric guidelines which recommend empirical treatment of 

all hospitalised children in malaria-endemic areas with antimalarial drugs and antibiotics 

regardless of the initial diagnosis,
254

 and iii) a lumbar puncture (LP) was also considered 

clinically appropriate as part of management.   

Artemether was administered at or soon after hospitalisation with the time and dose 

were recorded. The timing of LP in relation to the first artemether dose was determined by 

a number of factors including the child‟s clinical state during regular post-admission 

monitoring of vital signs and conscious level, and the results of initial and subsequent 

haematological, biochemical and microbiological tests. The risks and benefits of LP were 

explained to parent(s)/guardian(s) by the attending ward paediatrician who carried out the 

procedure with regard for conventional indications (suspicion of meningitis, subarachnoid 

haemorrhage or other central nervous system disease) and contraindications (such as 

increased intracranial pressure or coagulopathy). 

3.1.3.3 Specific inclusion criteria for Chapter 11 

Genetic studies investigating the effect of host genetics on susceptibility to severe 

severe malaria used archived DNA from two previous studies performed at Modilon 

Hospital in addition to DNA obtained during the present study.  These studies were 

performed during the years 1993-6 (Study A),
197

 2003-4 (Study B)
189

 and 2006-9 (Study C 

– the present study). 
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The criteria for inclusion of severe malaria cases varied slightly between the three 

studies. For those recruited into Study A, the World Health Organisation (WHO) 1990
23

 

definition for severe childhood malaria was used whereas for Study B and C the 

contemporary WHO 2000
21

 definition.   

In the latter study, recruitment was restricted to children with severe malaria, a pre-

defined parasitaemia threshold (>1,000 P. falciparum/µL and >500 P. vivax/µL) and 

limited to children from Madang, Morobe and Sepik province. The parasitaemia cut-offs 

were based on local attributable fraction-based definitions of malaria episodes and were 

included to increase the specificity of case definition.
255

 All were aged between 6 months 

and 10 years old. 

For study A, recruitment was restricted to children with P. falciparum by light 

microscopy only and were initially treated with intramuscular quinine, followed by oral 

quinine and a single dose of sulphadoxine/pyrimethamine (SP).  In study B, children with 

severe malaria were given rectal artesunate or intramuscular quinine as part of a safety and 

efficacy trial, whilst in study C, children were given intramuscular artemether, followed by 

SP on day three and oral artesunate to complete a 7-day course of artemisinin derivatives. 

 

3.3.1.4 Specific inclusion criteria for Chapter 12 

To ensure improved specificity, a P. falciparum parasite threshold of >1,000/µL for 

severe and uncomplicated malaria cases enrolled in the quantitative PfHRP-2 study was 

applied. 
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3.1.3.5 Defining ethnicity 

The ethnicity of each child was defined according to the province of origin of his or 

her parents. Children with ethnicity defined as „Madang‟ or „Sepik‟ had both parents 

originating from these provinces, respectively.  „Mixed‟ ethnicity was defined as neither 

„Madang‟ nor „Sepik‟, but with both parents from one or other of Madang, Sepik or 

Morobe provinces.  The remaining children with ethnicity recorded were classified as 

„Other‟.   

3.3.2 Healthy controls 

Healthy controls were children been matched by age, sex, ethnicity and, where 

possible, village of residence, to children with severe malaria presenting to Modilon 

Hospital. They were therefore representative of the local population most vulnerable to 

malaria.  The age of the child was considered matched if the control was within 12 months 

of age of the index severe malaria case.  For the two studies from which archived DNA was 

used to undertake the genetic association study, controls were recruited using slightly 

different methods.   During study A, controls were recruited from the community soon after 

the recruitment of a severe malaria case and individually matched as closely as possible to a 

case for ethnicity, age, gender and residence.
256

  Controls for study B were recruited to the 

study 4 years after the original study had been performed and were matched by age and sex 

only. 

The concept of „normality‟ or „healthy‟ in developing countries has been considered 

philosophical,
257

 but can be defined as „not suffering significant illness‟ or being in 

„reasonable health‟.
258

 The children enrolled as healthy controls conformed to this 

definition in that they did not have i) a history of malaria within the previous fortnight, ii) 

current fever (axillary temperature >37.5°C), iii) respiratory distress (respiratory rate 
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>40/minute plus in-drawing of chest wall or dyspnoea), iv) impaired consciousness (BCS 

≤4),
223

 or v) a haemoglobin concentration <50 g/L. In this part of PNG, malarial 

parasitaemia without acute illness is common
259

 and therefore children with asymptomatic 

parasitaemia were included. Similarly, whilst children with mild to moderate anaemia are 

not considered to be in optimal health, anaemia represents part of the spectrum of normality 

in this epidemiological situation. Nevertheless, to minimise the effects of low haemoglobin 

on hematinic indices, only children with haemoglobin concentrations >100 g/L were tested 

for plasma ferritin, soluble transferrin receptor (sTFR) and vitamin B12. 

3.3.3 Uncomplicated malaria controls 

The children with uncomplicated malaria were recruited from the immunisation 

clinics, the Modilon Hospital Paediatric Outpatient Clinic and the nearby Alexishafen 

Health Centre, and were also matched by age, sex and province of parents‟ birth with the 

severe cases.  Age was considered matched if the control was within 12 months of age of 

the index severe malaria case.  They were defined as having uncomplicated disease by a 

history of, or current fever and either a positive RDT for malaria or presence of parasites by 

LM.  Uncomplicated malaria controls had no clinical signs indicating severe illness.   

For the PfHRP-2 study, 48 uncomplicated malaria controls were selected as per the 

severe cases, with a P. falciparum parasite threshold for inclusion into the study of  >1,000 

parasites/µL.  

3.3.4 Anthropometric Z-scores 

Anthropometric Z-scores for weight-for-age, height-for-age and body mass index 

(BMI)-for-age were calculated using World Health Organisation software.
260

  A BMI-for-

age Z-score <2.0 was considered indicative of wasting.
260

   



 96 

3.4 LABORATORY METHODS 

3.4.1 Blood sampling 

Where possible, between 5-10 mL of venous blood was obtained from each child 

with severe illness, whilst 4-6 mL were collected from healthy and uncomplicated malaria 

controls.  All bedside tests (see 3.4.2) were performed on this sample.  Venous blood (5mL) 

was collected into lithium heparin tubes (BD Vacutainer
®
, Beckton Dickenson, USA). 

Between 1-3 mL was placed in Bactec™ Peds Plus™/F bottles (Becton Dickinson, 

Franklin, USA).  Approximately 0.5 mL was placed in an EDTA Microtainer (Becton 

Dickinson, Franklin, USA) for full blood examination. After gentle mixing and prompt 

centrifugation, separated plasma was stored in 5 separate aliquots at -80°C until analysed.  

Red cell pellets, containing host and parasite DNA were stored at -20°C.   

3.4.2 Bedside Tests 

Haemoglobin and blood glucose were analysed using Glucose 201+ and Hb 201+ 

analysers, respectively, (HemoCue, Ängelholm, Sweden). Blood lactate was measured 

enzymatically using Lactate Pro™ (Arkray, Japan).  Hyperlactataemia was defined as a 

whole blood lactate ≥5 mmol/L and severe anaemia as haemoglobin <50g/L.   

Hypoglycaemia was defined as blood glucose ≤2.2 mmol/L.   

3.4.3 Malaria diagnosis 

3.4.3.1 Microscopy 

Giemsa-stained thick blood smears were examined independently by two skilled 

microscopists who were blinded to the RDT and nPCR results, with discrepancies 

adjudicated by a third microscopist. The peripheral blood parasitaemia was quantified by 

counting the number of malaria parasites per 200 leucocytes assuming a peripheral blood 

leucocyte count of 8,000/µL. 
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3.4.3.2 Rapid Diagnostic Tests 

The ICT Malaria Combo Cassette Test MR2 (ICT Diagnostics, Brookvale, 

Australia) was used throughout the study. This RDT detects PfHRP-2 and aldolase to 

diagnose P. falciparum and non-falciparum malaria species, respectively. All RDTs were 

stored, performed and read according to the manufacturer‟s instructions. The presence of a 

single PfHRP-2 and aldolase line was considered diagnostic of mono-infection with P. 

falciparum and P. vivax, respectively. A positive test for both antigens indicated either P. 

falciparum alone or mixed infection. 

3.4.3.3 Plasmodium species nested PCR 

After parasite DNA extraction (QIAamp 96 DNA Blood Mini Kit, QIAGEN, 

Valencia, CA), nPCR was performed
92

 to detect the presence of Plasmodium DNA and 

infecting plasmodium species. 

3.4.3.4 Plasmodium species quantitative PCR 

Positive samples for mixed P. falciparum/P. vivax infection were quantified by PCR 

(qPCR) using validated methods.
93

  Quantitative PCR was performed only on samples from 

children included in the post mortem brain biopsy study. 

3.4.3.5 Quantitative Plasmodium falciparum histidine rich protein-2 

PfHRP-2 was quantified in plasma using a commercially available enzyme linked 

immuno-sorbent assay (ELISA) kit (Celisa, Cellabs, NSW, Australia). The manufacturer‟s 

recommendations were followed with minor modifications.
116

 In each assay run, there was 

a standard curve of duplicate dilutions of recombinant PfHRP-2 protein of known 

concentration, duplicate phosphate-buffered saline-Tween diluent blanks, and at least 

triplicate dilutions of plasma samples. All samples were read spectrophotometrically at a 
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wavelength of 450 nm. The optical density readings for blanks were subtracted from those 

of plasma samples. A lower limit of detection was estimated by assaying plasma from 10 

expatriate Caucasian adults and three Melanesian clinicians who had never had malaria. 

The mean +3SD optical density for these samples corresponded with a PfHRP-2 

concentration of 0.15 ng/mL, a concentration that was on the linear part of the standard 

curve. Therefore, values below 0.15 ng/mL were considered negative.  When patients with 

clinical and microscopic evidence of malaria had plasma PfHRP-2 concentrations below 

0.15 ng/mL, the assay was repeated.  The inter-assay coefficient of variation was 10.3% 

3.4.4 Haematology 

A full blood count examination was performed on the majority of children with 

severe illness using the COULTER® Ac·T diff™ Analyzer (Beckman Coulter, Brea, USA).  

This analyser derives standard red cell parameters along with a total white cell count and 

three-parameter differential (polymorphs, lymphocytes and monocytes).  Proprietary 

reagents, calibrators and controls were used throughout in accordance with the 

manufacturers instructions.   

3.4.5 Biochemistry 

Plasma was assayed for concentrations of electrolytes, urea and creatinine, albumin 

and total protein, alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma 

glutamyl transferase (GGT), total bilirubin, calcium, phosphate, C-reactive protein (CRP), 

total cholesterol, triglycerides, creatine kinase, ferritin, soluble transferrin receptor (sTFR), 

vitamin B12, vitamin D and cystatin C. Other than vitamin B12 (Elecsys 2010, Roche 

Diagnostics, Mannheim, Germany), vitamin D (Liaison 25-OH Vitamin D Total Assay, 

Diasorin Inc., Stillwater, USA) and cystatin C (N Latex cystatinC kit, Siemens Healthcare 

Diagnostics, Newark, USA), all assays were performed on the COBAS INTEGRA
®
 800 
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platform (Roche Diagnostics, Mannheim, Germany) using reagents supplied by the 

manufacturer. Compensated plasma creatinine values are reported and were automatically 

calculated in accordance with the manufacturer‟s instructions. The lower limit of detection 

for plasma creatinine was 18 µmol/L. Corrected plasma calcium concentrations were 

calculated using the formula Cacorrected= Cameasured + ((40-Albumin) x 0.02)).
261

 Assays were 

monitored for accuracy and imprecision using appropriate internal quality 

control procedures and, with the exception of cystatin C, through proficiency testing as part 

of the Quality Assurance Programme of the Royal College of Pathologists of Australasia. 

The laboratories were accredited by the National Association of Testing Authorities as 

satisfying the requirements of ISO15089:2003. 

Based on locally derived reference intervals from healthy children (Chapter 9), 

metabolic acidosis was defined as a plasma bicarbonate <12.2 mmol/L, 

hyperbilirubinaemia as a plasma bilirubin >35 µmol/L, an acute inflammatory response as a 

plasma CRP >64 mg/L and significant liver inflammation as a plasma ALT >90 IU/mL 

(twice the upper limit of the reference interval). Schwartz‟s formula was used to estimate 

creatinine clearance (CrCl),
262

 with impaired renal function defined as a CrCl<75 mL/min. 

Vitamin A concentrations were measured by high performance liquid 

chromatography with UV detection (wavelength =325nm) following protein precipitation 

and liquid-liquid extraction. An internal standard (retinol acetate) was used to correct for 

extraction recovery. 

Red cell folate concentrations were measured using 20µL red cell pellet  (Immulite 

2000, Siemens Healthcare Diagnostic Ltd, Llanberis, United Kingdom). 
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Vitamin B12, folate, vitamin A deficiencies were considered present if 

concentrations were less than 150pmol/L, 260 pmol/L and 0.7µmol/L, respectively.  Iron 

deficiency was defined as a ratio of soluble transferrin receptor to the log10 of ferritin 

greater than 5.6.
149

  

3.4.6 Bacteriology 

3.4.6.1 Blood cultures 

When sufficient blood was available from the admission venepuncture after the 

above tests, 1-3 mL was placed in Bactec™ Peds Plus™/F bottles (Becton Dickinson, 

Franklin, USA) and incubated using an automated Bactec™ system. 

3.4.6.2 Cerebrospinal fluid analysis 

Cerebrospinal fluid was examined using standard methods.
251

 An adjusted white 

cell count (WCC) of ≥20/mm
3
 was considered evidence of meningeal inflammation.

132
 If 

≥10 WCC/mm
3
 were present, CSF was centrifuged and the sediment used to prepare a slide 

for Gram‟s stain. An aliquot of sediment was inoculated on to chocolate agar plates and 

incubated in 5% CO2 for up to 72 hours. An Indian ink stain was performed on all samples 

with >10 lymphocytes/mm
3
. CSF samples with ≥10 WCC/ mm

3 
and no cultured pathogen 

underwent latex agglutination testing (Wellcogen™, Remel Europe Limited, UK) for S.  

pneumoniae (SP), Hib and Neisseria meningitidis. Cerebrospinal fluid (CSF) obtained at 

LP was examined macroscopically and microscopically,
251

 and semi-quantitative glucose 

and protein concentrations obtained by urine dipstick (Acon Laboratories, San Diego, 

USA).
263

  

Patients were categorised as i) proven bacterial/fungal meningitis (CSF WCC ≥20 

cells/mm
3
 plus a positive culture from CSF or blood, a positive latex antigen test, or 
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Cryptococcus gattii identified on Indian ink CSF staining), ii) probable meningitis (CSF 

WCC ≥20 cells/mm
3
 together with negative CSF culture, negative latex antigen test and no 

Cryptococcus gattii identified on Indian ink staining, or iii) neither proven nor probable 

meningitis. 

3.4.6.3 Identification and susceptibility of bacterial isolates 

Bacterial isolates from blood/CSF cultures were identified using standard 

procedures.
251

 Coagulase-negative staphylococci, Corynebacterium and Bacillus spp. were 

considered contaminants. 

Preliminary SP identification was through presence of Gram-positive cocci forming 

flat, alpha-haemolytic colonies with a >14 mm inhibition zone around optochin discs. 

Small Gram-negative cocco-bacilli showing preferential growth on chocolate agar were 

assumed initially to be H. influenzae. Invasive bacterial isolates were stored frozen in skim-

milk broth until confirmatory identification, serotyping and susceptibility testing were 

performed. Susceptibilities to antibiotics including chloramphenicol and ceftriaxone were 

determined using the Kirby-Bauer disc diffusion method.
264

 The minimum inhibitory 

concentrations (MIC) of Hib and SP to penicillin antibiotics, chloramphenicol and 

tetracycline were determined using e-test strips (AB Biodisk, Solna, Sweden). 

3.4.7 Virology 

For the subset of patients included in the severe anaemia study, plasma was assayed 

for Parvovirus B19 IgM (Biotrin International, Blackrock, Ireland) and for viral DNA using 

two specific oligonucleotide primers as described elsewhere.
156

 The presence of either 

detectable parvovirus B19-specific IgM or DNA was considered to indicate evidence of 
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recent infection.
162

 Serological testing for HIV was not performed routinely as part of study 

procedures.    

3.4.8 Post mortem brain tissue sampling and histopathology 

3.4.8.1 Supra-orbital biopsy procedure 

Post mortem brain tissue was obtained using a bone marrow biopsy needle via a 

supra-orbital approach.
51

  In addition to samples taken for Giemsa staining, additional 

pieces of brain tissue were stored in formalin and liquid nitrogen. The tissue was 

homogenised for DNA extraction (DNeasy Blood & Tissue Kit, QIAGEN, Valencia, CA, 

USA) prior to nPCR. 

3.4.8.2 Giemsa staining of brain tissue 

Small fragments of brain tissue were placed between two slides, gently squashed, 

stained with 2.5% Giemsa for one hour before microscopic examination. 

3.4.8.3 Histopathological examination of brain tissue 

Formalin-fixed tissue was embedded in paraffin, sectioned and stained with 

haematoxylin and eosin (H&E), Gram‟s, Giemsa and silver stain prior to microscopy.  

Histological examination pathological specimens were performed by a specialist neuro-

pathologist in a laboratory accredited by the National Association of Testing Authorities. 

3.4.9 Artemether and dihydroartemisinin assay 

When the LP was performed, an initial CSF aliquot was taken for microscopy for 

cell count, protein, glucose and bacteriological studies,
251

 and a heparinised venous blood 

sample and an additional CSF aliquot were taken for artemether and dihydroartemisinin 

assay. The blood sample was centrifuged promptly. The separated plasma and second CSF 
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aliquot were protected from light and stored at -80°C prior to assay.  The high performance 

liquid chromatography (HPLC) assay was performed using published methods.
265

 

HPLC-grade acetonitrile (Merck Pty Ltd, Kilsyth, Australia), tert-butyl chloride, 

ethyl acetate, glacial acetic acid and formic acid (Merck, Darmstadt, Germany), and 

ammonium formate (Sigma-Aldrich Company Ltd, Gillingham, UK) were used. Other 

solvents and chemicals were of analytical grade. Synthetic CSF (Harvard Apparatus, 

Holliston, USA) was used to assess CSF matrix effect. Artemether (AAPIN Chemicals Ltd, 

Abingdon, UK), DHA and artemisinin (Sigma Chemical Co, St Louis, USA) were used as 

internal standards and stock solutions (1 µg/L in methanol) were prepared separately and 

stored protected from light at -80°C. Working standard dilutions were prepared from the 

primary stock at 0.1, 1, and 10 µg/mL. Calibration curves (2-200 µg/L) were constructed 

for DHA and artemether by spiking of blank plasma or blank synthetic CSF. Quality 

control samples were prepared in blank plasma or blank artificial CSF at concentrations of 

10, 20, 50 and 200 µg/L, and also stored at -80 °C prior to use. 

Artemether and DHA were extracted as previously described,
265

 with the following 

modifications. Solid phase extraction (SPE) Bond Elut 
® 

PH columns (Varian Inc, Palo 

Alto, USA) were pre-conditioned with 1ml of methanol followed by 1ml of 1M acetic acid.  

Plasma and CSF (0.5 mL) were spiked with internal standard (artemisinin 100 µg/L) and 

loaded on to the SPE column and drawn through with a medium vacuum. The column was 

then washed twice with 1M acetic acid (1 mL), followed by 20% v/v methanol in 1M acetic 

acid (1 mL). The column was dried under low vacuum for 30 min and the retained drugs 

eluted using 2 mL t-butyl chloride: ethyl acetate (80:20% v/v). The eluate was then 

evaporated in a vacuum evaporator at 35°C and reconstituted in 50 µL mobile phase and 

kept overnight to equilibrate the α and β anomers of DHA.
265

 Only the α-anomer was used 
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for quantification. The injection volumes for plasma and CSF samples were 10 µL and 20 

µL, respectively.  

The liquid chromatography-mass spectrometry (LC-MS) system was a single quad 

mass spectrometer (Shimadzu, Kyoto, Japan) consisting of a binary pump, vacuum 

degasser, thermostated autosampler, thermostated column compartment, photodiode 

detector and mass analyzer with both electrospray ionization (ESI) and atmospheric 

pressure ionization systems (APCI). Assays were performed in isocratic mode with 20 mM 

ammonium formate (pH 5):acetonitrile in 0.1% formic acid (40:60) at a flow rate of 0.2 

mL/min. Chromatographic separation was undertaken at ambient temperature on a Synergy 

fusion-RP C18 (150 mm x 2.0 mm i.d.) column coupled with a 4 mm x 3 mm i.d., 5 µm 

particle C18 guard column (Phenomenex, Lane Cove, Australia). Retention times were 4.5 

min, 7.5 min and 12.7 min for DHA, artemisinin and artemether respectively. Optimised 

mass spectra were acquired with an interface voltage of 4.5 kV, a detector voltage of 1 kV, 

a heat block temperature of 400°C and a desolvation gas temperature of 250°C. Nitrogen 

was used as a nebulizer gas at a flow rate of 1.5 L/min and dry gas flow of 10 L/min.  

All authentic DHA, artemisinin and artemether standard solutions were first 

scanned from m/z 100-500 in ESI and APCI positive mode, as well as combined ESI and 

APCI (DUIS) mode to identify the abundance of ions corresponding to the respective 

drugs. The base peak intensities of all three modes were compared, and DUIS mode gave 

highest signal intensity. Therefore, quantitation was performed by selected ion monitoring 

(SIM) using the DUIS mode. The predominant fragmented ions m/z 221 for artemether and 

m/z 221 for DHA were used for quantitation.
266

 For artemisinin, m/z=283
 
was monitored.  
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Standard curves for both plasma and synthetic CSF were linear (r
2
 ≥0.999). 

Chromatographic data (peak area ratio of DHA:artemisinin and artemether:artemisinin) 

were processed using the LAB Solution software package (Version 5, Shimadzu, Japan). 

Using methodologies described elsewhere,
267

 there was no matrix effect (ion 

suppression/enhancement) observed in plasma or CSF. Method performance for both 

assays, assessed as intra- and inter-day relative standard deviations across relevant 

concentration ranges, was similar to that published previously.
71, 265

 Inter-day accuracies of 

QC assays were within 15% of nominal values on all occasions. The limits of quantification 

and detection for plasma DHA, plasma artemether, CSF DHA and CSF artemether were 2 

and 1 μg/L, 5 and 2 μg/L, 1 and 0.5 μg/L and 2 and 1 μg/L, respectively.  

3.4.10 Host genetic polymorphisms 

The DNA samples were shipped to the MalariaGEN Resource Centre in Oxford 

where they underwent whole genome amplification through Primer Extension Pre-

amplification (PEP), before genotyping on a Sequenom Mass Array genotyping platform. A 

total of 70 malaria candidate SNPs including 7 X-linked SNPs and 2 SNPs employed to 

infer ABO blood type were genotyped (see www.malariagen.net for details).  

In-house genotypic tests for red cell polymorphisms that are common in coastal 

Melanesian populations were performed.  These included 3.7-Kb and 4.2-Kb -globin 

deletions associated with +-thalassemia, a 27bp deletion associated with South Asian 

Ovalocytosis (SAO), a 3bp deletion in glycophorin C (GLYC) and genotyping of 

complement receptor-1 (CR1).  The methods for the genotypic assays are described in 

detail elsewhere.
268-271

 Alpha-thalassaemia genotypes were defined as wild type, 

heterozygote or homozygote regardless of whether the 3.7-kb or 4.2-kb deletion was 

present.   
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3.5 TREATMENT OF SEVERE ILLNESS 

Inpatient management, including the decision to perform LP, was co-ordinated by 

attending ward clinicians under PNG national guidelines
254

 and included intravenous 

dextrose/saline and antibiotics (chloramphenicol 25 mg/kg by intramuscular injection 6-

hourly), intramuscular artemether (3.2 mg/kg on admission and 1.6 mg/kg daily until oral 

antimalarial therapy could be tolerated), and blood transfusion if required (in the absence of 

cardiovascular compromise, at a haemoglobin <40 g/L). 

From late in 2008 when all Hib isolates were found to be chloramphenicol-resistant, 

parenteral ceftriaxone 50 mg/kg twice daily was administered as initial therapy for all 

children if CSF features suggested ABM, with reversion to chloramphenicol if cultures 

were negative. Although not specified in national recommendations, a similar strategy has 

been successfully applied in PNG research settings previously.
272

 Dexamethasone was not 

routinely given in conjunction with the first dose of antibiotics. Children without proven 

meningitis who did not respond to two weeks of antibiotic therapy were given empiric anti-

tuberculosis treatment.   

Children with severe anaemia were treated in accordance with local standard 

treatment guidelines.    In addition to the routine use of anti-malarials, anti-helminthics and 

iron/folate supplementation, transfusion of HIV-negative blood was available and 

recommended for all children with Hb <40g/L and children with Hb 40-50g/L and signs of 

haemodynamic compromise.
253

 

Each child was reviewed at least daily until discharge/death. At discharge and, 

where possible, at the child‟s home two months post-discharge, the presence of residual 

neurologic deficits was assessed. 
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3.6 DATA MANAGEMENT 

All case reporting forms were checked for completeness and consistency by the 

study clinicians, prior to transport to the PNGIMR in Yagaum for data entry and archiving.  

The clinical data were double entered by PNGIMR data management unit.   This process 

had an internal validity check with intuitive restrictive ranges placed on continuous data.  

All inconsistent or discordant results between the two entries were checked by a data 

manager and resolved by consensus with the study clinicians.   

Genetic, biochemistry and haematology data were subsequently merged into final 

database(s) for subsequent analyses.    

3.7 STATISTICAL METHODS 

3.7.1 Basic statistical methods 

Unless otherwise detailed below, the statistical program R
273

 was used for statistical 

analyses.   GraphPad Prism (version 5.0 for Mac) was used to produce some of the 

graphical figures.  Descriptive data are presented as median and inter-quartile range [IQR]. 

Comparisons of variables between groups were predominantly by non-parametric tests as 

appropriate, with post hoc between-group adjustments by Dunn‟s test or Bonferroni‟s 

correction for continuous or categorical variables, respectively.  Odds ratios (OR), 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) 

are presented with 95% confidence intervals (CI). Positive (LR+) and negative (LR-) 

likelihood ratios were also calculated.  

Unless otherwise specified, multivariate analyses were performed using backward 

stepwise logistic regression. Candidate variables were included based on biological 

plausibility or P<0.10 or P<0.20 on bivariate regression analysis. The most parsimonious 
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logistic regression model was chosen using the minimum Aikake‟s Information Criterion 

(AIC) after the removal of each variable. A two-tailed significance level of P<0.05 was 

used throughout.   

3.7.2 Latent class models to determine diagnostic utility of malaria rapid diagnostic 

tests 

A latent class model using R
273

 and JAGS
274

 was performed. In brief, all three 

diagnostic tests were incorporated into a multinomial model incorporating eight (2
3
) 

possible response profiles.  These are denoted in the text and figures by a „+‟ or „-‟ for each 

test.  Therefore, „+++‟ is indicative of a positive test by nPCR, LM and RDT, respectively.  

Each diagnostic test was considered independent and conditional on the latent class (disease 

or no disease). In LCM, the true disease state of each individual is unknown. The model 

code is shown in Figure 33.  Formal model fitting was performed using Markov-Chain-

Monte-Carlo (MCMC) simulations using a Gibb‟s Sampler (R package: rjags).
274

 Non-

informative priors were used and, after 30,000 iterations, adequate convergence for the 

MCMC simulation was assessed visually using a Gelman-Rubin-Brooks plot and by using 

the Gelman diagnostic test. In addition, overall LCM fit was assessed using a Bayesian P-

value comparing observed and calculated frequencies together with graphical 

representations for each response profile. 
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Figure 33. BUGS code for Bayesian latent class model  

 

 

3.7.3 Pharmacokinetic modelling 

Log concentration versus time datasets for artemether in plasma and CSF and DHA 

in plasma were analysed by nonlinear mixed effect modelling using NONMEM (version 

6.2.0, ICON Development Solutions, Ellicott City, MD, USA) with an Intel Visual 

FORTRAN 10.0 compiler. A Laplacian method with interaction was utilised for modelling. 

The minimum value of the objective function (OFV) and weighted residuals plots were 

used to choose suitable models during the model-building process. Allometric scaling was 

used, with volume terms multiplied by (WT/70)
1.0

 and clearance terms by (WT/70)
0.75

.
275

 

Residual variability was estimated as additive error for the log-transformed data.  
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Because there was only one plasma data point per patient, it was not possible to 

simultaneously estimate the between subject variability (BSV) and the residual variability 

(RV).
276

 Therefore, to facilitate model building, RV was set initially to 10% for plasma 

compartments while no BSV was estimated for the CSF compartment. Initially, artemether 

levels in plasma were analysed with one- and two-compartment models combined with 

zero- and first-order absorption and first-order elimination. Once a suitable model for 

plasma artemether alone was found, a CSF compartment was added and concentrations in 

CSF modelled by estimating the ratio of CSF:plasma artemether. As a large percentage 

(61%) of observations in the CSF compartment were below the limit of quantification (LQ), 

a previously described method
277

 was used to enable estimation of parameters. Finally, an 

additional compartment was added for DHA in plasma. A CSF compartment for DHA was 

not added as only two patients had measurable levels of CSF DHA. Where possible, BSV 

and correlation between BSV terms were estimated. A covariate versus parameter plot was 

used to explore possible covariate relationships in plasma compartments. As no BSV was 

estimated in the CSF compartment, covariate effects were evidenced by a pattern in 

covariate versus weighted residuals plots. 

 A bootstrap procedure using 1,000 new datasets was used to facilitate validation of 

the final model parameter estimates. A visual predictive check (VPC) was used to assess 

the predictive performance of the model for the plasma compartments while for CSF a 

numerical predictive check (NPC) for was used, both using 1,000 simulated replicate 

datasets. The NPC was assessed by comparing the number of observations below the LQ in 

the original data set with the simulated data. Finally, a sensitivity analysis was performed 

for RV in both plasma compartments as they were fixed during the modelling procedure. 
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3.7.4 Reference intervals  

Statistical methods from published guidelines were applied to development of PNG-

specific reference intervals that were defined as from the 2.5
th

 to 97.5
th

 centile.
278, 279

 

Outlying values were removed using Dixon‟s Outlier Statistic or the one-third rule.  For 

each analyte, the D‟Agostino and Pearson method was applied to test for a normal 

distribution for both raw data values and, when appropriate, log-transformed values.
280

 

However, because only four of 24 analytes tested were normally distributed after log-

transformation, non-parametric methods were applied to determine reference intervals for 

all parameters.
279

  

Reference intervals for biochemical analytes change with age, particularly in the 

early years.
281-283

 Due to the present sample size, it was possible to test for more than two 

age partitions that included more than the recommended 120 children in each group. As an 

alternative approach, a number of clinically relevant partitions for age-specific reference 

intervals were derived. The youngest 123 children (aged 12-35 months) were partitioned 

from the remaining children aged 36-120 months. A second partition was applied to include 

children aged 1-5 years, primarily to enable an appropriate comparison with studies in 

African children but also because the majority of antimalarial efficacy and pharmacokinetic 

studies and associated safety monitoring performed in PNG involve this age group.   

Reference intervals were determined separately by sex and the presence or absence 

of malaria parasites on microscopy.  Partitioning tests to define a separate reference interval 

for each group were applied if the difference between the means or medians for each 

partition was >25% of the calculated reference interval of the whole sample.
279, 284

 If the 

difference between medians was less than <25%, a single reference interval was reported. 

Sample sizes for reference intervals were above the recommended numerical threshold of 
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120 for each individual test and within those intervals selected for partitioning
279, 285

 with 

the exception of vitamin D, ferritin, sTFR, vitamin B12 and cystatin C (where 97, 115, 116, 

100 and 98 values were available, respectively).  

Paediatric reference intervals for industrialised countries
282, 286-288

 and, in the case of 

ALT, bilirubin, creatinine, sTFR and CRP, for African children
281, 289, 290

 were obtained 

from published data. Where these data contained different age-specific reference 

intervals,
282

 comparable age ranges were selected from the children in the present study to 

allow direct comparison. This included those aged 1-5 years, an age range used commonly 

in African studies. The level of agreement between the calculated reference interval and 

African and western paediatric reference intervals was evaluated with the Kappa statistic 

and interpreted using criteria proposed by Landis and Koch.
291

  

3.7.5 Multivariate linear regression analysis for PfHRP-2 study 

The computer package SPSS for Windows (version 15.0) was used for statistical 

analysis. Data are presented as proportions, mean ± SD, geometric mean (SD range), or, in 

the case of variables which did not conform to a normal or log-normal distribution, median 

[inter-quartile range, IQR]. Comparisons of variables between groups were by parametric 

or non-parametric tests as appropriate. Multivariate analysis was by forward stepwise linear 

regression with choice of independent variables based on biological plausibility and/or 

P<0.10 on bivariate regression analysis.  

3.7.6 Analysis of genetic associations   

Allele frequency and genotype distributions were calculated using R (package: 

genetics). An estimated sample size of ~500 cases and controls and a target significant P-

value of <0.001 was required to have a statistical power ~80% to detect a genotypic relative 
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risk of ~2 for all models except a recessive model.
292

   On this basis, a lower minor allele 

frequency (MAF) threshold of 5% was set for inclusion into the analytical framework.  

Patients with missing data in more than 50% of typed SNPs were excluded from further 

analysis. Departure from Hardy-Weinberg equilibrium was tested in healthy controls and 

depicted using a ternary plot.
293

   

For genes or chromosomes with more than one SNP included in the analysis, two 

haplotypes were imputed for each participant using fastPHASE.
294

  Haplotypes with a 

frequency <5% were also excluded from any further analysis. 

Allelic-based associations between cases and controls were calculated using Chi-

squared and Fisher‟s Exact tests for all severe cases and individual phenotypes, 

respectively.   Haplotypic associations between cases and controls were analysed 

concurrently with allelic based testing.   

Statistical associations between genotype frequency amongst cases and controls 

were initially screened using a Chi-squared test for independence.  In addition to the 

MalariaGEN SNPs, SAO, alpha-thalassaemia and ABO blood groups were analysed in the 

same way. Following this, allelic or genotypic loci with P-values <0.01 were explored 

further by defining the optimal genetic model (dominant, recessive, additive or 

heterozygote advantage) on the basis of the lowest Aikake‟s Information Criterion (AIC).
295

  

Once the best genetic model was defined, logistic regression was performed 

incorporating potential confounders (age, sex, ethnicity, study [A, B or C]) before reporting 

odd ratios for effect size.  
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3.7.7 Multiple imputation of missing data  

Missing data are a common problem for complex datasets where demographic, 

clinical and detailed laboratory data are brought together for analysis.  In conventional 

logistic regression models, a subject with a single missing piece of data drops out of the 

model, thereby losing all the valid data for that individual.  Ad-hoc methods such as 

substituting a missing value with a mean or median value creates serious biases for variance 

and co-variance.
296

  One alternative to ad-hoc methods is multiple imputation (MI), where 

each missing value is imputed a number of times (commonly five) using informative prior 

knowledge of the distribution (categorical, nominal or continuous) of each variable.   The 

output from MI consists of a number of complete datasets. One major advantage of dealing 

with complete datasets is that it allows refinement of logistic regression models through 

meaningful comparisons of AIC and by allowing statistical testing between comparable 

models. 

Some of the children recruited into the larger cohort had at least some missing data 

due to factors such as difficulty with venesection or complicated laboratory assays (such as 

alpha-thalassemia genotype testing).  In order to retain individuals in multivariate analyses 

and utilise include as much data as possible, missing data were imputed using a 

multivariate imputation method (R package: AMELIA).
296

 This method was used for 

multivariate analysis in the severe anaemia case-control study (Chapter 13) and in overall 

logistic regression model exploring risk factors for mortality across the entire cohort of 

severely ill children (Chapter 4). Briefly, each variable of interest was defined as nominal 

ordinal, or continuous.  Non-parametric, continuous variables were log-transformed and 

intuitive constraints placed on the possible output data.   For example, values for measured 

analytes could not have a value less than zero. Following imputation, AMELIA provides 
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visual diagnostics that ensures that the imputed data is representative of measured data.  

The output from AMELIA consists of 5 complete datasets.   Missing data for cases and 

controls were imputed separately.  

Logistic regression modelling was then performed on each of the 5 imputed datasets 

and the final adjusted odds ratios determined by calculating the mean from each models.
297

 

3.7.9 Partial attributable risks for severe anaemia case-control study 

After combination of the 5 imputed datasets, the partial attributable risks for 

multiple exposure factors and confounders were estimated using the R package pARccs. 

Confidence intervals were estimated using a non-parametric bootstrapping procedure. This 

methodology and program is described in detail elsewhere.
298, 299
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RESULTS 

Chapter 4: Severe illness in Papua New Guinean children: aetiology, the 

impact of malaria status and risk factors for mortality 
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4.1 INTRODUCTION 

Papua New Guinea has the highest infant and childhood mortality in the Pacific 

Region.  The World Health Organisation estimates an infant mortality of 70 per 1000 live 

births and an under-5 mortality of 94 per 1000 live births (Figure 1).
15

 There has been a 

„slow and steady‟ decline in mortality rates over the last 40 years.
16

 The reported mortality 

rates for PNG given by the WHO are based on longitudinal community-based studies 

performed in highland areas in the 1980s,
2
 but there have been no prospective hospital-

based studies of the aetiology of mortality in areas of Papua New Guinea where malaria is 

hyper-endemic. In particular, the role and impact of malaria as a cause of admission to 

hospital and mortality is unclear.  Most children or adults presenting with severe febrile 

illnesses in areas with similar malaria epidemiology will have a diagnosis of malaria made 

and receive treatment for malaria regardless of the results of malaria diagnostic tests or 

without these tests being performed at all.
54, 58

 In a similar fashion, mortality is often 

ascribed to malaria without a formal diagnosis ever being made.
54

   

The main consequence of routine over-diagnosis of malaria in patients is that 

alternate diagnoses such as pneumonia, gastroenteritis, meningitis or encephalitis may not 

be considered in children presenting with respiratory distress, dehydration or neurological 

signs, respectively.
300

  In addition to the negative clinical impact on individual patients, 

malaria over-diagnosis may distort health statistics, thereby diverting limited health 

resources from other conditions.   

Despite concerns relating to over-diagnosis, the assessment of malaria as a cause of 

admission and mortality is complicated by the limited sensitivity and specificity of LM as a 

diagnostic test
70

 and the effect of incidental malaria parasitaemia found commonly in 

children in areas of high malaria transmission.  To overcome the former problem, newer 
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PCR-based methods improve the sensitivity of parasitological diagnosis of severe malaria 

and can be used to confirm a malaria diagnosis made by LM and help identify the infecting 

Plasmodium species.
145

   

Asymptomatic parasitaemia is a common finding in malaria-endemic areas and may 

be present in >25% of otherwise healthy children in Madang Province.
248

   One 

epidemiological approach that accounts for incidental asymptomatic parasitaemia is to 

define malarial attributable fractions (MF) by applying parasite thresholds.  As parasitaemia 

increases, so does the likelihood that the child presenting with severe disease has „true‟ 

severe malaria.  Studies of MF in severe disease performed in Kenya demonstrate that MFs 

are age-, and transmission specific, as well as dependent on the presenting features of the 

admitted child.  In a „relatively low‟ transmission Kenyan setting, where 25% of healthy 

children had asymptomatic parasitaemia, applying a threshold of „any parasitaemia‟ (>0 

parasites/µL) by LM had MFs for severe malaria of ~90-100% across all age groups.
301

   

With new, highly sensitive molecular testing, data exploring the clinical relevance 

of sub-microscopic infections where LM is negative, but PCR is positive, are limited to a 

small number of studies.  Sub-microscopic infections have been associated with low 

birthweight in babies of pregnant women
146

 and the maintenance of humoral responses to 

malarial antigens,
147

 but were not associated with poor outcomes in African children with 

uncomplicated febrile illness when antimalarials are withheld.
148

 

There are no data on the clinical features or impact of submicroscopic infections in 

the context of severe illness. In this clinical setting, a positive nPCR result may be a 

consequence of the release of Plasmodium DNA from non-viable parasites following prior 

treatment with antimalarials, be associated with deep tissue sequestration of late stage 
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parasites in the vasculature (false-negative LM) or as an incidental finding in a child with 

an alternative diagnosis and „asymptomatic infection‟.  

The aim of the present study was to describe the clinical features and prognosis of 

children admitted with severe illness according to malaria status. The pattern of clinical and 

laboratory features of sub-microscopic  (indeterminate) infections were of particular 

interest.  In light of the MFs described in a similar transmission setting, a LM threshold of 

any parasitaemia (>0 parasites/µL) was applied with confirmation of the presence of 

Plasmodium DNA by nPCR incorporated as a diagnostic prerequisite to improve 

specificity.  

Additionally, in the context of malaria status, independent risk factors for mortality 

across the entire cohort were also sought.  Potential risk factors for mortality included 

simple clinical features as described elsewhere,
12

 as well as laboratory values and point-of-

care testing such as blood lactate that might help health care workers identify those children 

at highest risk of death.   

4.2 METHODS 

The methods of this study including patient recruitment, laboratory testing and 

statistical methods are detailed in Chapter 3.  Children were categorised by malaria status 

as having i) confirmed severe malaria (asexual parasitaemia by light microscopy [LM+] 

and plasmodium species identified by nPCR [PCR+]), ii) indeterminate or sub-microscopic 

infection (LM-, PCR+) or iii) non-malarial severe disease (LM-, PCR-).   

The residential location of each child was determined by name of the nearest large 

village („bikpela ples‟) and settlement („liklik ples‟).  The Global Positioning System (GPS) 

co-ordinates of each child’s home village were then obtained from an online database.
302
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Co-ordinates were then plotted on a scatter plot, weighted to the number of children and 

overlaid on a provincial map.   

In order to further explore the relationships between the clinical and laboratory 

features of children according to malaria status, principal component analysis (PCA) was 

performed using R (package: bpca).
303

 Briefly, continuous variables strongly associated 

with differences between the malaria status groups were included in the PCA and values 

were log transformed to approximate normal distributions.    The final PCA included 

log(age), log(Hb) and log(lactate). Results were visualised in a 3 dimensional space with 

principal components 1,2 and 3 on the x, y and z axes, respectively.   

4.3 RESULTS 

4.3.1 Patient recruitment 

Of 4360 children admitted during the study period, 3019 were aged between 6 

months and 10 years and were screened for inclusion into the study. Eight hundred and 

forty three had at least one clinical feature indicative of severe illness and were formally 

enrolled into the study.  This included 340, 156 and 324 with confirmed malaria, 

indeterminate or non-malarial severe illness, respectively (Figure 34).  A further 23 

children did not have PCR results available so formal categorisation of malaria status could 

not be undertaken.   
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Figure 34. Consort diagram of hospitalised children with severe illness according to malaria 

status and subsequent mortality 

 

4.3.2 Residential location of children with severe illness 

Most (96%) children had a village name that could be mapped using published GPS 

co-ordinates.   The location of each child is shown in Figure 35.  The majority of children 

admitted to the hospital came from Madang town, the surrounding villages or peri-urban 

settlements.  Many of the remaining children resided along the North Coast and Lae 

highways. 
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Figure 35. Locations of the home villages of children recruited to the study   

The size of the green circles is proportional to the number of children from each village. 

 

4.3.3 Clinical features and diagnosis according to malaria status 

The clinical features of severely ill children according to malaria status are shown 

Table 6.  The clinical features and prognosis of children with severe malaria according to 

Plasmodium species are presented in Chapter 5.  For children with an indeterminate malaria 

status or severe non-malaria, the presumptive primary diagnosis based on clinician (LM) 

review of the prospectively collected datasets is shown in Table 7.  Of note, amongst 

children without confirmed malaria, there were 2, 2 and 21 cases of confirmed severe 

dengue infection, cryptococcal meningitis in immunocompetent children and sub-acute 

sclerosing panencephalitis (SSPE), respectively.  Children with the latter two conditions are 

described in detail within publications that are not included in the present thesis.
304, 305
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With the exception of age (where children with non-malarial disease were younger), 

children with indeterminate malaria status had similar demographic indices to both malaria 

and non-malarial disease.  There was a high rate of previous antimalarial use (48%) when 

compared to the severe malaria group (25%), but similar to non-malarial severe illness 

(43%). Many clinical features (axillary temperature, splenomegaly, haemoglobin, blood 

lactate, plasma bicarbonate, blood glucose) were not different between children with 

indeterminate and non-malarial severe illness.  For other clinical features (malnourishment 

and respiratory distress), the proportions for children with indeterminate malaria status 

were between those for malaria and non-malarial severe illness.   

Comparing clinical diagnoses across these two groups, the proportions of a 

syndrome consistent with malaria or undifferentiated severe illness were significantly 

higher in the indeterminate group (14.1% versus 0.0%, P<0.0001 and 9.0% versus 2.2%, 

P=0.0013, respectively) whilst respiratory tract infections, tuberculosis and multiple 

convulsions/epilepsy were more common in children with non-malarial illness.    All other 

diagnoses occurred equally frequently in both groups.  In particular, this included acute 

bacterial meningitis, gastroenteritis, severe anaemia, encephalopathy, SSPE, renal disease 

and haemolytic anaemia.   

The proportion of children dying or discharged with neurological disability was 

significantly different according to malaria status.  Six (1.8%) and nine (2.6%) children 

with malaria died or were discharged with neurological disability, respectively, whereas 

children with indeterminate (9.6% and 18.6%, respectively) or non-malaria illness (11.4% 

and 15.4%, respectively) had significantly higher proportions.  
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The 3-dimensional plot for the PCA of the entire cohort is shown in Figure 36 and 

magnified in Figure 37.    The pink, green and yellow markers denote individual patients 

with malaria, sub-microscopic infection and non-malarial severe illness, respectively.  The 

malaria (pink markers) and non-malarial illness yellow (markers) segregate well in the PCA 

space.  The green markers representing sub-microscopic infections are found in regions 

together with malaria and non-malarial illness.  Another PCA demonstrating data from only 

children who died is shown magnified in Figure 38.   

  



 126 

 Severe Malaria 
(n=340) 

Indeterminate 
(n=156) 

Severe non-
malaria 
(n=324) 

P-value 

Demographics     

Age (months), median (IQR) 40 (29-59) 37.5 (18-67) 28.5 (12-71) 0.0001 

Male sex, n (%) 190 (55.9) 82 (52.6) 188 (58.0) 0.52 

Ethnicity  

   Madang or Sepik, n (%) 

   Other, n (%) 

 

296 (87.1) 

44 (12.9) 

 

125 (80.1) 

31 (19.9) 

 

262 (80.1) 

62 (19.9) 

     0.08 

Maternal education  

   No education or elementary, n (%) 

   Primary, n (%) 

   Secondary or tertiary, n (%) 

 

109 (32.1) 

170 (50.0) 

50 (14.7) 

 

59 (37.8) 

72 (46.2) 

15 (9.6) 

 

93 (28.7) 

165 (50.9) 

56 (17.3) 

0.08 

Adopted, n (%) 31 (9.1) 10 (6.4) 24 (7.4) 0.61 

Death of sibling, n (%) 71 (20.9) 38 (24.4) 63 (19.4) 0.46 

Maternal fertility, number of children (IQR) 4 (2-5.25) 4 (3-6) 4 (2-5) 0.10 

Reported bednet use, n (%) 281 (82.6) 123 (78.8) 255 (78.7) 0.45 

Completed vaccination schedule, n (%) 173 (50.9) 88 (56.4) 121 (37.3) 0.002 

Malnourished, n (%) 26 (7.6) 24 (15.4) 84 (25.9) <0.0001 

Recent antimalarial use, n (%) 96 (28.2) 75 (48.1) 140 (43.3) <0.0001 

Recent antibiotic use, n (%) 48 (14.1) 32 (20.5) 92 (28.4) <0.0001 

Clinical and laboratory features      

Axillary temperature (C), median (IQR) 37.9 (119-146) 37.5 (36.9-38.5) 37.5 (36.9-38.2) 0.0003 

Capillary refill >3 secs, n (%) 36 (10.6) 3 (1.9) 19 (5.9) 0.0011 

Respiratory distress, n (%) 47 (13.8) 39 (25.0) 133 (41.0) <0.0001 

Splenomegaly 

   None 

   Moderate 

   Massive  

 

127 (37.4) 

206 (60.6) 

7 (2.1) 

 

94 (60.3) 

61 (39.1) 

1 (0.6) 

 

249 (76.9) 

62 (19.1) 

13 (4.0) 

<0.0001 

Blantyre coma score 

   Normal (BCS 5), n (%) 

   Impaired consciousness (BCS 3-4), n (%) 

   Deep coma (BCS≤2), n (%) 

 

226 (60.6) 

75 (22.1) 

39 (11.5) 

 

99 (63.5) 

30 (19.2) 

27 (17.3) 

 

231 (71.3) 

51 (15.7) 

42 (13.0) 

0.12 

Haemoglobin (g/L), median (IQR) 79 (50-95) 91 (74-108) 92 (77-104) <0.0001 

   Severe anaemia (<50 g/L), n (%) 80 (23.5) 14 (9.0) 29 (9.0) <0.0001 

Blood glucose (mmol/L), median (IQR)* 7.6 (6.3-9.2) 6.8 (6.1-8.3) 6.9 (6-8) 0.0004 

    Hypoglcyaemia (<2.2mmol/L), n (%)* 2 (0.6) 2 (1.3) 0 (0.0) <0.0001 

Blood lactate (mmol/L), median (IQR) 2.9 (2-4.2) 2.1 (1.6-3.2) 2.3 (1.6-3.3) <0.0001 

    Hyperlactataemia (>5.0 mmol/L), n (%) 62 (18.2) 22 (14.1) 29 (9.0) 0.003 

Plasma bicarbonate (mmol/L), median (IQR) 16.1 (13.9-18.1) 16.9 (15-18.9) 16.6 (14.2-18.7) 0.01 

    Metabolic acidosis (<12.2 mmol/L), n (%)  38 (11.2) 11 (7.1) 41 (12.7) 0.18 

Outcome     

Neurological Disability, n (%) 9 (2.6) 29 (18.6) 50 (15.4) <0.0001 

Died, n (%) 6 (1.8) 15 (9.6) 37 (11.4) <0.0001 

* The prior administration of glucose was reported or unknown in 31.6% and 17.9% children, respectively  

Table 7. Demographic, clinical and laboratory features of severely ill hospitalised children 

according to malaria status 
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 Indeterminate 
(n=156) 

Severe non-malaria 
(n=324) 

P-value 

Malaria 22 (14.1) 0 (0.0) <0.0001 

Respiratory tract infection 27 (17.3) 98 (30.2) 0.0026 

Acute bacterial meningitis 21 (13.5) 26 (8.0) 0.07 

Gastroenteritis 18 (11.5) 25 (7.7) 0.18 

Encephalopathy  12 (7.7) 38 (11.7) 0.20 

Severe anaemia 11 (7.1) 12 (3.7) 0.11 

Sub-acute sclerosing pan-encephalitis 9 (5.8) 12 (3.7) 0.34 

Tuberculosis 5 (3.2)  34 (10.5) 0.0067 

Accident or trauma 3 (1.9) 2 (0.6) 0.34 

Renal disease 2 (1.3) 5 (1.5) 1.00 

Dengue  2 (1.3) 0 (0.0) 0.11 

Haemolytic anaemia 2 (1.3) 3 (0.9) 0.66 

Other neurological presentation  2 (1.3) 7 (2.2) 0.72 

Bacteraemia  1 (0.6) 6 (1.9) 0.44 

Congenital  1 (0.6) 5 (1.5) 0.67 

Measles 1 (0.6) 0 (0.0) 0.33 

HIV 1 (0.6) 9 (2.8) 0.18 

Malnutrition 1 (0.6) 1 (0.3) 0.54 

Tropical splenomegaly syndrome 1 (0.6) 10 (3.1) 0.11 

Diabetic ketoacidosis 0 (0.0) 1 (0.3) 0.33 

Snakebite 0 (0.0) 2 (0.6) 1.00 

Multiple convulsions/epilepsy 0 (0.0) 12 (3.7) 0.01 

Undifferentiated illness 14 (9.0) 7 (2.2) 0.0013 

Table 8. Comparison of clinical diagnoses between children with indeterminate and non-

malarial severe illness  
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Figure 36. Three-dimensional plot of children according to malaria status in the principal 

components space  

Pink, green and yellow markers represent children with malaria, sub-microscopic infection 

and non-malarial illness, respectively. 
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Figure 37. Magnified view of 3-dimensional plot of severely ill children according to 

malaria status in the principal components space  

Pink, green and yellow markers represent children with malaria, sub-microscopic infection 

and non-malarial illness, respectively. 
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Figure 38. Magnified view of 3-dimensional plot of children who died according to malaria 

status in the principal components space  

Pink, green and yellow markers represent children with malaria, sub-microscopic infection 

and non-malarial illness, respectively. 
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4.3.4 Mortality amongst children presenting to Modilon hospital 

In total, 79 (2.6%) children presenting for admission to Modilon Hospital died 

during the study.  This included 59 children formally recruited into the study.  The 

remaining 20 children were not formally recruited into the study, but had limited clinical 

data collected.   Of these 20 children, four died on arrival to the hospital before consent 

could be obtained, five had no severity signs on admission, three were excluded because of 

difficulty with venepuncture, and the parents of one child declined participation in the 

study.  The remaining seven children had other logistical reasons for not being enrolled into 

the study.  The five children who presented without severity signs but subsequently died 

had a variety of clinical diagnoses including meningo-encephalitis, respiratory illness, 

hydrocephalus, nephrotic syndrome and undifferentiated illness that progressed whilst in 

hospital.  

All remaining 15 non-enrolled children had signs and symptoms consistent with the 

definitions of severe illness applied during the study.  

Amongst the 843 children recruited to the study, the final outcome was unknown in 

34 because the parents left the ward with the child prior to the planned discharge date.   

The GPS locations of children dying from severe illness are shown in Figure 39. 

The risk factors for mortality amongst children with severe illness are shown in Table 8.   

The most parsimonious logistic regression model of the raw data contained six 

variables that were independently associated with mortality.  Hyperlactataemia (odds ratio 

[95% confidence interval] 2.85 (1.24-6.41), P=0.01), malnourishment (2.92 [1.36-6.23], 

P=0.005) and renal impairment (3.85 (1.53-9.24), P =0.002) were independent binary 

variables associated with mortality 
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Figure 39. Locations of the home villages of children recruited to the study and 

subsequently died   

The size of the red circles is proportional to the number of children from each village. 

 

 Plasma albumin concentration was also an independent inverse predictor of 

mortality (0.93 [0.88-0.98], P=0.004).  After adjustment for other factors, mortality 

increased by 7% for every 1g/L decrease in plasma albumin.  The most important 

predictors of mortality were coma and malaria status.  When compared with children with a 

normal BCS, children with deep coma (BCS≤2) were significantly more likely to die (10.3 

[4.77-23.0]) whereas children with impaired consciousness (BCS 3 or 4) did not have a 

significantly higher risk of mortality (1.45 [0.50-3.80]). 

Malaria status was also an important predictor of mortality. Children with 

confirmed malaria were significantly less likely to die (0.11 [0.03-0.30]) than children with 
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non-malarial severe illness.  Mortality rates for children with an indeterminate malaria 

status were not significantly different to non-malaria (0.79 [0.33-1.77]). 
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Survived 
(n=750) 

Died 
(n=59) 

Univariate 
analysis 
P-value 

Logistic 
regression 

model 
Odds ratio 

(95%CI) 

P-value 

Demographics      

Age (months), median (IQR) 38 (20-62) 39 (16-670) 0.80   

Male sex, n (%) 430 (57.3) 29 (49.2) 0.22   

Ethnicity  

   Madang or Sepik, n (%) 

   Other, n (%) 

 

620 (82.7) 

130 (17.3) 

 

51 (86.4) 

8 (13.6) 

 

0.59 
  

Maternal education  

   No education or elementary, n (%) 

   Primary, n (%) 

   Secondary or tertiary, n (%) 

 

230 (30.7) 

381 (50.8) 

113 (15.1) 

 

23 (42.6) 

24 (44.4) 

7 (13.0) 

 

0.08 
  

Adopted, n (%) 59 (7.9) 5 (8.4) 0.26   

Death of sibling, n (%) 152 (25.4) 17 (28.8) 0.12   

Maternal fertility, number of children (IQR) 4 (2-6) 4 (3-6) 0.44   

Reported bednet use, n (%) 608 (81.1) 43 (72.9) 0.54   

Completed vaccination schedule, n (%) 345 (46.0) 19 (32.2) 0.04   

Malnourished, n (%) 106 (14.3) 20 (37.7) <0.0001 2.92 (1.36-6.23) 0.005 

Recent antimalarial use, n (%) 277 (36.9) 31 (52.5) 0.02   

Recent antibiotic use, n (%) 152 (20.3) 14 (23.7) 0.53   

Clinical and laboratory features       

Axillary temperature (C), median (IQR) 37.6 (37.0-38.4) 37.8 (37.0-38.8) 0.28   

Respiratory distress, n (%) 187 (24.9) 25 (42.4) 0.003   

Splenomegaly 

   None 

   Moderate 

   Massive  

 

419 (55.9) 

312 (41.6) 

19 (2.5) 

 

39 (66.1) 

18 (30.5) 

2 (3.4) 

0.24   

Blantyre coma score 

   Normal (BCS 5), n (%) 

   Impaired consciousness (BCS 3-4), n (%) 

   Deep coma (BCS≤2), n (%) 

 

526 (70.1) 

143 (19.1) 

81 (10.8) 

 

22 (37.3) 

10 (16.9) 

27 (45.8) 

<0.0001 

 

1 

1.45 (0.50-3.80) 

10.3 (4.77-23.0) 

<0.0001 

Neck stiffness present, n (%) 31 (5.2) 17 (28.8) <0.0001   

Haemoglobin (g/L), median (IQR) 86 (63-102) 92 (76-107) 0.012   

Platelet count (x 10
12

/L), median (IQR) 200 (88-323) 243 (119-399) 0.048   

Abnormal leukocyte count (<4 or 
>30x10

9
/L), n (%) 

40 (6.8) 13 (23.6) 0.0004   

Blood glucose (mmol/L), median (IQR) 7.10 (6.2-8.7) 6.65 (5.3-7.9) 0.061   

Blood lactate (mmol/L), median (IQR) 2.4 (1.7-3.4) 4.2 (1.9-7.2) 0.0001   

    Hyperlactataemia (>5.0 mmol/L), n (%) 96 (13.3) 21 (36.8) <0.0001 2.85 (1.24-6.41) 0.01 

Plasma bicarbonate (mmol/L), median (IQR) 16.4 (14.3-18.5) 16.1 (10.6-17.9) 0.11   

    Metabolic acidosis (<12.2 mmol/L), n (%)  77 (10.7) 17 (32.1) <0.0001   

Plasma sodium (mmol/L), median (IQR) 130 (127-133) 128 (122-131) 0.002   

Plasma potassium (mmol/L), median (IQR) 3.6 (3.3-4.0) 3.7 (3.3-4.3) 0.36   

Plasma cholesterol (mmol/L), median (IQR) 2.4 (1.9-3.2) 2.8 (1.9-3.6) 0.07   

Plasma C-reactive protein (g/L), median 
(IQR) 

48 (14-118) 53 (12-101) 0.72   

Plasma albumin (g/L), median (IQR) 34 (30-38) 30 (24-36) <0.0001 0.93 (0.88-0.98) 0.004 

   Alanine aminotransferase (IU/ml), median           
(IQR) 

14 (10-23) 16 (11-28) 0.24   

   Creatinine clearance [CrCL] (mL/min), 
median (IQR) 

160 (130-192) 135 (83-166) 0.0008   

Renal Impairment (CrCL<75mL/min), n (%) 37 (5.2) 13 (26.5) <0.0001 3.85 (1.53-9.24) 0.002 

Malaria Status      

   Non-malarial illness 

   Indeterminate 

   Severe malaria 

269 (35.9) 

130 (17.3) 

330 (44.0) 

      37 (62.7) 

15 (25.4) 

6 (10.2) 

<0.0001 

   1 

0.79 (0.33-1.77) 

0.11 (0.03-0.30) 

<0.0001 

Table 9. Risk factors for mortality amongst children with severe illness 
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4.3.5 Multiple imputation of missing data   

A „missingness map‟ demonstrating missing data for individuals with severe illness 

is shown in Figure 40. 

 

Figure 40. Missingness map for children with severe illness   

Rows (denoted on the y-axis) represent each individual and columns (x-axis) represent 

variables included in multiple imputation of missing data.  Missing or complete data are 

shown in grey or black colours, respectively.  
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Logistic regression modelling was performed on each of the five data complete 

datasets to determine risk factors for mortality.   Deep coma (average OR [AOR] 11.28), 

hyperlactataemia (AOR 3.59), renal impairment (AOR 3.88), malnutrition (AOR 2.38), 

albumin (AOR 0.90) and malaria status (AOR for malaria compared to non malaria 0.14) 

were independently associated with mortality consistently across all five datasets (Table 9).   

In analysis of all five of the imputed datasets, the platelet count was also included as a 

significant independent predictor of mortality.  After adjustment for other factors, an 

increase in the platelet count of 1x10
12

/L is associated with a 0.2% increase in mortality.  

Metabolic acidosis, glucose, haemoglobin and respiratory distress were associated with 

mortality in at least one imputed dataset, but not consistently across all five datasets.  These 

variables were therefore excluded from further analysis.   
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Imputed dataset 1 2 3 4 5 Average 

 Odds Ratio 
(CI95) 

Odds Ratio 
(CI95) 

Odds Ratio 
(CI95) 

Odds Ratio 
(CI95) 

Odds Ratio 
(CI95) 

Odds 
Ratio 

Blantyre coma score       

     Normal (BCS 5) 1 1 1 1 1  

     Impaired consciousness  
(BCS 3-4) 

1.41 
(0.74-4.32) 

1.59 
(0.60-3.92) 

1.41 
(0.53-3.48) 

1.58 
(0.60-3.87) 

1.46 
(0.55-3.59) 

1.49 

     Deep coma (BCS≤2) 9.98 
(4.8-19.92) 

12.02 
(5.86-25.5) 

9.93 
(4.83-21.02) 

13.06 
(6.27-28.34) 

11.4 
(5.57-24.12) 

11.28 

Malaria status       

     No malaria 1 1 1 1 1  

     Indeterminate 0.92 
(0.42-1.93) 

0.82 
(0.38-1.70) 

0.90 
(0.33-1.46) 

0.93 
(0.42-1.98) 

0.89 
(0.41-1.87) 

0.89 

     Malaria 0.13 
(0.04-0.35) 

0.12 
(0.04-0.33) 

0.14 
(0.03-0.21) 

0.15 
(0.05-0.39) 

0.15 
(0.05-0.38) 

0.14 

Hyperlactataemia (>5.0 
mmol/L) 

3.17 
(1.47-6.75) 

3.81 
(1.82-7.94) 

3.92 
(1.54-6.40) 

3.31 
(1.59-6.88) 

3.74 
(1.81-7.66) 

3.59 

Platelet count (per increase 
of 1x10

12
/L) 

1.002 
(1.001-1.003) 

1.002 
(1.000-1.004) 

1.002 
(1.000-1.004) 

1.002 
(1.000-1.004) 

1.002 
(1.000-1.004) 

1.002 

Renal Impairment 
(CrCL<75mL/min) 

2.43 
(1.05—5.42) 

3.92 
(1.72-8.76) 

3.16 
(1.75-8.43) 

5.20 
(2.28-11.79) 

4.70 
(2.07-10.52) 

3.88 

Metabolic acidosis (plasma 
HCO3<12.2 mmol/L) 

2.83 
(1.29-6.08) 

NS NS NS NS  

Malnourished 2.25 
(1.1-4.55) 

2.44 
(1.21-4.87) 

2.41 
(1.17-4.91) 

2.11 
(1.04-4.22) 

2.70 
(1.35-5.35) 

2.38 

Plasma albumin (per 
increase of 1g/L) 

0.91 
(0.86-0.95) 

0.89 
(0.85-0.93) 

0.88 
(0.84-0.93) 

0.90 
(0.86-0.94) 

0.91 
(0.87-0.95) 

0.90 

Blood glucose NS 0.91 
(0.82-0.99) 

NS 0.91 
(0.83-0.99) 

0.93 
(0.85-1.01) 

 

Haemoglobin (g/L) NS NS 1.01 NS NS  

Respiratory distress NS NS NS 2.04 
(1.01-4.12) 

NS  

 Table 10. Potential risk factors for mortality after logistic regression of multiply imputed 

datasets 
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4.4 DISCUSSION 

4.4.1 Sub-microscopic or indeterminate infections 

This is the first study to examine the clinical and laboratory features and prognosis 

of sub-microscopic infection in hospitalised children with severe illness.  Patients with sub-

microscopic or indeterminate malaria status accounted for 19% of children compared with 

41% and 40% for proven malaria and non-malarial disease, respectively.   

The children with sub-microscopic infections had characteristics that were more like 

those of children with non-malarial infections, and a large proportion had a non-malarial 

clinical diagnosis.  Many children had diagnoses that were unequivocally non-malarial such 

as SSPE, dengue fever or ABM. However, a higher proportion (23%) had a clinical 

presentation that was undifferentiated or consistent with a malarial illness.  Recent 

antimalarial use was higher in the indeterminate group than those with proven malaria, but 

was similar to that in non-malarial illness.  Blantyre coma scores and median values for 

temperature blood haemoglobin, lactate and glucose and plasma bicarbonate were 

comparable to those of the non-malaria group.  Other values such as proportions with 

splenomegaly, respiratory distress, malnutrition and hyperlactataemia were intermediate 

between those for malaria and non-malarial illness.  Only the median value for age was 

similar to that of malaria illness.  Overall mortality and neurological disability rates were 

9.6% and 18.6%, respectively, proportions that were consistent with non-malarial disease. 

Whilst the comparisons between groups according to malaria status suggest that 

sub-microscopic infections were broadly similar to non-malarial infections, the 3D plot of 

the PCA demonstrates that this group is heterogeneous.  The PCA included log(lactate), 

log(age) and log(Hb) and shows that the non-malaria and malaria groups segregate out into 

two broad groups with some overlap.  Children with indeterminate malaria status (green 
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markers) are present in the PCA space for both malaria and non-malaria and should 

therefore be considered a heterogeneous group with members from each, rather than a 

distinct group of children.  It is assumed that within this group there are children with 

incidental low-density parasitaemia and a non-malarial diagnosis, children with malaria that 

may have sequestered parasites, or children that received antimalarials prior to presentation.   

The mortality rate in children with sub-microscopic infections was higher than 

severe malaria group (P<0.0001), suggesting that regardless of the PCR status, mortality 

was substantially higher if no malaria parasites were present. Although the PCA of 

mortality is based on small numbers, it demonstrates that the 15 children dying with sub-

microscopic infection cluster with the non-malarial group.  Based on the PCA results, it can 

inferred that sub-microscopic infections are heterogeneous, containing individuals with 

malarial and non-malarial disease, but that those children with a „malarial‟ illness do 

relatively well, whilst the mortality of indeterminate children with a „non-malaria‟ 

diagnosis is commensurately poor.      

4.4.2 Risk factors for mortality 

The overall mortality was 2.6% amongst all admitted children aged 6 months to 10 

years. The WHO 2000 criteria designed for severe malaria were applied to all patients 

screened for entry into the study and correctly predicted 94% of all deaths in this age group.    

Of the 59 children with severe illness for whom detailed demographic clinical and 

laboratory details were obtained, logistic regression modelling showed that deep coma 

(BCS≤2), hyperlactataemia, malnutrition, renal impairment, plasma albumin concentrations 

and malaria status were independently associated with mortality.  
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Most studies exploring risk factors for mortality in hospitalised children focus on 

specific patient groups such as children with severe pneumonia,
7, 8

 diarrhoea,
9, 10

 

malnutrition and malaria
11

 where the degree of malnutrition, young age, low plasma 

albumin and invasive bacterial infection
306

 are often identified as independent risk factors 

for death. However, in many developing countries children may present with multiple, 

overlapping diagnoses
5
 that make diagnostic categorisation difficult.  There are no 

published contemporary studies examining generic prognostic factors for mortality that 

include bedside laboratory tests in children from developing countries.  It is likely that the 

inclusion of simple microscopy and other inexpensive point-of-care tests in triage 

algorithms will refine the predictive ability of established clinical signs to discriminate 

those children with a high chance of dying.   

In this study, the strongest risk factor for mortality was deep coma (OR 10.3).  In a 

comparable study of mortality in Kenyan children, impaired consciousness as defined by 

inability to localise pain, was also the most important risk factor for mortality and the 

subsequent predictive score was heavily weighted towards this clinical finding.
12

 

Malnutrition has been consistently identified as a risk factor for mortality in studies 

of severe pneumonia,
7
 diarrhoea

10, 306
 and malaria.

11
  The malnutrition variable included in 

the logistic regression for the present study was based on MUAC <12.5cm and represents a 

simpler method than calculating Z-scores for BMI-for-age or weight-for-age as has been 

done elsewhere.
12

  Using this metric, malnutrition was present in 16% of children and it 

was independently associated with mortality (OR 2.92).  Likewise, hyperlactataemia is 

thought to be a robust predictor of mortality in studies of severe malaria,
209, 242

 but not 

widely explored in other comparable studies of all hospitalised children.  Blood lactate is 

inexpensive and simple to measure with a commercially available point-of-care test 
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(Lactate Pro™ [Arkray, Japan]) and in the present study was independently associated with 

mortality (OR 2.85). 

Malaria status was also clearly inversely associated with mortality.  Children with 

malaria parasites on LM together with nPCR confirmation had a much lower risk of 

mortality (OR 0.11) than either the indeterminate group with sub-microscopic infections or 

those with non-malarial disease.   

Based on these data, I plan to develop a prognostic scoring system based on simple 

clinical examination findings and bedside point-of-care testing.  This will include weighted 

scores for deep coma, malnutrition, hyperlactataemia and malaria status.   

4.5 CONCLUSIONS 

Children with sub-microscopic infections are a heterogeneous group that have 

clinical and laboratory characteristics that are consistent with malaria and non-malarial 

disease, although they appear to be weighted toward the latter.  However, children with 

sub-microscopic infections have a high mortality rate similar to children with non-malarial 

illness and appear to cluster with this group on PCA. 

Deep coma, malnutrition, hyperlactataemia and malaria status are independent 

prognostic indicators for mortality.  This study is the first to explore prognostic features for 

overall mortality in hospitalised children in a malaria endemic area outside Africa.  It is 

also the first to consider malaria status and other rapid bedside tests as adjunctive 

information that might help health-care workers better predict which children are most at 

risk of dying.  
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RESULTS 

Chapter 5: Features and prognosis of severe malaria caused by 

Plasmodium falciparum, Plasmodium vivax and mixed Plasmodium species 

in Papua New Guinean children 
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5.1 INTRODUCTION 

The features and prognosis of severe paediatric falciparum malaria have been 

characterised in observational and intervention studies from sub-Saharan Africa, 
11, 217, 221, 

232
 Equivalent studies in other epidemiologic contexts are fewer but important differences 

have emerged. There is some evidence that mortality from severe Plasmodium falciparum 

infections in children is relatively low in the Oceania region,
197, 307, 308

 perhaps due to the 

acquisition of cross-species functional immunity from greater exposure to P. vivax in early 

childhood. Nevertheless, P. vivax is itself increasingly recognised as a cause of both 

complications similar to those seen in falciparum malaria and death.
309

 In the case of mixed 

Plasmodium species infections (commonly P. falciparum/vivax), there are reports of 

reduced,
159, 310

 equivalent
39, 44

 and increased
44

 morbidity relative to P. falciparum mono-

infections. 

The incidence of complications and death from severe malaria will depend on 

selection/recruitment strategies, sensitivity of malaria diagnosis/speciation, definitions of 

severity, inpatient management including identification of co-incident disease, and social, 

cultural and genetic factors that can influence presentation and clinical course. Apparent 

inconsistencies between published studies may reflect differences in one or more such 

factors. The characteristics and outcome of severe malaria are, therefore, best assessed 

prospectively, in a representative, ethnically homogeneous sample, and with clinical and 

laboratory data sufficient both to allow accurate diagnosis
21

 and the detection of important 

co-morbidities such as sepsis.
141

  

Such a study is described here in coastal PNG children presenting with severe 

malarial illness, a setting in which a high prevalence of alpha-thalassaemia and SAO 

implies that malaria has had a strong selective effect.
249, 256, 311

 It was hypothesised that i) 
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severe falciparum malaria has a low mortality relative to African studies as described in 

simple observational studies, but not confirmed in Chapter 2 of this thesis,
189, 197, 307, 308

 and 

that ii) severe P. vivax and mixed P. falciparum/vivax malaria, although less common than 

that caused by P. falciparum, have a similar spectrum of clinical disease and prognosis. 

5.2 METHODS 

The methods are outlined in detail in Chapter 3. All severely-ill blood slide-positive 

children were considered for recruitment, but only those in whom Plasmodium species 

were detected by nPCR were included in the present analyses. The final malaria speciation 

as a mono- or mixed infection was based on the nPCR result. 

 

5.3 RESULTS 

During the study, 3,019 of 3,181 (94.9%) hospitalised children aged between 6 

months and 10 years were screened for inclusion to the study (see Figure 1). Of 353 with 

presumptive severe malaria based on microscopy, 13 were excluded because Plasmodium 

DNA was undetectable by nPCR. The remaining 340 children had a median age of 40 [29-

55] months and 189 (55.6%) were males. In most cases (87.1%), both parents were from 

Madang or East Sepik provinces, with the rest from other parts of PNG.  
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Figure 41. Consort diagram outlining categorisation of children presenting to  

Modilon Hospital 

 

Based on clinical features, blood film microscopy and nPCR, there were 262 

severely-ill children with P. falciparum (77.1%), 27 with P. vivax (7.9%), 50 with mixed P. 

falciparum/vivax (14.7%) and one with mixed P. falciparum/malariae (0.3%; see Table 

10).  

Of the sample of 340 children, 19.5%, 5.3% and 5.3%, respectively, had been 

treated with oral, parenteral or oral plus parenteral antimalarial therapy before admission. 

Prior treatment was associated with a lower parasite density in children with P. falciparum 

mono-infections (median [IQR] 13,347 [1,784-80,560] vs. 68,860 [11,197-171,929] in 

untreated children, P<0.001) but not in children with P. vivax mono-infections. For P. 

falciparum mono-infections by nPCR, there was 98.5% concordance with microscopy; two 
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cases were diagnosed as P. vivax and two as P. falciparum/vivax. For P. vivax mono-

infections by nPCR, there was 88.9% concordance with microscopy; three cases were 

diagnosed as P. falciparum mono-infections. Six of these seven discordant results were in 

patients with low parasite densities (<220/µL). For mixed P. falciparum/vivax infections, 

concordance was only 16%, with 68% diagnosed as P. falciparum and 16% as P. vivax 

mono-infections by microscopy. 
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 Plasmodium 
falciparum 

(n=262) 

Plasmodium 
vivax 
(n=27) 

Plasmodium 
falciparum/vivax 

(n=50) 

P-
value* 

Age (months) 42 [30-57] 33 [26-61] 36 [29-48] 0.25 

Male sex (%) 58.5 55.6 42.0 0.17 

Axillary temperature (C) 37.9 [37.2-38.7] 37.6 [36.9-38.8] 38.0 [37.0-38.4] 0.28 

Pulse rate (/minute) 132 [117-145] 133 [119-146] 139 [121-149] 0.37 

Respiratory rate (/minute) 32 [28-38]
a
 36 [31.5-43] 38  [31-48] 0.014 

Respiratory distress (%) 9.9
b
 29.6 22.0 0.002 

Oxygen saturation (%) 98 [97-99] 98 [96.5-98.5] 99 [97-100] 0.049 

Spleen size (cm) 2 [0-4] 0 [0-2]
c
 3 [0-5.3] 0.021 

Blantyre Coma Score 5 [4-5]
a
 5 [4-5] 4.5 [3-5] 0.018 

   Impaired consciousness (3-4; %) 20.6 22.2 28.0 <0.0001 

   Deep coma (2; %) 10.3 3.7 22.0  

Multiple/complex fits (%) 21.8 25.9 22.0 0.88 

Haemoglobin (g/L) 77 [50-94]
b
 95 [77-105]

c
 73 [50-92] 0.015 

    Severe anaemia (<50 g/L, %) 24.9 11.1 24.0 0.28 

Leukocyte count (x10
9
/L) 8.4 [6.0-12.5] 9 [6.6-12.8] 9.0 [7.1-12.3] 0.67 

Platelet count (x10
9
/L) 101 [56-167] 147 [96.5-204] 127 [71-199] 0.07 

Blood lactate (mmol/L) 2.9 [2-4.3] 2.7 [2.0-3.6] 3 [2.1-5.3] 0.63 

    Hyperlactataemia (>5.0 mmol/L, %) 17.6 7.4 28.0 0.07 

Plasma bicarbonate (mmol/L) 16.2 [13.8-18.4] 14.9 [13.7-16.4] 15.1 [13.7-17.4] 0.08 

    Metabolic acidosis (<12.2 mmol/L, %)  11.6 11.1 16.0 0.68 

Blood glucose (mmol/L) 7.6 [6.3-9.1] 7.9 [6-10.5] 7.5 [6.6-9.1] 0.83 

Plasma sodium (mmol/L) 129 [127-132]
b
 132 [130-134]

 c
 129 [126-132] 0.007 

Plasma creatinine (µmol/L) 26 [21-33] 27 [21-35] 24 [19-32] 0.27 

Creatinine clearance (ml/min/1.73m
2
) 166 [140-199] 158 [123-191] 179 [148-212] 0.16 

    Renal impairment (<75 ml/min/1.73m
2
, %) 3.2 3.7 6.0 0.60 

Plasma bilirubin (µmol/L) 11.3 [7.2-22]
b
 5.7 [4.1-14]

 c
 10.0 [6.5-26.5] 0.002 

    Hyperbilirubinaemia (>35 µmol/L, %) 10.5 0.0 14.6 0.13 

Plasma C-reactive protein (mg/dL) 99 [51-154]
b
 41 [16-81] 72 [23-147] <0.0001 

    Plasma C-reactive protein > 64 mg/L (%) 70.0
b 
 37.0 53.2 0.001 

Plasma creatine kinase (IU/mL) 67 [17-405] 66 [25-284] 59 [25-592] 0.87 

    Plasma creatine kinase >2000 IU/mL (%) 9.3 3.8 12.8 0.45 

P. falciparum density (parasites/µL) 
50061 [4817-

130344] 
0 [0-0] 

18715 [155-
126894] 

0.07
#
 

    Hyperparasitaemia (>100,000/µL, %) 32.1  32.0 1.0 

P. vivax density(parasites/µL) 0 [0-0] 1298 [164-4408] 0 [0-107] <0.0001 

South Asian ovalocytosis (SLC4A1Δ27 , %) 5.7 3.8 4.3 0.87 

Alpha thalassaemia (3.7 or 4.2kb deletions, 
wt/wt, α

del
/wt, α

del
 / α

del 
,%) 

16.2/38.2/45.6 21.7/34.8/43.5 14.6/36.6/48.8 0.95 

a P<0.05 for post-test comparison between P. falciparum vs. P. falciparum/vivax; bP<0.05 for post-test comparison between 

P. falciparum vs. P. vivax; cP<0.05 for post-test comparison between P. vivax vs. P. falciparum/vivax;  *Kruskal-Wallis or 

Chi-squared test; #Mann-Whitney test for P. falciparum vs. P. falciparum/vivax; wt, wildtype; αdel/wt, heterozygous for 

either 3.7 or 4.2kb deletions; αdel / αdel, homozygous or compound heterozygous for either 3.7 or 4.2kb deletion. 

Table 11. Baseline clinical and laboratory data for children with severe malaria  

categorised by Plasmodium species  

Data are, unless otherwise stated, median and [inter-quartile range]. 
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Figure 42. Overlapping clinical phenotypes of severe malaria caused by Plasmodium 

falciparum 

5.3.1 Presenting features 

Of 262 children with severe P. falciparum mono-infections, 81 (30.9%), 65 (24.8%) 

and 61 (23.2%) had impaired consciousness, severe anaemia, and metabolic acidosis/hyper-

lactataemia, respectively (Figure 42). There were fewer children with the overlap syndrome 

of impaired consciousness and severe anaemia than expected by chance alone (odds ratio 

(OR) and 95% confidence intervals (CI) 0.37 (0.18-0.75), P=0.005) and a greater than 

expected frequency of impaired consciousness plus acidosis (OR 2.1 (1.1-3.7), P=0.02). 

Severe anaemia plus acidosis occurred at expected frequency (OR 1.2 (0.6-1.9), P=0.61). 

There were 7 children with all three phenotypes. Only two had hypoglycaemia on 

admission. 
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Eight children with severe vivax malaria (29.6%) presented with impaired 

consciousness or deep coma, three (11.1%) with severe anaemia, and five (18.5%) with 

metabolic acidosis or hyperlactataemia. Children with severe vivax malaria had higher 

median haemoglobin concentrations, smaller spleens, higher median plasma sodium 

concentrations, and lower median plasma bilirubin and CRP concentrations than children 

with severe falciparum malaria (Table 10). After adjustment for the binary variables 

hyperlactataemia and severe anaemia, the proportion of children with respiratory distress 

was five times that in the severe falciparum malaria group (odds ratio [95% confidence 

interval] 5.04 [1.84-13.2], P=0.001). There were no other statistically significant 

differences between the presenting features of severe malaria caused by P. vivax or P. 

falciparum.   

When compared to those with severe falciparum malaria, children with mixed P. 

falciparum/vivax infections had a higher median respiratory rate (P=0.014), a lower BCS 

(P=0.018) and a greater proportion with deep coma (P=0.030; Table 10). In parallel with 

the severe P. falciparum cases, these children had lower median haemoglobin and serum 

sodium concentrations, and a higher median plasma bilirubin, than the severe vivax malaria 

cases. The 5 year-old with P. falciparum/malariae presented with fever, abdominal pain 

and features of nephrotic syndrome secondary to chronic P. malariae infection.  

5.3.2 Clinical Course 

Most children responded to antimalarial/supportive therapy and were discharged 

well, including the two hypoglycaemic children and the child with P. falciparum/malariae 

malaria. Blood cultures were performed in 258 (75.9%) with contaminants identified in 13 

(5.0%). Only two significant isolates were obtained, a non-albicans Candida from an 

admission blood culture from an immunocompetent child and a Klebsiella pneumoniae 
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from a child after a week of inpatient treatment for severe malaria. Both children were 

treated with appropriate antimicrobial therapy and discharged well. A LP was performed in 

129 children of whom 11 had ≥10 white blood cells/µL CSF. Routine bacterial culture, 

bacterial antigen testing, and India ink staining for Cryptococcus gattii, were negative in all 

cases.   

Six children (1.8%) died - one with falciparum (0.4%), one with vivax (3.7%) and 

four with mixed-species infection (8.0%) - all within 12 hours of admission. The child with 

falciparum malaria presented deeply comatose and died of cardio-respiratory failure. The 

fatal P. vivax case was a previously well child who presented with breathlessness, and 

abdominal/lower limb swelling. She had severe respiratory distress, a raised jugular venous 

pressure and an oxygen saturation of 92% despite supplementary oxygen. Her haemoglobin 

and blood lactate were 41 g/L and 2.7 mmol/L, respectively. A clinical diagnosis of 

pericardial effusion with cardiac tamponade was made and she had a cardio-respiratory 

arrest during attempted pericardiocentesis. Subsequent biochemical analysis revealed renal 

failure (serum creatinine 460 µmol/L), acidosis and hyperkalaemia. The children with 

mixed P. falciparum/vivax infections had the greatest mortality (P=0.003 vs. falciparum 

malaria). Of these four deaths, three were due to cerebral malaria. The fourth child had a 

haemoglobin concentration of 19 g/L and suffered a cardio-respiratory arrest before blood 

transfusion could be arranged. 

Eight children (2.4%), seven with P. falciparum and one with P. falciparum/vivax, 

were discharged with neurologic impairment; three with deep coma on admission 

developed cortical blindness and five had motor deficits ranging from mild ataxia to spastic 

quadriparesis. Only two of these eight children had persistent neurologic deficits at follow-

up two months later. Another child who recovered from severe vivax malaria with 
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respiratory distress died between discharge and follow-up. When admitted, he had clinical 

signs of severe pulmonary hypertension and a prior history of echocardiographically 

confirmed cyanotic heart disease. 

The genetic deletion causing SAO was present in 17 of 320 (5.3%) children, 

including 1, 2 and 14 with severe disease due to P. vivax, mixed P. falciparum/vivax and P. 

falciparum, respectively. Three children with SAO deletions presented with deep coma 

(BCS of 1, 2 and 2, respectively) and a further four with impaired consciousness. At least 

one alpha-thalassaemia deletion was observed in 83.6% of the children with severe malaria 

(Table 10).   

5.4 DISCUSSION 

The present study confirms that, although severe P. falciparum malaria in 

Melanesian children presents with the same phenotypes as those in African children, the 

mortality is low (<1%) in a hospital setting. The relatively few cases of severe vivax 

malaria in exhibited presenting features that were similar to those in the children with 

severe P. falciparum malaria but with a higher likelihood of respiratory distress. Severe 

mixed P. falciparum/vivax infections were greater in number than the vivax malaria cases. 

These children also had comparable admission clinical/laboratory findings to those of the 

patients with severe falciparum and vivax malaria, but their subsequent mortality was the 

highest of the three groups. These observations confirm and extend data relating to severe 

malaria in an area of intense transmission of multiple Plasmodium species, especially in 

relation to mixed-species infections. 

The children with severe falciparum malaria had rates of impaired consciousness, 

acidosis, anaemia, and combinations of these, that were similar to those reported in African 
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studies.
11, 208, 217, 221, 231, 232, 240

 Impaired consciousness was more often associated with 

acidosis than severe anaemia, again paralleling African data.
11

 There were two cases of 

hypoglycaemia, a prevalence of 0.8%. In the recent large-scale African Quinine Artesunate 

Malaria Trial (AQUAMAT),
171

 10% of children were hypoglycaemic at recruitment. This 

suggests that the nutritional status of children from this area, including hepatic glycogen 

reserves (which may reflect differences in duration and/or severity of illness), was better 

than in African children. Alternatively, a proportion of the patients had received quinine 

prior to recruitment to AQUAMAT with the risk of attendant hyperinsulinaemia.
312

 There 

may also be genetic differences in glucose metabolism between African and Melanesian 

populations that account for differences in hypoglycaemia risk. 

Case fatality rates in African children with severe falciparum malaria lie between 

3% and 26%.
11, 217, 221, 232

 These results are consistent with Melanesian studies that show 

low mortality.
189, 197, 307

 This difference could reflect protective genetic factors, relatively 

infrequent hypoglycaemia and bacteraemia, and/or better access to quality healthcare. 

Alpha-thalassaemia deletions were present in 83.6% of children, a lower percentage than 

the 97% found in the general Madang population, and 5.3% had SAO deletions reflecting 

the results of previous studies in the province.
256, 311

 These polymorphisms have previously 

been shown to be protective against complications of malaria,
249, 256, 311, 313, 314

 including 

near complete protection for SAO against cerebral malaria.
311, 313

 Although the study was 

not designed to assess such a protective effect, the observation that three children with 

cerebral malaria had the SAO deletion, as did a further four children with impaired 

consciousness, contrasts with previous studies. This finding suggests that unrecognised 

favourable genetic traits other than SAO and alpha-thalassaemia have emerged through 
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strong selection pressure that might help explain the low mortality observed in children 

from PNG.  

African studies show hypoglycaemia-associated mortality of >50%,
240

 but neither of 

the two hypoglycaemic children died. Similarly, invasive bacterial disease has been 

detected in 5-8% of African children with severe malaria, especially NTS infection that 

substantially increase mortality,
141

 but there was a much lower rate in this cohort. Most of 

the children had blood cultures performed with an acceptable contamination rate. While 

invasive bacterial isolates from children severe non-malarial disease were identified (data 

not shown), only two significant pathogens were obtained from children with severe 

malaria. Unregulated antibiotic access is widespread in PNG, but only 8.4% and 7.6%, 

respectively, had documented amoxycillin or chloramphenicol treatment before admission 

suggesting that prior antibiotic therapy was not responsible. In addition, no NTS were 

isolated from the present or other children with severe non-malarial disease studied 

contemporaneously (data not shown). All children were treated empirically with 

intramuscular artemether, parenteral chloramphenicol and other supportive therapy,
254

 and 

prompt access to good quality standard treatment may also have contributed to their 

relatively low mortality. Nevertheless, children in the AQUAMAT study had similar 

management but even those treated with artesunate rather than quinine had a mortality of 

8.5%.
171

 

Severe vivax malaria has been associated with a wide variety of clinical 

manifestations in adults and children that include severe anaemia, altered consciousness, 

respiratory distress, jaundice, thrombocytopaenia, acidosis and renal failure.
34, 38, 40, 42, 44, 309, 

315
 There are, however, large between-study differences in the frequency of individual 

presenting features. This reflects, in part, the fact that few studies have involved 



 155 

prospective collection of clinical and laboratory data sufficient to capture the broad range 

of features of severe malaria, exclude other causes of severe illness and confirm 

Plasmodium speciation using molecular methods. 

A case in point is respiratory distress. In one of two recent prospective studies of 

severe paediatric P. vivax infection from the island of New Guinea,
44

 children had a limited 

clinical assessment that included respiratory rate and oxygen saturation. These two features 

were used to define respiratory distress that was present in approximately 5% of children 

with severe P. vivax malaria. In the second study, which involved prospective community-

based morbidity surveillance,
40

 respiratory distress defined as a respiratory rate >40-

50/minute in the presence of chest in-drawing or a history of breathlessness was present in 

60.5% of 86 children identified with severe vivax malaria over 8 years. The prevalence of 

respiratory distress in this study, based on well-defined specific criteria including a higher 

respiratory rate threshold, was intermediate between these two figures. Consistent with the 

other PNG study
40

 but not the study from southern Papua,
44

 respiratory distress was more 

common in P. vivax cases than those with P. falciparum. Acute respiratory distress 

syndrome, interstitial pneumonia and pulmonary oedema can complicate vivax malaria in 

adults.
309

 Since P. vivax-infected erythrocytes can bind to cells expressing endothelial 

receptors known to mediate the cytoadhesion of P. falciparum,
49

 this could reflect parasite 

microvascular sequestration 
316

 which may be prominent in the pulmonary capillary bed.
47

 

This phenomenon may have contributed to respiratory distress in the child with cyanotic 

heart disease, but there is also evidence that such children may be at increased risk of other 

manifestations of severe malaria including altered consciousness.
317

 

There was a single death from P. vivax malaria in this cohort. Although this child 

died during attempted pericardiocentesis, she had severe anaemia, respiratory distress, renal 
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impairment and acidosis. In the larger observational study from southern Papua
44

 that 

revealed a case fatality rate for severe vivax malaria in young children (approaching 2%) 

comparable to that in the present study (3.7%), these presenting features were strongly 

predictive of death. In a retrospective study from north-eastern Indonesian Papua,
39

 the 

overall death rate for severe vivax malaria was 25% in 36 cases. The mortality from severe 

infections (P. falciparum or vivax) was lower in children than adults but no paediatric-

specific vivax malaria mortality data were reported in this study or a previous prospective 

observational study from PNG.
40

 

In the present study, children with severe mixed P. falciparum/vivax infections had 

clinical and laboratory features that were mostly similar to those of the severe falciparum 

cases despite generally lower P. falciparum parasitaemias. The exceptions were a higher 

baseline respiratory rate and a lower BCS. These features suggest that the children in this 

group were the most severely ill, at risk of the pathophysiologic effects of both parasite 

species with the possibility that P. vivax microvascular cytoadherence as observed in lung
47

 

and spleen
316

 might also occur in the brain.   

Other studies have found that, in contrast to the present data, severe anaemia is less 

common in severe P. falciparum/vivax infections than severe falciparum or vivax malaria,
44

 

that mixed infections are more likely than P. vivax infections to be associated with 

respiratory distress,
40

 and that coma is least likely in mixed infections.
40

 These apparent 

inconsistencies may reflect between-study differences in patient selection, definitions of 

complications, and the availability and quality of clinical/laboratory data including accurate 

microscopy and/or molecular confirmation of Plasmodium species. Nevertheless, the data 

here indicate that WHO criteria for severe malaria
21

 that are based on studies of P. 
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falciparum encompass the spectrum of severe infections caused by P. vivax with or without 

co-incident P. falciparum.  

The mortality in this series was greatest in severe P. falciparum/vivax infections, 

consistent with the presenting clinical and laboratory features of these children. In the two 

other studies with mortality data,
39, 44

 there was no significant difference between mixed 

and single-species infections but no paediatric-specific outcomes were included. Thus, 

these data are the first to suggest that mixed-species infections carry an adverse prognosis 

in children.  

This study had limitations. It is possible that the most severely ill children in the 

study catchment area die before they can be transferred for inpatient care, thus 

compromising the representative nature of the sample. Due mainly to issues with obtaining 

a sufficient volume of blood from a small, distressed and severely ill child, bacteraemia was 

not excluded in every case, while other diagnostic tests for viral and fungal pathogens were 

not possible in this clinical setting.  

The strengths of the present study were its prospective standardised data collection, 

the use of nPCR as a way of compensating for the known limitations of microscopy, and 

the availability of bacteriology facilities that enabled detection of common invasive 

bacterial infections. Such a rigorous approach has been used in few previous descriptive 

studies of severe childhood malaria. These data confirm the lack of sensitivity of 

microscopy in identifying mixed species infections,
70, 318

 with low-level P. vivax densities 

that can be missed by microscopy in this situation probably reflecting density dependent 

cross-species regulation.
319

 Although nPCR is not a quantitative test and the relative 

contribution of each species to the overall parasitaemia remains uncertain, microscopic 



 158 

misdiagnosis of mixed infections in previous studies may have obfuscated the association 

with more severe disease observed in the present patients. Given the presenting features and 

clinical course of these patients, it is unlikely that there were significant numbers of cases 

with diagnoses that would have been identified by specialised serologic and other tests. 

Indeed, in the case of encephalitis, more than one third of cases remain undiagnosed in a 

resource-rich healthcare setting.
133

 It has been suggested that parasite density thresholds are 

employed in areas where asymptomatic parasitaemia is common in otherwise healthy 

children.
301, 320

 Whilst the severe malaria-attributable fraction or diagnostic specificity 

increases with higher parasitaemia, sensitivity is reduced. The choice of threshold will 

depend on factors such as local transmission, age-dependent malarial immunity and genetic 

factors modulating infection severity.   

The present study of well-characterised children from an area of intense 

transmission of multiple Plasmodium species has identified significant differences between 

the presentation and outcome of severe P. falciparum, vivax and falciparum/vivax 

infections in PNG. The low mortality observed for severe falciparum malaria does not 

appear related to high endemicity of P. vivax but may reflect protective genetic factors, 

better prior nutrition, and/or less exposure/susceptibility to secondary bacterial infection 

than in African children. Severe vivax malaria presents with features seen in severe P. 

falciparum infections but respiratory distress is more prominent, suggesting preferential 

cytoadherence of this parasite within the lung microvasculature. Severe P. falciparum/vivax 

infections in PNG children appear to have the worst prognosis, perhaps because they share 

the adverse presenting features of the respective mono-infections. These findings provide 

impetus for further research on the pathogenic potential of P. vivax infections when this 

parasite is present alone and especially in combination with other Plasmodium species. 
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5.5 CONCLUSIONS 

The low mortality from severe falciparum malaria in PNG children may reflect 

protective genetic factors other than alpha-thalassemia trait/SAO, good nutrition, and/or 

infrequent co-incident sepsis. Severe vivax malaria had many similar features to P. 

falciparum, but had higher rates of respiratory symptoms.  Severe mixed P. 

falciparum/vivax infections appeared to have the most severe phenotype and worst 

prognosis. 
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RESULTS 

Chapter 6: A histopathologic study of fatal paediatric cerebral malaria 

caused by mixed Plasmodium falciparum/Plasmodium vivax infections 
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6.1 INTRODUCTION 

P. vivax accounts for nearly half of all malaria infections and is now recognised as a 

cause of complications and death.
321

 Cerebral malaria due to P. vivax, although rare, has 

been reported from Indonesia, India and PNG.
42, 43, 53

 In patients with altered consciousness 

due to P. falciparum, late stage parasites (trophozoites and schizonts) can be found 

sequestered within the brain microvasculature. There is no convincing evidence of a similar 

phenomenon in post mortem brain specimens from patients with P. vivax, but available data 

are few and from studies in which interpretation of the histopathologic features is 

confounded by issues such as the possibility of unrecognised mixed-species infections.
48

 

Animal and in vivo functional studies reveal that P. vivax sequesters preferentially 

in the pulmonary and splenic microvasculature,
48

 consistent with clinical studies in which 

pulmonary manifestations and severe anaemia occur relatively frequently.
47

 Ex vivo studies 

have shown cytoadherence of P. vivax to chondroitin sulphate A, erythrocyte rosetting and 

endothelial adherence,
48-50

 albeit at lower avidity than P. falciparum. Nevertheless, these 

observations raise the possibility that cerebral microvascular sequestration may underlie 

cerebral malaria due to P. vivax. 

Apart from research settings,
51

 autopsy studies of patients dying from malaria are 

rarely performed. In the case of fatal cerebral vivax malaria, there have been no post 

mortem studies for >60 years.
48

 The results of a prospective observational study of severely 

unwell PNG children are described in Chapter 3 and published elsewhere.
53

 Those with 

mixed P. falciparum/P. vivax infections were more likely to have impaired consciousness 

and to die than those infected with P. falciparum alone. In the present study, 

histopathologic and molecular studies were performed using brain tissue from three of the 
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fatal cases in this series
53

 in order to examine the hypothesis that cerebral sequestration of 

P. vivax contributed to their presenting neurological features and outcome. 

6.2 METHODS 

The general methodology for this study is outlined in Chapter 2.  The methods for 

post mortem brain tissue sampling and histopathology are described in detail in section 

2.4.6.   

6.3 RESULTS 

6.3.1 Case descriptions 

Three children of 340 with severe malaria died from cerebral malaria and underwent 

post mortem brain biopsy. No brain biopsy material was available for the other three 

children in the series as a whole who died. All three of the present children had a mixed P. 

falciparum/P. vivax infection detected from peripheral blood by nPCR. Their admission 

clinical and laboratory features are summarised in Table 11. 

6.3.1.1 Case 1 

This child presented in deep coma without other features of severe malaria and died 

within hours of admission despite prompt anti-malarial therapy and supportive treatment. P. 

falciparum was present on blood smear and nPCR, but P. vivax was not identified by 

microscopy and only at low levels (>40 cycles) by qPCR. The qPCR data represent P. 

falciparum and P. vivax parasitaemias of 10,000 and <10 parasites/µL, respectively.
93

 

Microscopy of brain tissue revealed occasional P. falciparum parasites and no identifiable 

P. vivax within the cerebral vasculature (Figure 43 – upper panel).  No inflammation, 

haemorrhage or necrosis was observed in the adjacent brain parenchyma.  Plasmodium 

falciparum but not P. vivax was present in brain by nPCR. 
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6.3.1.2 Case 2 

This patient presented with cerebral malaria, metabolic acidosis, hyperlactataemia 

and severe anaemia. This child died within hours of admission despite prompt anti-malarial 

therapy and supportive treatment. P. falciparum and P. vivax in peripheral blood were 

identified by microscopy, nPCR and qPCR. Using qPCR, P. falciparum and P. vivax DNA 

concentrations indicated equivalent parasitaemias of 50,000 and 500/µL, respectively. P. 

falciparum but not P. vivax was present in brain by nPCR. Malaria pigment and numerous 

P. falciparum trophozoites and schizonts were visible within the microvasculature on 

histologic examination (Figure 43 – middle panel).  Other than subtle, focal up-regulation 

of microglial cells there were no abnormalities observed in the adjacent brain parenchyma.  

6.3.1.3 Case 3 

This child presented deeply comatose. Seven days before admission, he attended a 

local clinic with headache and fever and was prescribed amodiaquine, sulphadoxine and 

pyrimethamine. He did not improve and was given intramuscular artemether five days later. 

On admission to Modilon Hospital, LM and a rapid diagnostic test for malaria were 

negative, but both species were subsequently detected by nPCR of peripheral blood and at 

low levels by qPCR (10-100 parasites/µL). At lumbar puncture, there were 5 leucocytes/µL 

(100% lymphocytes) in the CSF and the CSF protein concentration was 3 g/L. Blood 

cultures were negative. He did not regain consciousness and died four days later despite 

intravenous dextrose/saline and antibiotics, and intramuscular artemether.  

Neither P. falciparum nor P. vivax was present in the brain of Patient 3 by nPCR. 

Further molecular testing of CSF and brain tissue for arbo-, Henipah, Entero- and Herpes 

viruses did not reveal an alternative diagnosis. Histopathologic examination of brain tissue 

showed infarction of cortical tissue with acute chromatolysis of neurons and early 
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infiltration by neutrophils from adjacent vessels at the edge of the infarction (Figure 43 – 

lower panel). Adjacent white matter was unaffected and cerebral vessels appeared normal. 

No lymphocytes, histiocytes, granulomata, malarial parasites, fungal hyphae, bacteria or 

emboli were seen.  The changes were interpreted as cortical infarction of at least 24 hours 

duration without a definitive aetiology. 

 

 Patient 1 Patient 2 Patient 3 

Age (months) 63 36 94 

Sex  Female Female Male 

Blantyre Coma Score  on admission 0 2 1 

Blood lactate (mmol/L) 1.6 6.4 1.0 

Plasma bicarbonate (mmol/L) 18 10.2 22.3 

Blood glucose (mmol/L) 18.4  3.2 7.0 

Haemoglobin (g/L) 69 39 111 

Peripheral parasitaemia (/µL) by light microscopy: 
                   P. falciparum  
                   P. vivax  

 
154,000 
0 

 
104,000 
80 

 
0 
0 

Plasmodium species by nPCR (blood) Mixed species Mixed species Mixed species 

Peripheral parasitaemia by qPCR (number of cycles): 
                   P. falciparum 
                   P. vivax 

 
26.3 
41.0 

 
23.1  
29.2 

 
37.2 
35.8 

Plasmodium species by nPCR (brain) P. falciparum P. falciparum Negative 

nPCR, nested polymerase chain reaction 92; qPCR, quantitative polymerase chain reaction 93 

Table 12.  Clinical and laboratory features of children dying from cerebral malaria due to 

mixed Plasmodium falciparum/Plasmodium vivax infections 
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Patient 1.  Occasional mature forms of P. 

falciparum were seen (Giemsa stain, 

magnification x400). 

 

Patient 2.  Malaria pigment and numerous P. 

falciparum trophozoites and schizonts are 

visible within the microvasculature (Giemsa 

stain, magnification x400). 

 

Patient 3.  There is acute chromatolysis of 

neurons and early infiltration by neutrophils 

from adjacent vessels at the edge of an area of 

infarction. The cerebral blood vessel (lower 

left) was normal and no malaria parasites 

were seen (H&E, magnification x400). 

Figure 43. Light microscopy of brain tissue obtained from children dying from cerebral malaria 

due to mixed Plasmodium falciparum/P. vivax infections 
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6.4 DISCUSSION 

The present case series provides the first detailed histopathologic and molecular 

study of the potential role of P. vivax in the pathogenesis of coma as a manifestation of 

severe malaria. There was no evidence for cerebral sequestration of P. vivax in any of the 

three cases despite microscopic and/or molecular confirmation that this parasite was present 

in peripheral blood at presentation. Thus, despite ex vivo studies suggesting that 

cytoadherence of P. vivax might contribute to complications,
48-50, 53

 the present data do not 

support the hypothesis that this phenomenon occurs in the human brain.   

Patient 1 was diagnosed and treated as a case of cerebral malaria due to a P. 

falciparum mono-infection. By implication from the peripheral blood microscopy and 

qPCR data, this young girl‟s total P. vivax parasite burden was relatively low and the 

negative cerebral histopathology and nPCR could have reflected this. Mature P. falciparum 

forms in the brain in this patient were scarce compared to the peripheral parasitaemia 

(154,000/µL). This suggests that she had a synchronous infection with either maturing 

parasite forms starting to cytoadhere, or (less likely in view of the lack of intravascular 

malaria pigment) maturation and rupture of schizonts just before presentation. Whether a 

similar phenomenon might operate in the case of P. vivax is unknown. In a typical patient 

with P. falciparum, about half of the infected erythrocytes are sequestered.
118

 It is possible 

that the dynamics of putative P. vivax sequestration with less avid ligand binding
49

 are 

different to P. falciparum in that the majority of parasites remain in the peripheral blood. 

This could explain the weakly positive PCR in blood and negative PCR in the brain of this 

patient if P. vivax cytoadherence were possible. 
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Patient 2 provides the strongest evidence against P. vivax cerebral cytoadherence. 

This child had a mixed-species infection identifiable by peripheral blood microscopy but 

nPCR of brain tissue was only positive for P. falciparum. The difference in peripheral 

blood P. vivax density observed by qPCR compared to microscopy (500 vs. 80/µL, 

respectively) is likely to reflect the fact that even very experienced microscopists often 

overlook a second infecting species in mixed infections.
70

 Brain histology in this patient 

showed an abundance of P. falciparum and its greater avidity for endothelial ligands under 

both static and flow conditions
49

 may have competitively inhibited P. vivax cytoadherence. 

However, the distribution of P. falciparum sequestration varies significantly between 

cerebral vessels in the same patient
322

 and, in any case, the absence of P. vivax by nPCR 

implies that this parasite had no direct role in causing deep coma. 

Patient 3 was included in the present series because of the positive peripheral blood 

PCR results. In studies of P. falciparum, mature parasite forms are no longer visible in 

brain biopsy specimens three days after anti-malarial treatment
322

 and this patient died 

seven days after intramuscular artemether. It is, therefore, not surprising that brain nPCR 

was negative for P. falciparum and, even if cerebral P. vivax sequestration had contributed 

to coma, that brain nPCR was also negative for P. vivax. Ischemia and infarction can occur 

in cerebral malaria caused by P. falciparum in children.
323

 It is likely that histologic 

appearances in this patient, coupled with prior antimalarial treatment, low-grade 

parasitaemia detected by PCR and negative investigations for other likely pathogens, reflect 

the adverse and persistent neurologic effects of substantial P. falciparum sequestration prior 

to admission. The role of P. vivax in this process remains speculative.  

There were no cases of P. vivax mono-infections in the present post mortem series. 

Children with severe vivax malaria in the main study had significantly higher parasitaemia 



 169 

than those of P. vivax in the mixed infection group
53

 but none of these 27 children died of 

cerebral malaria and only one (3.7%) presented in deep coma (BCS ≤2; vs. 10.3% for P. 

falciparum mono-infections and 22.0% for mixed species infections ). This is further 

indirect evidence against cerebral sequestration due to P. vivax. 

The low mortality rate in the main study
53

 and cultural difficulties in obtaining post 

mortem samples in PNG meant that there was limited availability of brain tissue. 

Nevertheless, detailed phenotypic, laboratory and outcome data were available for each of 

the three children. In addition, Plasmodium DNA was successfully extracted from brain 

tissue, implying that the absence of P. vivax DNA was not due to laboratory factors.  

The present results suggest that P. vivax cytoadherence in brain is not a significant 

pathophysiological mechanism underlying impaired consciousness in severely ill children 

with mixed species malaria. Other factors that underlie the poor prognosis of mixed species 

infections in the present series include the possibility that enhanced cytokine and/or toxin 

production associated with P. vivax
48

 amplifies the effects of P. falciparum sequestration on 

vital organ function, and even that the presence of P. vivax facilitates cytoadhesion of P. 

falciparum. The global burden of vivax malaria and the increasing recognition that this 

parasite can have adverse effects on the human host, especially in concert with P. 

falciparum, make this an important area for further study. 

6.5 CONCLUSIONS 

P. vivax DNA was not detected in the brain tissue of children dying from cerebral 

malaria due to mixed P. falciparum/P. vivax infections.  These findings do not support the 

hypothesis that P. vivax sequestration occurs in the brains of humans. 
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RESULTS 

Chapter 7: Rapid antigen detection tests for diagnosis of malaria in 

severely ill children from Papua New Guinea using Bayesian latent class 

models 
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7.1 INTRODUCTION 

The World Health Organization (WHO) advocates treatment of malaria based on 

universal access to light microscopy of blood smears (LM) and/or antigen-based rapid 

diagnostic tests (RDTs).
324

. LM has been the conventional reference method but requires 

trained technicians and good quality smears, and has limited sensitivity for low parasite 

densities and mixed Plasmodium species.
70

 RDTs can be performed efficiently and 

accurately with minimal training. Most RDTs have sensitivities and specificities of 85% to 

95% for P. falciparum in a variety of settings,
97, 101

 but lower detection rates and 

sensitivities for non-falciparum malaria.
101

 A limitation of such studies has been the 

shortcomings of LM as a reference method.
73

 When LM and RDTs have been compared 

with more sensitive polymerase chain reaction (PCR)-based methods, RDTs often 

outperform LM for the detection of P. falciparum 
325, 326

 but not P. vivax.
94

 However, the 

nucleic acids detected by PCR may be from non-viable parasites or gametocytes. Therefore, 

in studies of malaria diagnostic modalities, the comparators can only ever be as good as, 

but never better than, an imperfect gold standard.  

The currently recommended application of malaria diagnostic tests depends on the 

clinical situation. PCR-based methods are not yet in routine field use. Quality-assured LM 

and RDTs are considered equivalent in uncomplicated malaria.
13, 73

 In suspected severe 

malaria, a presumptive course of antimalarial and antibiotic treatment is recommended 

regardless of the results of diagnostic tests which are commonly performed or reported after 

initiation of management.
6
 LM is preferred over RDTs in this situation because parasite 

density can guide adjunctive therapy and facilitate monitoring of the response to treatment. 

324
 Although universal antimalarial therapy avoids the potentially dire consequences of a 

false negative result, inappropriate use of artemisinin-based therapy may promote parasite 

resistance,
327

 while there is the potential for adverse outcomes when artemisinin therapy is 
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given to children with meningeal inflammation.
328

 Over-reliance on empiric therapy may 

also delay diagnosis and treatment of other life-threatening infections with consequently 

increased mortality.
54

 In addition, an accurate initial diagnosis and rational treatment 

reduces costs associated with broad-spectrum presumptive anti-infective therapy, a 

particular benefit in resource-poor settings. 

 

There have been few studies comparing diagnostic modalities in severe malaria and 

these have been conducted in sub-Saharan Africa where falciparum malaria is predominant. 

57, 98
 In Oceania, Asia and South America, P. vivax and mixed-species infections are 

increasingly recognised as important causes of severe disease.
38, 42, 53

 A recent study of 

paediatric uncomplicated malaria in Papua New Guinea (PNG) showed that RDTs can 

guide treatment safely in an area of intense transmission of multiple Plasmodium species.
107

  

There are no equivalent data for severe malaria in this epidemiologic setting.  

The application of Bayesian latent class models (LCM) is one approach to address 

the limitations of applying LM as a gold standard for studies testing the performance of 

RDTs.   In LCM, no gold standard is assumed and the true disease state (disease or no 

disease) for each individual is unknown. Bayesian approaches to LCM are now widely used 

for infectious diseases to validate diagnostic tests without assuming a gold standard.
329, 330

 

In malaria research, LCM has been applied to estimate the prevalence of infection as an 

epidemiological tool,
75

 to estimate the diagnostic performance of RDTs and other methods 

compared with LM for pooled data
73

 and to compare the diagnostic performance of PCR, 

RDTs and LM for children, with and without fever.
74

 In the latter study, LCM results 

appeared robust, regardless of the choice of model and priors used.
74

  

As part of a prospective study conducted in an area of PNG with hyperendemic 

transmission of both P. falciparum and P. vivax, LM, RDTs and nested PCR (nPCR) were 
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performed to diagnose malarial illness in the setting of severely unwell, hospitalised 

children.  Rather than assume that either LM or PCR was the gold standard, I developed a 

Bayesian LCM to determine the diagnostic performance of each test in the absence of a 

gold standard. The primary aim of the study was to determine whether the overall 

diagnostic performance of RDTs was equivalent to, or better than other diagnostic methods 

for severely ill children in an epidemiological setting where multiple Plasmodium species 

are transmitted. A further aim was to assess the diagnostic performance of RDTs according 

to infecting Plasmodium species and presenting clinical features. 

7.2 METHODS 

The general methods are described in Chapter 3.  Specific methodology for 

Plasmodium species nPCR, and LCM using MCMC simulations are outlined in sections 

3.4.2.3 and 3.7.2, respectively. 

7.3 RESULTS 

7.3.1 Patients 

Of 4,360 children admitted to Modilon Hospital during the study period, 843 

(19.3%) fulfilled the criteria for severe illness and were recruited. The median [IQR] age of 

this sub-group was 37 [18.3-45.2] months and 56.6% were male. All were of Melanesian 

racial background. 797 (94.5%) children had nPCR, LM and RDT results available and 

were included in the analysis (Figure 44).  
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Figure 44. Consort diagram summarising patient disposition after recruitment 

7.3.2 Diagnostic accuracy of RDTs by Plasmodium species 

The observed and predicted frequencies for different response profiles along with 

MCMC estimations of 95% credible intervals (95% CI) for any malarial infection are 

shown (Table 12). The Bayesian P-value was 0.46, indicating good overall LCM fit and 

consistent with the assumption that the three diagnostic tests were independent 

conditionally on the patient‟s true disease status.  The Bayesian P-value is derived from a 

comparison between observed and estimated frequency for each response profile.  The 

estimated frequency for response profile „+++‟ (where all three tests are positive) following 

MCMC simulation is shown in Figure 45.  The Gelman-Rubin-Brooks plot demonstrating 

convergence during MCMC for response profile „+++‟ is shown in Figure 46. 
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Estimated frequency for response profile '+++' following MCMC simulation
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Figure 45. Estimated frequency for response profile „+++‟ following MCMC simulation 

(vertical dashed line represents observed frequency for the same profile) 



 177 

15000 20000 25000 30000

1
.0

0
1
.0

2
1
.0

4
1
.0

6
1
.0

8
1

.1
0

last iteration in chain

s
h
ri

n
k
 f
a

c
to

r

median

97.5%

 

Figure 46. Gelman-Rubin-Brooks plot demonstrating convergence  

during MCMC simulation for response profile „+++‟ 

 

The prevalence of malaria, and sensitivity, specificity, PPV and NPV‟s for RDT 

(either test line positive), quality-assured LM (any species) and nPCR (any species 

positive) using a two-class LCM in which the true disease state for each individual was 

unknown are shown in Table 13. Based on the LCM model, the estimated overall 

prevalence of severe malaria was 47.5%. RDTs had similar sensitivity to PCR and greater 

NPV. LM was the least sensitive test and had the lowest NPV, but it had a higher 

specificity and PPV than the other two modalities. These findings were replicated for 

severe falciparum malaria, consistent with this group providing most of the cases (Table 

13). For non-falciparum severe malaria, RDTs were the least sensitive test and had the 
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lowest NPV, especially for P. vivax monoinfections, and they also had low specificity for 

mixed P. falciparum/P. vivax or P. vivax infections.  
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Response profiles of 
nPCR/LM/RDT results 

Observed 
frequency 

Median estimated 
frequency from 

MCMC 

Credible Intervals 
(2.5

th 
-97.5

th
 centile) 

- - - 279 276 240-314 

- - + 35 35 21-53 

- + - 2 3 0-9 

- + + 7 7 2-17 

+ - - 96 96 72-123 

+ - + 54 54 36-75 

+ + - 14 14 6-27 

+ + + 310 308 270-346 

Table 13. Observed and estimated frequencies for each response profile  

Data are given with 95% credible intervals.  
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Plasmodial species Model-derived malaria 
prevalence 

Diagnostic 
modality 

Sensitivity Specificity Negative 
predictive value 

Positive predictive 
value 

Any
a
 47.5 (43.7-51.3) PCR 97.6 (95.6-99.0) 74.8 (70.1-79.2) 97.2 (94.7-98.8) 77.8 (73.3-82.0) 

LM 87.4 (83.1-91.3) 99.1 (97.5-99.9) 89.7 (86.0-93.0) 98.9 (96.8-99.9) 

RDT 96.0 (93.4-97.9) 89.5 (85.6-92.7) 96.1 (93.5-98.0) 89.2 (85.1-92.6) 

P. falciparum only
b
 42.9 (39.3-46.5) PCR 97.1 (94.8-98.8) 83.1 (79.1-86.6) 97.6 (95.4-98.9) 81.2 (76.7-85.2) 

LM 85.9 (81.4-89.8) 98.7 (97.0-99.6) 90.3 (87.0-93.2) 98.0 (95.6-99.4) 

RDT 98.0 (95.8-99.4) 89.2 (85.8-92.7) 98.4 (96.5-99.5) 87.8 (82.9-90.8) 

Mixed P. falciparum/ P. vivax 
or P. vivax infections

c
 

6.9 (4.5-11.2) PCR 91.8 (80.6-99.0) 89.7 (86.7-93.4) 99.3 (98.1-99.9) 39.4 (26.4-61.9) 

LM 77.5 (48.5-98.7) 99.8 (98.9-100) 98.4 (94.3-99.9) 96.2 (83.0-99.9) 

RDT 69.6 (55.8-81.8) 63.4 (60.0-67.0) 96.7 (93.1-98.3) 12.4 (7.8-19.3) 

P. vivax only
d
 4.0 (2.6-6.2) PCR 89.8 (70.5-99.0) 95.4 (93.6-96.9) 99.6 (98.4 -100) 44.4 (30.4-61.6) 

LM 80.9 (58.2-96.1) 99.0 (98.0-99.8) 99.2 (97.6-99.9) 77.4 (58.4-94.8) 

RDT 48.9 (30.9-67.8) 99.0 (98.1-99.6) 97.9 (96.1-98.9) 67.2 (45.7-85.8) 

PCR, nested polymerase chain reaction for Plasmodium species; LM, reference quality light microscopy of Giemsa-stained thick blood films;RDT, malaria rapid diagnostic test. 
aAny plasmodium species by PCR, LM and either or both test lines positive by RDT. 
bPlasmodium falciparum only by PCR and LM.  Either PfHRP-2 line or both test lines positive by RDT. 
cMixed P. falciparum/P. vivax infection or single P. vivax infection by PCR and LM.  Either aldolase line or both test lines positive by RDT. 
dP. vivax only by PCR and LM. Aldolase test line positive by RDT. 

Table 14. Diagnostic utility of nested PCR, light microscopy and malaria rapid diagnostic tests  

according to infecting Plasmodium species using a Bayesian latent class model that assumes no gold standard.   

Data are shown as percentages (95% credible intervals) 
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Clinical phenotype Model-derived malarial 
disease prevalence 

Diagnostic 
modality 

Sensitivity Specificity Negative 
predictive value 

Positive 
predictive value 

Deep coma 51.2 (38.7-63.0) PCR 89.6 (78.1-97.1) 66.8 (52.2-79.9) 86.7 (70.2-96.5) 73.0 (56.6-84.9) 

LM 77.4 (62.1-93.3) 96.4 (88.0-99.7) 81.0 (64.8-95.4) 95.6 (84.7-99.6) 

RDT 98.1 (90.9-99.9) 81.2 (64.5-95.2) 97.8 (88.8-99.9) 83.4 (65.3-96.4) 

Metabolic acidosis 42.5 (30.8-54.6) PCR 95.2 (84.4-99.7) 82.4 (69.7-91.9) 95.9 (85.3-99.8) 79.9 (65.5-91.1) 

LM 94.2 (82.2-99.7) 88.4 (65.6-99.4) 95.4 (84.7-99.7) 86.0 (58.6-99.3) 

RDT 95.0 (84.1-99.7) 80.5 (67.6-90.5) 95.6 (84.9-99.8) 78.2 (63.6-89.6) 

Hyperlactataemia 61.7 (50.6-71.5) PCR 97.4 (91.2-99.8) 60.5 (44.2-75.6) 93.6 (78.7-99.4) 80.0 (67.5-88.9) 

LM 84.8 (73.6-95.1) 97.2 (87.4-99.9) 79.6 (64.1-94.5) 98.0 (90.5-99.9) 

RDT 96.4 (89.3-99.7) 86.6 (69.5-97.1) 93.7 (81.2-99.4) 92.1 (79.3-98.4) 

Severe anaemia 73.4 (62.8-81.8) PCR 98.2 (93.6-99.9) 75.6 (54.4-92.5) 94.0 (78.4-99.6) 91.8 (80.8-97.9) 

LM 83.4 (73.9-92.9) 96.5 (84.5-99.9) 67.5 (49.7-87.1) 98.5 (92.8-99.9) 

RDT 97.0 (91.6-99.6) 63.4 (43.7-80.7) 88.4 (68.9-98.4) 88.1 (77.2-94.7) 

Respiratory distress 22.8 (17.0-29.2) PCR 96.4 (88.4-99.6) 80.3 (73.4-86.2) 98.7 (95.6-99.9) 59.0 (46.6-70.5) 

LM 89.2 (75.9-98.3) 99.4 (96.9-100) 96.9 (92.5-99.6) 97.8 (88.6-99.9) 

RDT 88.1 (76.4-95.8) 94.2 (89.4-97.5) 96.4 (92.4-98.9) 81.7 (67.6-92.0) 

Mortality 40.3 (26.7-54.5) PCR 90.2 (72.5-99.1) 95.5 (81.8-99.8) 93.6 (79.9-99.4) 93.2 (71.2-99.7) 

LM 47.3 (28.7-67.3) 97.4 (87.5-99.9) 73.3 (58.0-85.8) 92.6 (65.3-99.7) 

RDT 76.6 (57.3-91.5) 93.8 (80.5-99.6) 85.6 (71.0-95.3) 89.3 (66.4-99.3) 

nPCR, nested polymerase chain reaction for Plasmodium species; LM, reference quality light microscopy of Giemsa-stained thick blood films; RDT, malaria rapid diagnostic test. 

Table 15. Diagnostic utility by clinical malarial phenotype for nested PCR, light microscopy and malaria rapid diagnostic tests  

using a Bayesian latent class model that assumes no gold standard.  Data are shown as percentages (95% credible intervals). 
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7.3.3 Diagnostic accuracy of RDTs by clinical phenotype 

The main clinical phenotypes of the patients were deep coma (BCS≤2), metabolic 

acidosis (plasma bicarbonate <12.2 mmol/L), hyperlactataemia (blood lactate >5 mmol/L), 

severe anaemia (haemoglobin <50 g/L) and respiratory distress (deep breathing, inter-costal 

in-drawing, sub-costal recession, persistent alar flaring, tracheal tug, and/or respiratory rate 

>60/minute). The sensitivity, specificity, NPV and PPV for each of these phenotypes by 

diagnostic test using LCMs is shown in Table 14. LM had the lowest sensitivity and NPV 

for each phenotype apart from respiratory distress. LM also had the lowest sensitivity for 

mortality.  

7.3.4 False-negative RDT results 

Fourteen patients had a negative RDT result in the setting where both the nPCR and 

LM were positive. In a conventional non-LCM analysis, it might reasonably considered that 

this group represents „false negatives‟. Of these patients, 6, 5 and 3 patients had P. 

falciparum, P. vivax and mixed infections, respectively. False-negative cases had a lower 

parasitaemia, and were more likely to be infected with P. vivax alone or as part of a mixed 

infection than the true positives (78.6% vs 20.7%, respectively). They were also three times 

more likely to present with respiratory distress than the true positive cases.  

7.4 DISCUSSION 

The ideal diagnostic test is one that is easy to perform and interpret, can be widely 

deployed, and has high sensitivity and specificity. RDTs for malaria have the potential to 

provide valuable diagnostic information promptly and cost-effectively when a detailed 

initial clinical and laboratory assessment of a severely ill child is problematic, such as in a 

rural setting in a developing tropical country. There is increasing evidence that PfHRP-2-
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based RDTs are useful alternatives to LM for diagnosing severe falciparum malaria in 

African children, with sensitivities and NPVs relative to LM between 91-94% and 85-91%, 

respectively.
57, 98

 The present data for a combined PfHRP-2-aldolase RDT extend this 

evaluation to a non-African area in which P. falciparum is the major cause of severe 

malarial illness but P. vivax is also contributory.  

The sensitivity and specificity of a malaria diagnostic test should be at least 95% 

and 90%, respectively, compared with expert LM.
331

 The present LCM analyses show that 

the sensitivity of RDTs for any severe malaria and severe falciparum malaria in PNG 

children was better than LM (≥ 96% compared with <90%) and that the relative 

specificities of RDTs were >90% those of LM. In the management of severely-ill children, 

a false negative result of a diagnostic test is the primary concern and an appropriate test 

thus requires high sensitivity and NPV. RDTs fulfilled these criteria for all severe malaria 

and severe falciparum malaria and performed as well as nPCR in these two situations.  

In the case of severe non-falciparum malaria, the RDT brand tested in this study did 

not perform as well as either nPCR or LM. The particular RDT brand used during this 

study was chosen prior to the publication of the first WHO RDT product testing rounds that 

are now in their 4
th

 iteration
101

 and has demonstrated very low sensitivity for P. vivax 

parasite counts less than 200 parasites/µL.  A number of other RDT brands have shown 

sensitivities up to 100% for P. vivax under controlled conditions and would be considered 

alternatives in follow-up studies.  However, it is important to note that although the RDT 

had the lowest sensitivity for non-falciparum malaria in this study, neither LM nor PCR had 

a sensitivity >95% in LCM models for mixed-species/P. vivax monoinfections or P. vivax 

infections alone. In the context of a low sensitivity, the high NPV is a reflection of the low 

overall prevalence (4%) of severe P. vivax in this setting. Although the number of children 
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was relatively small, they represent groups with a mortality at least that of severe P. 

falciparum malaria.
53

 Indeed, RDTs and especially LM had relatively low sensitivity for 

identifying children who were to die despite antimalarial therapy. RDTs had good 

sensitivity (≥ 95%) for clinical phenotypes except respiratory distress, which is a more 

frequent feature of severe P. vivax and mixed-species infections than severe falciparum 

malaria in PNG children.
53

 There were no differences in diagnostic performance by age 

(data not shown). 

 

Extrapolating from the model, where the malaria prevalence was 47.5%, 797 

children enrolled and an overall RDT sensitivity of 96%, there were a small number (16) of 

false-negative RDT results that would include children with either, or both, plasmodium 

species.  In the case of P. falciparum, a negative RDT could be due to either the prozone 

effect
108

 or the deletion of PfHRP-2 and PfHRP-3 genes as has been found in South 

American isolates.
111

 The prozone effect occurs when excess antigen blocks all sites for the 

colour change reaction and, in an African study, occurred in 1% of children with P. 

falciparum parasitaemias >100,000/µL.
57

 A false negative RDT in a child with P. vivax, is 

thought to be due to limited antigen availability. The generally lower specificities of both 

RDTs and nPCR relative to LM are consistent with persistence of antigens and DNA in the 

absence of viable parasites after successful prior treatment. 

 The present data show that none of the three diagnostic modalities assessed have 

optimal performance characteristics in the setting of hyperendemic mixed-species malaria 

transmission such as found in PNG and other parts of Oceania, and in Asia and South 

America. Nevertheless, there appears a clear role for RDTs as a valuable point-of-care test 
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that is at least equivalent to LM in diagnosing severe falciparum malaria. On-site field LM 

is often not as reliable as the expert LM used as a comparator in the present study, making a 

further argument for the use of RDTs as part of the initial evaluation of a severely ill child. 

Diagnostic tests should only be part of this evaluation. Two important 

considerations are the prior probability of severe malaria and the presenting clinical 

features. In areas such as PNG and sub-Saharan Africa where falciparum malaria is the true 

diagnosis is up to 60% of severely ill children,
53, 57

 withholding empirical antimalarial 

therapy on the basis of a negative RDT would be inadvisable due to even a small risk of a 

false negative result. However, in a setting in which severe falciparum malaria accounted 

for <10% of hospitalisations, a negative RDT would give a <1% post-test probability that 

malaria was missed. If adequate clinical and laboratory monitoring were available, a 

decision not to give initial antimalarial therapy and pursue other diagnoses may be 

justifiable. A pertinent example of the value of adequate clinical assessment guiding 

treatment is respiratory distress that might signal the possibility of P. vivax malaria in an 

RDT-negative child.  

With declining malaria mortality and admission rates in Africa
56

 and elsewhere, and 

with the prospect of further improvements in the diagnostic sensitivity of RDTs, the utility 

and safety of RDT-based diagnostics algorithms as part of the management of severely ill 

children should be re-evaluated. In children with who have a negative RDT and a clear 

alternative diagnosis such as lobar pneumonia, measles or acute bacterial meningitis, 

withholding antimalarial therapy may be appropriate. Those with a positive RDT should be 

treated with antimalarial drugs but other diagnoses should still be considered. Until further 

evaluative studies are performed, severely ill children with a negative RDT and an 
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indeterminate diagnosis should receive empirical antimalarial therapy as is usually 

recommended by local guidelines.  

7.5 CONCLUSIONS 

RDTs are a valuable point-of-care test that is at least equivalent, if not better than 

LM in diagnosing severe falciparum malaria in this epidemiological situation. Whilst none 

of the tests had the required sensitivity for non-falciparum malaria, the overall number of 

false-negative RDTs in this group was small and the negative predictive values were still 

>90%.
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RESULTS 

Chapter 8: Predictors of acute bacterial meningitis in children from a 

malaria-endemic area of Papua New Guinea 
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8.1 INTRODUCTION 

Although ABM is an important contributor to childhood disability and mortality in 

developing countries,
332-335

 appropriate vaccinations and antibiotic therapy are often 

unavailable and laboratory facilities may be limited.
336-339

 Diagnosis and management can 

therefore be challenging,
340

 especially when young children with ABM present with non-

specific features including lethargy or irritability rather than the classic clinical signs of 

meningeal irritation.
341

 In malaria-endemic areas, the symptoms and signs of severe 

malarial illness can overlap with those of ABM, further complicating assessment.
342

 

Lumbar puncture is commonly recommended as a routine part of the investigation of 

febrile illness of uncertain aetiology in this setting,
253

 even though reliable biochemical and 

microbiological testing of CSF may not be available. 

Ideally, the clinical features of a febrile child should inform diagnosis and facilitate 

rational initial treatment where there is no laboratory support. In studies from the highlands 

of PNG where there is no malaria transmission
339

 and from African countries with holo-

endemic falciparum malaria,
132, 340

 neck stiffness and a bulging fontanel were 

independently associated with ABM. Other features such as refusal to feed, staring eyes 

and convulsions were inconsistent associates. Microscopy is often available in facilities 

treating febrile children in malaria-endemic areas, but the presence of malaria parasites on a 

blood film did not add significantly to clinical variables in studies of predictors of ABM in 

African children with severe febrile illness.
132, 340

 

A recent systematic review of the clinical features of paediatric ABM in which 8 out 

of 10 included studies were from tropical countries
343

 concluded that many individual 

predictive variables and especially their combinations warranted further evaluation. In 

addition, available data from malaria-endemic versus non-malaria-endemic areas
132, 339, 340
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emphasise that clinical prediction algorithms for ABM will depend on local epidemiology. 

Since low-lying areas of PNG and other countries in the Oceania region are 

epidemiologically distinct from both the highlands of PNG and sub-Saharan Africa with 

transmission of Plasmodium vivax as well as P. falciparum, the aim of the present study 

was to prospectively identify clinical and basic laboratory predictors of ABM in well 

characterised severely ill children presenting to the provincial referral hospital in Madang 

Province on the north coast of mainland PNG.     

8.2 METHODS 

The methods for this study, including formal assessment of possible clinical features 

suggestive of meningitis, clinical management and bacteriology are outlined in Chapter 3.   

 

8.3 RESULTS 

8.3.1 Diagnostic characterisation 

During the 30-month study period, 2,725 children were admitted (Figure 47). Of 

these, 554 (20.3%) were aged between 2 months and 10 years and underwent LP. Reported 

indications for LP included i) seizure(s) (38.5%), ii) signs of meningeal irritation (21.4%), 

iii) impaired consciousness (12.5%), iv) other neurological signs (8.7%), and v) irritability 

(5.6%). Their median age was 24 [8-56] months and 57.3% were males. Ninety-five (18%) 

were deeply comatose (BCS ≤ 2) and 170 (33.1%) had multiple convulsions.  

Forty-seven (8.5%) and 36 (6.5%) children who underwent LP were diagnosed with 

proven or probable meningitis, respectively. Based on above numbers and local population 

data,
344

 the annual incidence rate (95% CI) for proven ABM was 100 (64-136), 7 (3.5-10.5) 

and 5 (0-10) cases per 100,000 per year for children aged 2-11 months, 1-4 years and 5-9 
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years, respectively. The remaining 471 children had malaria with cerebral involvement 

(21.8%), simple febrile seizure (15.7%), febrile encephalopathy (7.6%) or other diagnoses 

(54.7%). The latter group comprised those with respiratory infections (27.9%), malaria 

without cerebral involvement (19.0%), diarrheal illness (11.6%), other unspecified 

infections (31%), or non-infective illnesses with non-specific signs requiring LP to exclude 

ABM (10.5%). 

 

 

Figure 47. Consort diagram showing diagnosis in children following lumbar puncture 

 

8.3.2 Features of acute bacterial meningitis 

The clinical signs, laboratory features and outcome of children with proven or 

probable ABM and those with non-meningitic illness are summarised in Table 15. The 
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children with proven ABM were more likely to have multiple convulsions and a positive 

Brudzinski‟s sign than those with probable ABM, and they also had higher CSF WCC and 

semi-quantitative protein concentrations. There was, however, no significant difference in 

either permanent disability or mortality between the children with proven or probable 

ABM. Overall, 46 (8.3%) died in hospital, including 21 (25.3%) with proven or probable 

ABM. Only one child, aged 4 months with probable ABM, also had evidence of malaria 

infection.  He had no signs of meningism, a low P. falciparum density (240 asexual 

forms/µL whole blood), and a CSF WCC of 35/mm
3
 (71% neutrophils). He responded to 

parenteral antibiotics and artemether, and was discharged well. 

Given that treatment for ABM should be based, at least in part, on initial CSF 

microscopy
345

 and the overall clinical similarity (including outcome) between children with 

proven and probable ABM, the 83 children in these two groups were combined in 

subsequent analyses. The OR, sensitivity, specificity, PPV, NPV, LR+ and LR- for clinical 

signs in proven/probable ABM are shown in Table 16. Specific signs of meningeal 

involvement (neck stiffness, Kernig‟s and Brudzinski‟s signs and, in younger children, 

bulging fontanel) had LR+s that were high (≥ 4.3), but neck stiffness had the best 

sensitivity. The non-specific neurological features of multiple seizures and coma were less 

predictive (LR+ 1.5-2.1), while both single seizures and especially a malaria-positive blood 

slide were associated with low LR+s for proven/probable ABM.  

To examine the relative importance of predictors of proven/probable ABM, neck 

stiffness, Kernig‟s sign, Brudzinski‟s sign, deep coma, multiple seizures and a history of 

single seizure were included in a logistic regression model (Table 17). Neck stiffness, 

Kernig‟s sign and deep coma were independently and positively associated while a single 

fit was negatively associated. When a positive blood film for malaria was added to the 
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model, neck stiffness and deep coma remained positively associated, whilst the presence of 

malaria parasites (P. falciparum and/or P. vivax) was significantly negatively associated 

with proven/probable ABM. A single seizure and Kernig‟s sign were no longer independent 

associates.  

A separate logistic regression analysis in children aged <18 months was performed 

to determine whether the presence of a bulging fontanel was a predictor of ABM. This sign 

was recorded in 91% of 238 eligible children. In a model including other clinical features, a 

bulging fontanel was a significant determinant of proven/probable ABM together with neck 

stiffness, Kernig‟s sign and a history of multiple convulsions (Table 15). 

8.3.3 Microbiology 

A causative organism was identified from CSF culture or India ink staining in 45 

children, 21 with Hib, 22 with SP and 2 with Cryptococcus gatti.  Of this subgroup, blood 

cultures were also positive in 5 children (3 Hib, 2 SP). Latex agglutination testing identified 

one additional child with Hib meningitis. Staphylococcus aureus was identified as the 

causative organism in one child who presented with clinical features of ABM with >1,000 

WCC/mm
3
 in CSF, but the organism was isolated only from blood cultures.   

The two cases of cryptococcal meningitis were included in the analyses because the 

lymphocytic predominance in CSF seen in these children can occur in some cases of ABM, 

especially in those that are partially treated. Appropriate initial antibiotic therapy should be 

administered in this situation. When the analyses summarised in Tables 16 and 17 were 

repeated without C. gattii included, the nature and strength of the derived parameters and 

associations did not change significantly (data not shown).  
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  Proven 
(n=47) 

Probable 
(n=36)                     

Other  
(n=471) 

Total  
(n=554) 

P-value¶ 

Age (months)   8 [4-44] 25 [10-42] 27 [24-34] 25 [7-53]  0.001 

Blantyre Coma Score ≤2  36.2 25.0 12.7 15.5  

 3 or 4 23.4  19.4 17.6 18.2 <0.0001 

 5  40.4 55.6 69.7 66.2  

Number of seizures 0  31.9 61.1 41.6 42.1  

 1  12.8 13.9 29.7 27.3 <0.0001 

 ≥2  55.3** 25.0 28.7 30.1  

Signs of meningism Neck Stiffness  89.4 66.7 18.5 28.0 <0.0001 

 Kernig’s sign 46.8 27.8 5.1 10.1 <0.0001 

 Brudzinski’s sign 27.7* 19.4 2.8 6.0 <0.0001 

 Opisthotonus  14.9 5.6 1.9 3.2 <0.0001 

Cerebrospinal fluid White cell count (/mm
3
) 635 [252-1097]** 113 [52-450] 0 [0-0] 0 [0-10] <0.0001 

 Protein (g/L) 3 [1-3]*** 1 [1-1.8] 0.3 [0.3-0.3] 0.3 [0.3-0.3] <0.0001 

Outcome Permanent disability  23.4 22.2 9.8 11.7 <0.0001 

 Mortality 27.7  22.2 5.3 8.3   

¶Kruskal-Wallis and Chi-squared tests were used to compare continuous and categorical variables, respectively, across diagnostic groups; *P<0.05, **P<0.01, 

***P<0.001 vs. probable ABM 

Table 16. Clinical and laboratory features, and outcome, of proven and probable bacterial meningitis, and non-meningitic illness requiring 

lumbar puncture  

Data are median [interquartile range] or percentages. 
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Clinical Sign (n/total)  
Odds  
ratio  

Sensitivity Specificity  
Positive 

predictive 
value 

Negative 
predictive value 

Positive 
likelihood    

ratio 

Negative 
likelihood    

ratio 

Neck stiffness (155/554) 17 (10-31) 80 (69-88) 82 (78-85) 43 (35-51) 96 (93-98) 4.3 0.3 

Kernig’s sign (56/548) 8.1 (4.6-14) 39 (28-50) 93 (90-95) 48 (36-61) 90 (86-92) 5.3 0.7 

Brudzinski’s sign (33/547) 9.6 (4.6-20) 23 (14-33) 97 (95-98) 58 (39-75) 88 (85-90) 7.7 0.8 

Single Seizure (151/548) 0.4 (0.2-0.7) 13 (7-23) 70 (66-74) 7.3 (3.7-13) 82 (78-86) 0.5 1.2 

Multiple seizures (170/548) 1.8 (1.1-2.9) 42 (31-53) 71 (67-75) 21 (15-27) 88 (84-91) 1.5 0.8 

Deep Coma (86/530) 2.7 (1.6-4.5) 31 (22-42) 85 (82-88) 27 (19-37) 88 (84-90) 2.1 0.8 

Malaria Parasites (155/408) 0.02 (0-0.15) 2 (0-9) 56 (50-61) 0.7 (0-3.9) 74 (68-80) 0.04 1.8 

Bulging fontanel* (23/217) 11.1 (4.3-28) 35 (21-51) 95 (91-98) 65 (43-84) 85 (80-90) 7.6 0.7 

*children less than 18 months old 

Table 17. Utility of clinical signs and blood film microscopy in predicting proven or probable acute bacterial meningitis in PNG children  

Data are ratios or percentages and (95% confidence intervals). 
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 All children Children <18 months 

 Clinical features only Clinical features and blood film Clinical features only 

 
Odds ratio 
(95% CI) 

P-value 
Odds ratio 
(95% CI) 

P-value 
Odds ratio 
(95% CI) 

P-value 

Age (months)     0.86 (0.76-0.97) 0.02 

Neck stiffness 10.2 (5.3-20) <0.0001 9.7 (4.5-22.0) <0.0001 4.6 (1.7-12.9) 0.003 

Kernig’s sign 2.8 (1.4-5.8) 0.005   6.1 (1.6-26.5) 0.01 

Deep coma 2.4 (1.2-4.6) 0.01 2.3 (1.05-5.1) 0.04 4.6 (1.7-12.9) 0.01 

Single convulsion 0.4 (0.2-0.8) 0.01     

Multiple convulsions     5.7 (2.2-16.5) 0.0004 

Bulging fontanel     10.1 (3.1-35.1) 0.0002 

Malaria slide positive   0.03 (0-0.13) 0.0004   

Table 18. Independent predictors of acute bacterial meningitis identified by multiple logistic regression analysis 
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8.4 DISCUSSION 

In resource-poor healthcare settings in many tropical countries, important initial 

management decisions may have to be made on clinical grounds alone. In the case of a 

child with possible ABM in this situation, a variety of specific signs of meningism and non-

specific neurological features can be used in diagnostic assessment. These data suggest that 

neck stiffness, deep coma, and a bulging fontanel in a child <18 months of age, are the most 

important clinical predictors of ABM when a blood smear is negative in a malaria-endemic 

area. When a blood film result is not available, a positive Kernig‟s sign is also 

independently predictive and, while a single convulsion is a negative associate in this 

situation, the magnitude of both LR+ (0.5) and LR- (1.2) are not low enough to suggest that 

a single seizure alone excludes ABM. However, multiple convulsions appear to be an 

additional positive predictive feature in young children. Regardless of age and availability 

of malaria microscopy, Brudzinski‟s sign and opisthotonus are of limited diagnostic value 

in paediatric ABM. 

In the recent systematic review,
343

 neck stiffness, bulging fontanel and Kernig‟s 

sign were also amongst the clinical features with the highest LR+s for paediatric ABM 

(3.5-4.5). Brudzinski‟s sign had a lower LR+ (2.5) but was still significantly predictive 

albeit available for only 172 children compared with 3,118 in the case of neck stiffness. 

Deep coma was a relatively weak predictor (LR+ 1.8). These data, from a sample that is 

larger than many of those incorporated in the systematic review,
343

 are broadly consistent 

with these findings, both in the individual clinical features identified as predictive and in 

the strength of their association with ABM. However, and in contrast with African 

studies,
132, 340

 the availability of a blood film microscopy had a significant impact on 

independent predictors of ABM. 
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In a Gambian study, 10% of children with definite ABM had malaria parasites on 

blood film microscopy, a percentage that was not significantly different to that in non-

meningitic children.
340

 Although, by contrast, a positive blood film in Kenyan children was 

independently associated with the absence of ABM, a negative malaria slide added little to 

a predictive model of ABM.
132

 In the present study, no child with proven ABM and only 

one with probable ABM had malaria identified by microscopy. Malarial parasitaemia, 

regardless of the infecting species, was independently associated with the absence of ABM 

and, more importantly, the addition of presence of malaria parasites to the logistic 

regression model influenced the utility of clinical signs. Neck stiffness and deep coma were 

of particular diagnostic importance in this situation.  

The lack of overlap between malaria and invasive bacterial disease in PNG children 

contrasts with studies from Africa where 5-8% of children with well-defined severe malaria 

have co-existing invasive bacterial infections.
140, 141

 This indicates the need for ABM 

predictive models specific to local epidemiology, a situation further emphasised by the 

finding that the sign with the highest LR+ (37.0) in the systematic review was petechiae.
343

 

The relevant data were from 4 of 341 patients with ABM from Nigeria 
346

 where Neisseria 

meningitidis is a major pathogen. Petechiae were not observed in any patients, reflecting 

the fact that N. meningitidis was not isolated from any blood or CSF cultures. 

Meningococcal infection was common in PNG in the 1960‟s but its prevalence has been 

low in recent years.
339, 347, 348

 

The magnitude of the LR+s for individual clinical signs in patients indicated that 

their presence increased the pre-test probability of ABM by, at most, 30%.
349

 This study 

and others
343

 recruited children with clinical suspicion of ABM. These children have a pre-

test probability or prevalence of ABM higher than that expected in unselected children 
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presenting to a health care facility with any illness. Differences in prevalence or pre-test 

probability will influence the PPV and NPV of individual signs in the diagnosis of ABM 

but LRs, being derived from sensitivity and specificity, are not affected. The use of logistic 

regression models identifying combinations of independent predictors in a study of African 

children has shown that a history of seizures, lethargy/unconsciousness and a stiff neck 

have 98% sensitivity and 70% specificity.
340

 The present data do not contradict this finding 

but highlight the importance of a bulging fontanel in younger children and the importance 

of blood film microscopy in malaria-endemic areas. 

The present LP rate of 20.3% of total admissions was similar to that in non-

malarious highland areas of PNG and Africa (11-22%),
132, 340, 350

 as was the percentage of 

cases with proven ABM (1.7%vs 2.0-2.7%). Our overall annual ABM incidence was lower 

than that reported from the PNG highlands (100 versus 600 per 100,000 children <1 year of 

age per year),
339

 possibly reflecting relatively poor infrastructure and more limited access to 

tertiary level care. Although ABM incidence in Madang Province may have been 

underestimated, it was still similar to that reported for indigenous Alaskan and Gambian 

populations.
336-338

  

The present findings have important clinical implications for PNG and other 

countries in Oceania and beyond that have similar epidemiology. The presence of neck 

stiffness, deep coma (BCS ≤ 2) and, in a young child, a bulging fontanel and multiple 

convulsions, are strong evidence of ABM. A positive Kernig‟s sign also indicates that 

ABM is likely. In children without these features (including those with a single febrile 

seizure
251

) and who have a positive blood film for malaria, LP and empiric antibiotic 

therapy with a third generation cephalosporin could be deferred pending further 

investigation and monitoring after administration of antimalarial therapy. However, 
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physical examination findings are subject to technical competence, individual interpretation 

and inter-observer variability. This could explain why some signs are clearly predictive of 

ABM in clinical research studies with clear definitions implemented by experienced 

clinicians
343

 but not when usual clinical practice has been evaluated.
351, 352

 Similarly, blood 

film microscopy for malaria depends on the experience of the microscopist. The validity of 

a simple predictive algorithm incorporating important clinical and, where available, 

laboratory features of ABM in a particular epidemiologic situation should, therefore, be 

assessed in a field situation before it is formally adopted. 

8.5 CONCLUSIONS 

Neck stiffness, Kernig‟s and Brudzinski‟s signs and, in children aged <18 months, a 

bulging fontanel had positive likelihood ratios (LR+s) ≥ 4.3 for proven/probable ABM. 

Multiple seizures and deep coma were less predictive (LR+ 1.5-2.1). Single seizures and 

malaria parasitaemia had low LR+s (≤ 0.5). In logistic regression including clinical 

variables, Kernig‟s sign and deep coma were positively associated with ABM while a 

single fit was negatively associated (P≤ 0.01). In multivariate models that included malaria 

microscopy, neck stiffness and deep coma were positively associated with ABM.  A 

parasitological diagnosis of malaria by LM was independently and strongly associated with 

the absence of ABM (Odds Ratio [95%CI] 0.03 [0-0.13], P=0.0004). In young children, a 

bulging fontanel added to the model (P<0.001). Simple clinical features predict ABM in 

PNG children but malaria microscopy augments diagnostic precision.  
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RESULTS 

Chapter 9: Meningeal irritation increases cerebrospinal fluid artemether 

concentrations in Papua New Guinean children treated with 

intramuscular artemether 
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9.1 INTRODUCTION 

Neurotoxicity associated with artemisinin and its derivatives has been observed 

consistently in vitro
353

 and in animal studies.
172, 173, 354-357

 Brainstem neurons appear to be 

particularly susceptible 
172

 and the duration of drug exposure is an important 

determinant.
172, 357

 Short-term peak concentrations of artesunate and its active metabolite 

DHA after intravenous artesunate are thus considered less potentially neurotoxic than the 

prolonged plasma concentrations of artemether and DHA observed after intramuscular 

artemether, especially with repeated dosing.
357, 358

  

The relevance of in vitro and animal neurotoxicity data to humans treated with 

artemisinin derivatives is, however, uncertain. Animal studies have involved allometrically 

higher doses given for longer periods than recommended for the treatment of human 

malaria.
172, 173, 358

 Case reports of artemisinin-associated neurotoxicity 
359-363

, subtle hearing 

loss in case-control studies
364, 365

 and the suggestion of longer coma recovery times in 

artemether-treated patients with cerebral malaria
237, 366

 do not reflect substantial clinical 

trial and observational evidence,
367, 368

 as well as the results of otological
369-371

 and 

neuropathological
372, 373

 studies, that have not raised any safety concerns. Nevertheless, 

although the mortality benefits of artemisinin derivatives over alternative therapies are 

clear,
170, 171

 recent reviews of published data relating to artemisinin-associated neurotoxicity 

continue to recommend pharmacovigilance, especially in potentially high-risk groups such 

as children and pregnant women.
353, 374-376

 

For neuronal exposure to occur in vivo, artemisinin drugs must first cross the blood-

brain/blood- CSF barrier and enter the CSF compartment.
377

 Data relating to CSF 

penetration of artemisinin derivatives in humans are confined to a single study of six adults 

with severe falciparum malaria who were given intravenous artesunate.
174

 There was a 
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suggestion of CSF accumulation of DHA that could, based on comparative 

pharmacokinetic properties, be greater with intramuscular artemether. CSF concentrations 

of artemisinin derivatives are likely to be increased by meningeal irritation as a result of 

compromised integrity of the blood-brain/blood-CSF barrier, increased CSF outflow 

resistance and/or decreased P-glycoprotein activity.
377

 Therefore, children in malaria-

endemic areas with bacterial meningitis or encephalitis who are given empirical artemether 

may be at particular risk of neurotoxicity.  

In the light of persistent concerns regarding artemisinin-associated neurotoxicity 

and, in particular, when artemisinin drugs are administered to the child with neurological 

signs who may or may not have blood smear evidence of malaria, the aims of the present 

study were i) to characterise the CSF penetration of artemether and DHA after a 

conventional dose of intramuscular artemether administered to hospitalised PNG children, 

and ii) to determine whether meningeal irritation is associated with increased CSF 

concentrations of artemether and DHA in this situation. 

9.2 METHODS 

Patients recruited to this study represent a subset of children screened for 

recruitment to the wider observational study of severe illness.  Specific details of inclusion 

criteria are given in section 3.3.1.2.   The LC-MS assay methods to measure artemether and 

DHA from plasma and CSF are given in section 3.4.9, whilst the pharmacokinetic 

modelling is outlined in 3.7.3. 
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9.3 RESULTS 

9.3.1 Baseline characteristics and clinical course 

Thirty-two children met the eligibility criteria and had CSF and plasma available for 

artemether and DHA assay. Sixteen (50%) had clinical and laboratory features that were 

consistent with WHO criteria for severe malaria
21

 and all but one child had suffered a 

convulsion before or soon after presentation. Baseline clinical and laboratory data are 

summarised in Table 19.  

Sex (male/female) 19/13 

Age (months)  39 [17-42] 

Weight (kg)  13 [9-16] 

Blantyre coma score  4 [2-5] 

At least one convulsion (yes/no) 31/1 

Severe Malaria (yes/no) 16/16 

Cerebrospinal fluid white cell count ≥20/mm
3
 (yes/no)  7/25 

Culture-positive bacterial meningitis (yes/no) 4/28 

Table 19. Baseline clinical and laboratory data  

Data are numbers of children by category or median and [inter-quartile range]. 

 

The median time between initial artemether administration and LP was 7 hours 

(range 20 minutes to 98 hours). Twenty-six (81%) children underwent LP between the first 

and second dose of intramuscular artemether while the other six children had at least one 

additional dose. There were no adverse outcomes associated with LP. Seven (22%) children 

had >20 white cells/mm
3 

in the CSF. Three of these had Hib and one SP isolated from 

bacterial culture of CSF.  The remaining three children with evidence of meningeal 

inflammation had negative CSF bacterial culture and bacterial antigen testing. These 

children were therefore assumed to have probable acute bacterial meningitis.
251
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Two children died, one from Hib meningitis and the other from probable acute 

bacterial meningitis in the presence of late complications from a colostomy for 

Hirchsprung's disease. Neither had malaria parasites detected on peripheral blood smear. A 

further three children survived but with chronic disability from non-malarial neurological 

disease. Of the five children with a poor outcome (death or disability), three (60%) had 

measured plasma artemether concentrations above the mean artemether concentration 

profile derived from the pharmacokinetic model (Figure 48).   

9.3.2 Plasma artemisinin concentrations 

Thirty children (94%) had measurable plasma artemether concentrations at the time 

of LP. Of the two with undetectable concentrations, one underwent LP at 6 hours and the 

other at 98 hours. The plasma sample from the latter child was taken 2 hours after the fifth 

artemether dose. Twenty-five children (78%) had detectable concentrations of plasma 

DHA. In all 32 patients, the median [IQR] plasma artemether and DHA concentrations 

were 43.8 [21.6-97.0] µg/L and 6.3 [1.9-13.7] µg/L, respectively, and they correlated 

significantly (rs =0.87, P<0.001). 

9.3.3 Cerebrospinal fluid artemisinin concentrations  

There were measurable CSF concentrations of artemether and DHA in 12 (38%) 

and 2 (6%) children, respectively. In those children with detectable CSF artemether, 

concentrations ranged from 2.0 to 43.5 μg/L (Figure 49). The two children with detectable 

CSF DHA (at concentrations of 4.2 and 6.0 μg/L) were those with the greatest CSF 

artemether concentrations (20.9 and 43.5 μg/L, respectively). CSF and plasma artemether 

concentrations correlated significantly (rs=0.75, P<0.001). In the group of 32 children as a 

whole, the median [IQR] CSF:plasma artemether ratio was 0.0 [0.0-3.3]% (figure 49). In 

those with measurable CSF artemether, the CSF:plasma ratio ranged from 1.1 to 38.1%.  
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Excluding the patient in this group with undetectable plasma and CSF 

artemether/DHA, the children with meningeal irritation had significantly higher 

CSF:plasma artemether ratios than those with <20 white cells/mm
3
 in CSF (6.7 [2.5-27.8] 

vs. 0.0 [0.0-2.5]%, P=0.002; see Figure 50). Five of the children with meningeal irritation 

underwent LP within the first 4 hours of artemether administration, at a time before peak 

plasma concentrations (Figure 50). In the group without meningeal irritation, CSF 

artemether was detected only in those patients who underwent LP >6 hours after artemether 

dosing. 
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Figure 48. Visual predictive checks of pharmacokinetic model estimates for plasma 

artemether (Panel A) and plasma DHA (Panel B) over 24 hours after intramuscular 

injection of artemether.   
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Figure 49. Cerebrospinal fluid concentrations of artemether and DHA following 

intramuscular artemether  

Artemether concentrations in the presence (open squares) or absence (closed squares) of 

meningeal irritation.  Dihydroartemisinin (DHA) concentrations in the presence (open 

triangles) or absence (closed triangles) of meningeal irritation. 
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 Figure 50. CSF:plasma artemether ratios after intramuscular artemether 

 

9.3.4 Pharmacokinetic modelling 

Data from the two children with no detectable plasma (or CSF) artemether or DHA 

(one of whom had CSF >20 white cells/mm
3
) were excluded from modelling. The 

modelling process was designed to allow an understanding of the population kinetics of 

CSF penetration of artemether and DHA and, in particular, the effect of meningeal 

irritation, from individual patient concentration-time co-ordinates the timing of which was 

determined by clinical indication rather than pre-specified sampling. 

Initial modelling of artemether plasma concentrations demonstrated that a two-

compartment model was not superior to a one-compartment model and that absorption (ka) 

was best described by a first-order process. Once an additional CSF compartment was 

added, the apparent volume of distribution of artemether in plasma relative to 
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bioavailability (Vartemether/F) could no longer be estimated reliably and it was, therefore, 

fixed at its estimated value from plasma concentration modelling (245 L/70 kg). It was 

possible to estimate BSV for absorption (ka) and clearance (CLartemether). Inspection of 

correlation plots revealed that children with >20 white cells/mm
3
 in the CSF had higher 

weighted residuals in the CSF compartment than those with <20 white cells/mm
3
. When the 

effect of a raised CSF white cell count on CSF:plasma ratio was incorporated into the 

model, there was a significant reduction in OFV (-14.647; P<0.001, 
2
 distribution with 1 

d.f.). No other significant covariates tested improved the model fit. Final parameter 

estimates along with results from the bootstrap procedure are summarised in Table 19.  

Post-hoc Bayesian estimates defining individual pharmacokinetic parameters are 

summarised in Table 20. The median estimated absorption and elimination half lives for 

artemether were 22.2 and 1.5 hours, respectively.  
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Final 

Mean (RSE%) 
Bootstrap 

Median [95% CI] 

Artemether   

     Objective Function Value 37.768 30.808 [-1.125 - 45.513] 

     ka (/h) 0.0321 (53) 0.0341 [0.0121- 0.0597] 

     Vartemether/F (L/70kg) 245 fixed 

     CLartemether/F (L/h/70kg) 71.8 (31) 70.5 [26.9 - 105.0] 

     CSF:plasma ratio:   

            CSF white cells <20/mm
3
 0.0221 (20) 0.0225 [0.0144 - 0.0307] 

            CSF white cells >20/mm
3
 0.102 (40) 0.103 [0.047 - 0.182] 

     BSV % (ka/F) 101 (12) 99 [76 - 124] 

     BSV % (CLartemether/F) 65 (30) 61 [20 - 91] 

     RV % (plasma) 10 fixed 

     RV % (CSF) 81 (17) 79 [61 - 90] 

Dihydroartemisinin   

     Objective Function Value 48.650 47.916 [21.685-73.763] 

     VDHA/F (L/70kg) 144 (5) 154 [37-1230] 

     CLDHA/F (L/h/70kg) 501 (16) 478 [354-617] 

     BSV % (CLDHA/F) 68 (24) 67 [20-94] 

     RV % (plasma) 10 fixed 

Parameters and abbreviations: ka (absorption rate constant), Vartemether/F (apparent volume of distribution of 

artemether in plasma), CLartemether/F (apparent clearance of artemether in plasma), CSF (cerebrospinal fluid), 

VDHA/F (apparent volume of distribution of DHA in plasma), CLDHA/F (apparent clearance of DHA in 

plasma), BSV (between-subject variability), RV (residual variability) 

Table 20. Final parameter estimates (mean and residual standard error) and non-parametric 

bootstrap of the pharmacokinetic model  

(median and 95% confidence intervals) for artemether and dihydroartemisinin. 
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 Median Inter-quartile range 

ka (/h) 0.031 0.017–0.043 

t½, absorption (h) 22.2 16.2–42.1 

Vartemether/F (L) 42.0 24.9–51.0 

CLartemether/F (L/h) 17.9 12.4–23.0 

t½, artemether (h) 1.5 1.3–1.7 

VDHA/F (L) 24.7 14.6–30.0 

CLDHA/F (L/h) 124 87–189 

t½, DHA (min) 7.2 6.0–9.0 

Parameters are ka (absorption rate constant), Vartemether/F (apparent volume of distribution of 

artemether in plasma), CLartemether/F (apparent clearance of artemether in plasma), VDHA/F 

(apparent volume of distribution of DHA in plasma), CLDHA/F (apparent clearance of DHA in 

plasma). 

Table 21. Post-hoc Bayesian modelled estimates of primary and secondary pharmacokinetic 

parameters for individual study subjects given intramuscular artemether 

 

Initial modelling of an additional plasma DHA compartment was performed 

simultaneously with artemether but did not minimise successfully. To overcome this 

problem, the model parameters for artemether to population estimates were fixed. This 

strategy has been shown to be superior to other sequential analysis methods.
378

 Results 

from the bootstrap procedure showed good parameter estimates (bias <10%). Visual 

predictive checks for the modelled artemether and DHA plasma compartments are shown in 

Figure 48. These do not show evidence of model misspecification. The NPC for the CSF 

compartment revealed that the number of BLQ concentrations in the observed data was 

similar to the simulated data (61% versus 65 [52-77]%). A sensitivity analysis of the 

residual variability of the plasma compartments (values ranging from 1 to 30%) 

demonstrated minimal changes in the fixed parameter estimates (<15%). 

Using the present model, CSF artemether concentrations in children receiving daily 

intramuscular artemether for 7 days were simulated, initially at a dose of 3.2 mg/kg 

followed by further daily doses of 1.6 mg/kg (Figure 51). Because the absorption half-life 
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of plasma artemether is close to time between doses, there will be initial CSF artemether 

accumulation. On Day 7, the peak predicted CSF artemether concentration for children 

without meningeal irritation has 95% prediction interval (PI) of 0.4 to 37 µg/L.  A doubling 

dose at each time-point increases this to 0.8-74 µg/L. For children with >20 white 

cells/mm
3
, conventional dosing gives a 95% PI of 2-171 µg/L and double dosing 4-343 

µg/L.  In the latter two scenarios 7 and 15% of children have concentrations >100 µg/L, 

respectively. 

 

Figure 51. Simulated 95% prediction intervals for CSF artemether concentrations 

Simulation for 7 days of intramuscular artemether in children (i) without meningeal 

inflammation and given conventional doses (lower grey shaded area) and (ii) with 

meningeal inflammation and given double doses (upper striped area).  The dotted lines at 

1µg/L and 100µg/L represent the in vitro thresholds for detectable neurotoxicity and 

serious neuronal dysfunction/death respectively. 

9.4 DISCUSSION 

The present study is the first to examine the CSF penetration of artemether and its 

metabolite DHA after treatment with recommended doses of intramuscular artemether. In 
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most of the young PNG children recruited, CSF artemether concentrations were <6% of 

those in plasma taken at the same time while no CSF DHA could be detected by sensitive 

liquid chromatography-mass spectrometry assay. However, the CSF penetration of both 

artemether and DHA was increased in the presence of meningeal irritation. Population 

pharmacokinetic modelling showed that CSF:plasma artemether ratios were approximately 

five-fold higher in children with CSF >20 white cells/mm
3
, and the two patients with the 

highest CSF artemether concentrations (one with culture-positive and the other with 

probable bacterial meningitis) were also the only two to have measurable concentrations of 

DHA in their CSF.   

It is difficult to relate these CSF data to in vitro studies that have demonstrated 

artemisinin-associated neurotoxicity. Drug exposure at concentrations in vitro above 1 µg/L 

causes ATP depletion from, and oxidative stress in, brainstem neurones after 24 hours and 

both inhibition of the mitochondrial membrane potential and degradation of cytoskeletal 

neurofilaments after longer periods (7 days).
379

 However, more serious cytotoxicity and cell 

death occur with prolonged exposure at much higher in vitro concentrations (>100 µg/L).
380

 

Animal studies, with one exception,
381

 have used higher mg/kg doses (up to 600 mg/kg) 

given for usually longer periods (up to 30 days) than recommended in humans,
380

 and so 

their clinical relevance is debated. Available in vitro and animal data, the present findings, 

and a lack of convincing neurotoxicity in observational,
367, 368

 otological,
369-371

 and 

neuropathological
372, 373

 human studies, suggest that CSF concentrations of artemether and 

especially DHA after conventional intramuscular artemether dose regimens fall short of 

those that could produce clinically evident and lasting neurotoxic effects in young children 

with well-defined severe malaria and no co-incident non-malarial neurological illness.  
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One situation in which there may be persistent concern is, however, when 

meningeal inflammation is present. In malaria-endemic areas such as coastal PNG, and 

especially where there are no or limited basic diagnostic facilities for bacterial infections 

and even malaria itself, empirical antimalarial therapy is commonly recommended for 

children who are sick enough to require hospital admission and who have neurological 

features such as convulsions and altered consciousness.
254

 Bacterial, cryptococcal and 

tuberculous meningitis, and viral encephalitis, occur commonly in PNG children in this 

situation.
251, 304, 382

 In addition, African studies reveal that approximately one quarter of 

children diagnosed with cerebral malaria have such alternative diagnoses
134

 and the 

equivalent proportion of adults appears to be substantially higher.
58

 Although artemether 

may improve outcome from sepsis in the absence of malaria,
383

 the predictive modelling 

suggests that repeated daily doses of intramuscular artemether will, in the presence of 

meningeal inflammation in some patients, result in accumulation to levels approaching 

those resulting in significant neuronal toxicity and death in vitro (>100 µg/L).
380

 There 

have been recent reports of artemisinin resistance in South-east Asia.
384-387

 Although there 

are no supportive data
385

 and some evidence of potential harm
388

 in the case of the 

artemisinin derivatives, the usual response to developing parasite resistance has been to 

increase doses of the drugs involved.
389

 The modelling here suggests that this would further 

increase the risk of potential neurotoxicity in children with meningeal inflammation. 

These data show that the disposition of intramuscular artemether varies 

considerably between individuals, as has been reported in other studies.
169, 189, 390, 391

 

Nevertheless, the present modelling generated pharmacokinetic parameters that were 

similar to those in a previous study in severely ill PNG children.
189

 In the only other human 

study of CSF penetration of an artemisinin derivative, the CSF concentrations of DHA in 
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Vietnamese adults treated with intravenous artesunate were considerably higher than 

observed in the present study.
174

 Although both artesunate and artemether are pro-drugs of 

DHA, the plasma concentration of DHA was also much higher in the adult study, consistent 

with the comparative pharmacokinetics of intravenous artesunate and intramuscular 

artemether.
392

 Although there was concern of that CSF DHA accumulation may result from 

repeated doses of intravenous artesunate in the adult study,
174

 sampling was restricted to 

within 6 hours of the first dose. The modelling from this study, based on a greater number 

of samples and doses, does not suggest that this occurs with the artemisinin drugs. 

Given that non-malarial conditions causing meningeal inflammation in tropical 

countries such as PNG can lead to significant neuropathology,
134, 251, 304, 393

 it would 

difficult to identify the contribution of empirical artemether or other artemisinin therapy to 

chronic disability and death in this situation. For example, of the two children with the 

highest CSF artemether and DHA concentrations, one died and the other developed 

significant neurological disability. In both cases, these outcomes could have been 

reasonably ascribed to bacterial meningitis. Prominent brainstem involvement might 

suggest at least a contribution from artemisinin treatment in such cases but the relevant 

signs can be difficult to elicit in a severely ill child and there may be cultural and logistic 

difficulties in obtaining post mortem tissue for neurohistopathology. Since comparative 

treatment trials are likely to exclude patients with non-malarial infections causing 

meningeal irritation,
170, 171, 237, 366

 enhanced pharmacovigilance in individual cases and 

analysis of pooled observational data may offer the best hope of identifying whether 

children with meningeal inflammation given artemisinin derivatives develop drug-related 

neurological complications. 
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9.5 CONCLUSIONS 

Concerns regarding artemisinin-associated neurotoxicity identified in animal and in 

vitro studies have not been confirmed clinically, yet in countries without laboratory 

facilities, artemisinins are used widely in severely ill patients regardless of the underlying 

diagnosis.  In this study it was hypothesised that potential artemisinin neurotoxicity could 

have serious consequences in children, especially those with meningitis and a compromised 

blood-brain barrier.   Meningeal irritation was associated with a 4.6-fold increase in 

CSF:plasma artemether ratio in a population pharmacokinetic model and the prediction 

modelling over a standard treatment course of intramuscular artemether showed 

concentrations above in vitro thresholds for neuronal death in at least 7% of children.   This 

suggests that ongoing safety monitoring may be justified when intramuscular artemether is 

used in severely ill children with meningeal irritation and provides the rationale for 

cessation of artemether in situations where a clear alternate diagnosis of ABM is made. 
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RESULTS 

Chapter 10: Reference intervals for common laboratory tests in 

Melanesian children 
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10.1 INTRODUCTION 

Reference intervals for common laboratory tests have been derived traditionally 

from samples of adults living in industrialised countries.
281

 However, these intervals can 

differ substantially from those in children from developing countries such as those in 

Africa.
281, 283, 289, 394

 Optimal cost-effective detection and management of common 

conditions such as malaria, anaemia and malnutrition depends on the availability of 

appropriate local age-specific reference ranges.
395

 Although Melanesian children face many 

of the health issues prevalent in Africa, marked genetic and environmental differences 

mean that African paediatric reference intervals may not be applicable in countries such as 

PNG. In the present study, normal reference intervals for a number of laboratory tests for 

apparently healthy Melanesian children have been derived and compared these to published 

reference intervals reported for children from Western countries and Africa.  These children 

were recruited as healthy controls for subsequent case-control studies described in Chapters 

11-13.   

10.2 METHODS 

Healthy children were recruited from community-based clinics as described in 

Chapter 3.  They were matched by age, sex and ethnicity to children with severe malaria 

(Chapter 5).  The laboratory and statistical methods are outlined in detail in sections 3.4.5 

and 3.7.4, respectively.   

10.3 RESULTS 

Details of the children recruited to the present study are summarised in Table 21. 

Only one child that was screened for recruitment was subsequently excluded because of 

severe anaemia.  The majority (79%) had parents who were both from Madang Province. 

Most of the remainder had either both parents from neighbouring Sepik Province or one 
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parent from Madang and one from Sepik Province. Eight values were considered outliers 

and were removed from further analysis; two plasma bicarbonate concentrations and one 

each of plasma urea, ALP, CK, ferritin, CRP and vitamin D.  

Age (months) 43 (25-50) 

Males (%) 57 

Anthropometric measures (Z-score): 
       Weight-for-age 
       Height-for-age 
       Weight-for-height  

 
-1.28 (-2.05- -0.72) 
-2.24 (-3.32- -1.24) 
-0.03 (-1.12- +0.98) 

Palpable spleen (%) 13 

Malarial parasitaemia (%): 
       Plasmodium vivax  
       Plasmodium falciparum 
       Plasmodium malariae 

 
14.1 
8.2 
1.4 

Haemoglobin (g/dL) 106 (96-119) 

 Table 22. Characteristics of the 327 children studied   

Data are percentages or median and (inter-quartile range). 

Reference intervals for PNG children aged 12-35 months (the youngest 123 

children), children 3-10 years old, children <5 years old and all children in the present 

cohort are shown in Table 22 together with comparative reference interval data and kappa 

statistics for western and African children. Compared with reference intervals from African 

children and children from western countries, there were substantial differences in 

haemoglobin, sTFR, ferritin, calcium, phosphate and CRP. Differences in the upper limits 

of reference intervals for bilirubin and ALT were also observed. For cystatin C, the kappa 

statistic was low despite close agreement between reference intervals because of the low 

prevalence of discordant results.
396

 After partition testing, there were no significant 

differences between children with or without parasites detectable by thick film microscopy, 

nor was partitioning required by sex (data not shown).  
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Analyte (units) 

PNG Reference Interval 
2.5

th
-97.5

th
 Centile 

Western Reference Interval African Reference Interval 
 

12-35mths 
(n=123) 

3-10yrs 
(n=204) 

<5yrs 
(n=246) 

1-10yrs 
(n=327) 

2.5
th

-97.5
th

 
Centile 

Kappa 
statistic 

Landis 
and Koch 

2.5
th

-97.5
th

  
Centile 

Kappa 
statistic 

Landis and 
Koch 

Haematology           

  Haemoglobin (g/L) 65-133 72-130 67-131 71-131 107-138 0.01 Slight 1-2y 68-124 
2-3y 7.2-12.5 
3-4y 79-132 
4-5y 80-135(1) 

0.65 Substantial 

  Ferritin (mg/L)     12-166* 36-84 0.08 Slight    

  sTFR (mg/L)     3.6-10.9 1.1-3.1 (20) 0.00 None 3.9-9.5 (4)  0.73 Substantial 

  Vitamin B12 (pmol/L)    160-830† 197-897 0.65 Substantial    

Electrolytes           

  Sodium (mmol/L) 124-141 129-141 127-141 127.5-141 134-143 0.23 Fair    

  Potassium (mmol/L) 3.2-5.2 3.1-4.8 3.2-5.0 3.2-4.9 3.7-5.0 0.14 Slight    

  Bicarbonate (mmol/L) 11.5-19.1 13.0-20.5 12.4-19.8 12.2-20.7 13-29 0.70 Substantial    

  Calcium (mmol/L) 2.00-2.71 1.95-2.51 1.99-2.67 1.97-2.65 1-3y 2.17-2.44 
4-6y 2.19-2.51 
7-9y 2.19-2.51 

0.20 Fair    

  Corrected Calcium 
(mmol/L) 

2.08-2.64 2.05-2.46 2.07-2.61 2.06-2.58 2.19-2.64 0.06 Slight    

  Phosphate (mmol/L) 1.32-2.48 1.24-2.22 1.28-2.35 1.27-2.29 1-3y 1.25-2.10 
4-6y 1.30-1.75 
7-9y 1.20-1.80 

0.16 Slight    

Kidney Function           

  Creatinine  18-38 18-44 18-37 18-45 18-62 0.54 Moderate 1-2y 25-43 
2-3y 25-46 
3-4y 27-49 
4-5y 27-49 (1) 

0.00 None 

  Urea (mmol/L) 0.9-4.5 1.3-5.5 1.0-5.2 1.0-5.1 1-3y 1.8-6.0 
4-6y 2.5-6.0 
7-9y 2.5-6.0 

0.18 Slight    

  Cystatin C (mg/L)     0.56-0.90 
(21)§ 

0.51-0.95 0.00 None**    
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Liver Function            

  ALT (IU/L) 5-43 5-52 5-43 5-45 1-3y 5-45 
4-6y 10-25 
7-9y 10-35 

0.30 Fair 1-2y 11-68 
2-3y 11.9-66 
3-4y 11.9-56.3 
4-5y 12.9-56.3 

(1) 

0.05 Slight 

  ALP (IU/L) 104-307 103-246 106-267 104-259 1-3y 104-345 
4-6y 93-309 
7-9y 86-315 

0.56 Moderate    

  GGT (IU/L) 6-32 6-18 6-23 6-19 1-3y 5-16 
4-6y 8-18 

7-9y 11-21 

0.19 Slight    

  Bilirubin (µmol/L) 1.7-8.3 1.4-7.8 1.6-7.9 1.5-7.8 0-17 0.20 Fair 1.7-18.9 (1) 0.61 Substantial 

Plasma proteins           

  Total Protein (g/L) 58-88 60-91 60-89 60-89 1-3y 59-70 
4-6y 59-78 
7-9y 62-81 

0.05 Slight    

  Albumin (g/L) 32-47 33-46 32-46 32.5-46 1-3y 34-42 
4-6y 35-52 
7-9y 37-56 

0.26 Fair    

  CRP (mg/L) 0-48 0-35 0-50 0-32 0-8.2 0.32 Fair 0-122 (23) 0.21 Fair 

Other           

  Cholesterol (mmol/L) 1.8-5.4 1.7-4.5 1.8-5.0 2.2-4.7 1-3y 1.15-4.7 
4-6y 2.8-4.8 
7-9y 2.9-6.4 

0.25 Fair    

  Triglycerides (mmol/L) 0.42-2.7 0.36-2.7 0.37-2.7 0.37-2.7 1-3y 0.31-1.41 
4-6y 0.36-1.31 
7-9y 0.32-6.4 

0.21 Fair    

  Vitamin D (nmol/L)     44-138∫ 30-150 0.66 Substantial    

  Creatine kinase (IU/L)  11-234 15-210 14-233 15-215 1-3y 2-163 
4-6y 18-158 
7-9y 2-177 

0.63 Substantial    

*Plasma ferritin measured in 115 children, ¶Plasma soluble transferrin receptor measured in 116 children, †Plasma vitamin B12 measured in 97 children, §Plasma cystatin measured in 98 children, 
∫Plasma vitamin D measured in 98 children. ** The kappa statistic was low despite tight agreement between reference intervals. See reference (25) for details.  

Table 23. Reference intervals for the current cohort of PNG children, and for Western and African children   

Unless indicated in parentheses, comparator reference intervals are from reference (17).   All children in the cohort are included when 

comparing Western PNG Reference Intervals whereas only children less than 5 years old are included when comparing reference intervals 

between African and PNG children. 
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10.4 DISCUSSION 

The present laboratory reference intervals are the first for healthy PNG children and 

for paediatric Melanesian populations in general. Because there were a number of 

substantial differences between these intervals and those published for children from 

Western and African countries, it is recommended that they be adopted in clinical practice 

as well as epidemiologic and intervention studies in PNG. In the absence of reliable local 

data, they could also be used in other Melanesian countries. The present data also add to the 

growing literature that underscores the need for local reference ranges for common 

laboratory tests.
395

  

The reference intervals for many of the variables in this study imply that not all the 

children selected were in optimal health despite appearing healthy and being drawn from 

the community. Plasma CRP and variables such as creatinine, Hb, sTFR and ferritin may be 

related to undernutrition,
397

 malaria
281

 and other subclinical infections.
398

 Approximately 

20% of enrolled children had asymptomatic malarial parasitaemia by microscopy, 13% had 

enlarged spleens and many were anaemic. However, the most recent Clinical and 

Laboratory Standards Institute guidelines for establishing reference intervals note that 

„health is a relative condition lacking a universal definition‟.
279

 The guidelines also 

recommend that the „designation for good health for a candidate reference individual may 

involve a variety of examinations such as history and physical and/or certain clinical 

laboratory tests‟.
279

 The present children fulfilled the principles and definitions outlined in 

this document and were selected as controls in the parent study of the genetic determinants 

of severe malaria. Similar principles have been applied to other studies of reference 

intervals in developing countries.
281, 283, 289, 394
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All analytes were measured in an Australian nationally accredited laboratory under 

optimal conditions with strict calibration and quality control measures. Although the assays 

are all in common contemporary use, methodological differences might contribute to the 

differences between reference intervals derived from this study and those of others. For 

example, in the case of plasma creatinine, the COBAS INTEGRA
®

 800 platform (Roche 

Diagnostics, Mannheim, Germany) uses a compensated picric acid assay while samples in 

the study from Africa were assayed on the Vitros DT60 II analyser (Orthoclinical 

Diagnostics, Rochester, USA) that utilises an enzymatic reaction. Without assaying the 

same samples on both systems, methodology-dependent differences are difficult to assess, 

but it is very likely that reference interval differences between those for PNG children and 

their African or Western counterparts are real.  

Children in PNG have high rates of anaemia due mainly to recurrent malaria, 

intestinal helminthic infection and red cell polymorphisms including alpha thalassemia 

trait.
256

 This was reflected in the lower haemoglobin and ferritin, and increased sTFR 

ranges relative to those in Western children.  African children are also exposed to malaria 

and helminths,
281

 and there was good agreement between African and PNG reference 

intervals for both haemoglobin and sTFR.   

Amongst the electrolytes measured in here, serum calcium, corrected calcium and 

phosphate reference intervals were different from published Western ranges. The relatively 

low serum calcium concentrations in PNG children were not due to a lower serum vitamin 

D as the reference interval for this analyte was similar to that in Western children while 

none of the children here had severe deficiency (<27.5 nmol/L). This probably reflects 

frequent sun exposure, which by contrast, may not be adequate in urbanised Pacific Island 

children living in New Zealand, 24% of whom are vitamin D deficient.
399

 A lower set-point 
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for parathyroid hormone regulation of calcium homoeostasis may be a characteristic of 

Melanesians, consistent with ethnic differences in European studies.
400

 The serum 

phosphate reference range was higher for PNG compared with Western children, perhaps 

reflecting a high phosphate diet including seafood. 

Although renal function reference intervals were similar, plasma creatinine levels in 

PNG children appeared lower than those in children from Western countries. This reflects 

the present anthropometric data showing that although they have a median weight to height 

Z-score close to zero, PNG children have lower body weights, are shorter and have less 

muscle mass than children from Western countries,
401

 a situation that also applies to 

African children.
397

 Serum cystatin C is another analyte used to assess glomerular filtration 

rate (GFR) in adults and children.
287

 The cystatin C reference intervals for PNG and 

children from Western countries showed tight agreement, suggesting similar GFR despite 

variability in serum creatinine due to differences in muscle mass. 

Plasma CRP is an acute phase reactant that reflects tissue inflammation.
402

 Although 

the level of agreement between PNG, Western and African paediatric reference ranges was 

fair, the upper limit was 8.2 mg/L in Western children in comparison with 32 mg/L and 122 

mg/L, respectively, in PNG and African children. This difference is likely to be due to the 

presence of malaria parasites,
403

 intestinal helminths and skin infections
398

 that frequently 

occur in apparently healthy children from Africa and Melanesia.  

The PNG reference intervals for serum bilirubin showed some agreement with 

children from Western countries, and substantial agreement with those from African 

children.  However, the upper limits were much lower in PNG children (7.8 µmol/L versus 

17 µmol/L and 18.9 µmol/L, respectively). For ALT, the upper limit of reference intervals 
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for PNG children were similar in to Western children in younger age groups (43 versus 45 

IU/L), but higher than that for Western children age over 3 years old (52 versus 25-35 

IU/L).  PNG children also had upper limits of reference intervals for ALT across all age 

groups that were lower than in their African counterparts. In addition to clinical practice, 

these data have potential implications for trials of drugs and vaccines conducted in 

countries such as PNG. Entry into such trials is usually restricted to subjects with a serum 

bilirubin less than twice the upper limit of normal (ULN) because of the risk of liver injury 

with potentially hepatotoxic interventions,
404

 while the intervention should be discontinued 

if the ALT is >5 times the ULN for more than 2 weeks or >3 times the ULN in combination 

with a serum bilirubin >2 times the ULN.
404

 Therefore, the availability of a locally derived 

ULN is an important component of safety and monitoring.  

The present reference intervals are likely to be valid for Melanesian children living 

in coastal provinces of PNG and perhaps other ethno-geographically similar regions of 

Oceania, but they may not be applicable to children from highland areas of the country 

where there is no malaria transmission. In addition, poor health infrastructure and limited 

accessibility to laboratory investigations outside major centres may hinder their broad 

clinical application. Nevertheless, their availability should facilitate ongoing and future 

trials of new drugs and vaccines, and should assist in the implementation of improved 

standards of laboratory diagnosis should these be provided by government or other sources.  

10.5 CONCLUSIONS 

Children in this study were recruited as healthy controls for malaria genetic 

association (Chapter 11), plasma biomarker (Chapter 12) and severe anaemia (Chapter 13) 

case-control studies.  In this chapter the clinical and laboratory features of normal controls 

are from which the first Melanesian reference intervals for common biochemical and 
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haematological analytes are derived.  Compared to reference intervals from children from 

Western countries and/or African children, there were substantial differences in 

haemoglobin, soluble transferrin receptor, ferritin, calcium, phosphate and C-reactive 

protein. Differences in the upper limits of reference intervals for bilirubin and alanine 

aminotransferase were also observed. Available reference intervals from Western and 

African countries may be inappropriate in PNG and other Melanesian countries. This has 

implications for clinical care and safety monitoring in pharmaceutical intervention trials 

and vaccine studies. 
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RESULTS 

Chapter 11: Genetic determinants of severe malaria in Papua New 

Guinean children 
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11.1 INTRODUCTION 

The populations of the South West Pacific are highly diverse and exhibit a range of 

red blood cell (RBC) polymorphisms such as Southeast Asian Ovalocytosis (band 3 

deletion SLC4A1Δ27 [SAO]) and alpha-thalassaemia.
249, 311, 313

 Within PNG, these genetic 

variants have geographical patterns paralleling malaria endemicity and suggest that malaria 

exerts a strong selective pressure in Melanesian populations.
311, 405

 However, it is also 

believed that, similar to African settings, known genetic variations may only account for 

only a small proportion of the total variability in genetic determinants of severe malaria 

across the whole population.
406

   The epidemiology and clinical features of severe malaria 

in Melanesian children differ substantially from those of African children and/or the 

presence of P. vivax or genetic factors may account for the lower mortality rate due to 

severe malaria observed in a number of studies from this area.
197, 307

  

As a prelude to a genome wide analysis (GWA), the preliminary, combined results 

for three severe malaria case-control studies undertaken at the same field site in Madang 

Province, PNG examining the genetic association for 70 candidate single nucleotide 

polymorphisms (SNPs) are reported.  The studies were performed during the years 1993-6 

(Study A),
197

 2003-4 (Study B)
189

 and 2006-9 (Study C – the present study outline in 

Chapter 4).  Candidate SNPs were chosen as part of the Malaria Genomic Epidemiology 

Network (MalariaGEN) Consortial Project 1 (CP1) quality control program and 

incorporated SNPs for which previous genetic associations between severe malaria cases 

and healthy controls had been observed in African populations or within loci thought to be 

important in pathogenesis of severe malaria (www.MalariaGEN).   Within this context, the 

protective effects of locally prevalent polymorphisms including SAO, alpha-thalassaemia 

and ABO blood group were re-examined.  
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11.2 METHODS   

The details for inclusion criteria, laboratory and clinical procedures across the three 

studies are outlined in section 3.3.1.3.  The genetic testing for SNPs and locally prevalent 

red cell polymorphisms including SAO, alpha-thalassaemia and ABO blood group are 

described in section 3.4.10.  The methods for statistical analysis are outlined in section 

3.7.6. 

It should be noted that for children enrolled in the present study a pre-defined 

parasitaemia threshold was applied (>1,000 P. falciparum/µL and >500 P. vivax/µL) and 

limited to children from Madang, Morobe and Sepik province.   

11.3 RESULTS 

After children with severe P. vivax malaria and >50% missing SNPs were excluded, 

there were 1320 children enrolled across the 3 studies that included 504, 276 and 540 

children with severe falciparum malaria, uncomplicated falciparum malaria and healthy 

children, respectively (Figure 52). The median (inter-quartile range [IQR]) age was 38 (26-

43) months and 708 (53.6%) were male.  The majority of children for whom ethnicity was 

recorded were from the North Coast of PNG and included children with „Madang‟ (73.4%), 

„Mixed‟ (11.7%) or „Sepik‟ (8.8%) ethnicities. Of the severe malaria cases, 178, 66 and 240 

were recruited during study A, B and C, respectively (Figure 52).  
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Figure 52. Consort diagram showing recruitment of severe malaria patients and  

matched controls 

 

There were 75 (15.5%), 167 (34.5%) and 112 (23.1%) children with cerebral 

malaria, severe anaemia and lactic acidosis, respectively and 14 (2.9%) children died.    

Lactic acidosis and cerebral malaria were significantly associated with mortality in severe 

malaria cases after logistic regression with odds ratios (OR) (95% confidence interval 

[CI95]) of 24.5 (CI95 4.4-437) and 5.6 (CI95 1.5-23.2), respectively. 

From a total of 70 candidate SNPs, 29 were included in the statistical analysis 

(Figure 53).   In addition, seven imputed haplotypes were included in the allelic based 

testing, whilst ABO blood group, SAO and alpha-thalassaemia were included in the 

genotypic analysis (Figure 53).  All 29 SNPs were in Hardy-Weinberg equilibrium (Figure 

54). 
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The allelic and genotypic associations between all severe cases, cerebral malaria, 

severe anaemia and lactic acidosis versus healthy controls are depicted in Figures 55-58.  

Only two SNPs reached a degree of statistical significance (P<0.01) and were explored 

further; one in the gene encoding toll-like receptor-1 (TLR-1rs4833095) and the other in the 

promoter region of interleukin-10 (IL-10rs1800896).  The latter signal was only observed when 

children with lactic acidosis were compared with controls. 

None of the imputed haplotypes, ABO blood group, SAO or alpha-thalassaemia was 

associated with severe malaria or any severe malarial phenotype.   
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Figure 53. Consort diagram showing SNPs, haplotypes and red cell polymorphisms 

included in the allelic and genotypic analyses 
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Figure 54. Ternary plot demonstrating that all SNPs are in Hardy-Weinberg equilibrium  

Each point represents a single SNP, and the upper and lower parabolic lines represent the 

95% confidence intervals for Hardy-Weinberg equilibrium. 
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Figure 55. Allelic (left) and genotypic (right) tests of association for all severe malaria 

versus healthy controls.  

The y-axis shows the P-value transformed to the -log10.  Values of 2 and 1.30 (upper and 

lower dashed lines, respectively) correspond to P-values of 0.01 and 0.05, respectively. 

 

Figure 56. Allelic (left) and genotypic (right) tests of association for all cerebral malaria 

versus healthy controls 

The y-axis shows the P-value transformed to the -log10.  Values of 2 and 1.30 (upper and 

lower dashed lines, respectively) correspond to P-values of 0.01 and 0.05, respectively. 
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Figure 57. Allelic (left) and genotypic (right) tests of association for all severe anaemia 

versus healthy controls 

The y-axis shows the P-value transformed to the -log10.  Values of 2 and 1.30 (upper and 

lower dashed lines, respectively) correspond to P-values of 0.01 and 0.05, respectively. 

 
 

Figure 58. Allelic (left) and genotypic (right) tests of association for all lactic acidosis 

versus healthy controls 

The y-axis shows the P-value transformed to the -log10.  Values of 2 and 1.30 (upper and 

lower dashed lines, respectively) correspond to P-values of 0.01 and 0.05, respectively. 
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The optimal genetic model for each of the SNPs for is shown in Table 23.   In 

multivariate analysis after adjustment for ethnicity and study as potential confounders, a 

recessive genotype (TT) in TLR-1rs4833095 was associated with an OR (95% confidence 

interval [CI95]) of 0.52 (CI95 0.29-0.90).  When compared with healthy controls, there was 

no association of this genotype with uncomplicated malaria.  However, after adjustment for 

ethnicity the TT genotype was associated with a similar magnitude of protection from 

severe malaria when compared to uncomplicated malaria controls but did not reach 

statistical significance (OR 0.50 [CI95 0.25-1.01], P=0.051).   

For the signal obtained for severe malaria cases with lactic acidosis compared with 

healthy controls, IL-10rs1800896, heterozygotes (CT) were less likely to have severe malaria 

with lactic acidosis after adjustment for ethnicity (OR 0.21 [CI95 0.06-0.53], P=0.003). 

Model Formula TLR-1rs4833095 IL-10rs1800896 for lactic 
acidosis 

P-value AIC P-value AIC 

Independent AA=1, AB=1, BB=1 0.009 NA 0.003 NA 

Dominant AA=0, AB=1, BB=1 0.051 1353 0.028 569.08 

Additive AA=0, AB=1, BB=2 0.007 1350 0.130 572.31 

Heterozygote advantage AA=0, AB=1, BB=0 0.708 1357 0.006 564.54 

Recessive AA=0, AB=0, BB=1 0.006 1349 0.08 572.08 

Table 24. The optimal genetic models for toll-like receptor-1 (TLR-1rs4833095) and 

interleukin-10 (IL-10rs1800896) single nucleotide polymorphisms   

 

11.4 DISCUSSION 

In this chapter, the combined results of three severe malaria case-control studies 

performed at the same field site in PNG are reported.  A total of 29 candidate SNPs, 7 

haplotypes and 3 locally prevalent genetic variants underwent statistical testing.  The two 

statistically significant associations demonstrated between severe malaria cases and healthy 

controls were a recessive (TT) genotype in TLR-1rs4833095 and a heterozygous (CT) 
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genotype in IL-10rs1800896 for severe malaria cases with lactic acidosis only, with P-values 

below an arbitrary threshold of P<0.01. These results highlight many of the inherent 

statistical challenges in genetic association studies but also show significant associations in 

SNPs within genes critical for innate immune function that warrant further exploration.     

11.4.1 Inherent statistical problems of genetic association studies 

The number of severe malaria patients presenting to the hospital during the three 

prospective observational studies determined the sample size for the genetic association 

study.  With approximately 500 cases and controls it was possible to explore various 

combinations of statistical power, effect size and level of significance at different minor 

allele frequencies and for different genetic models.  Using this tool, it was determined that a 

threshold MAF >5% based on 80% power would be required to detect an effect size of ~2 

with a significant P-value of 0.001.  The target P-value was derived from Bonferroni‟s 

correction of traditionally statistically significant value of 0.05 divided by ~50 tests.
407

  

With this threshold MAF, it was possible to reduce the number of SNPs undergoing formal 

statistical analysis tested to 29, thereby minimising, but not eliminating, the problem of 

defining statistical significance for multiple testing.   However, the initial exploratory 

screening tests are Chi-squared tests for independence and do not take into account 

different genotype models.  For example, with these parameters set, the necessary sample 

size required to detect a recessive genotype would be greater than 10,000 case-control 

pairs.   

For a SNP with a MAF~25% such as TLR-1rs4833095, however, statistical power was 

more than adequate to detect dominant, additive and multiplicative genotypes, regardless of 

the significance level selected.    
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A number of different methods for statistical correction following multiple testing 

are available that attempt to account for falsely rejecting the null hypothesis (type I error).  

However, despite minimising the number of SNPs, the P-values obtained in this study 

(between 0.003 and 0.009) would not remain significant after formal correction for multiple 

testing.
407

 Nevertheless, the two statistical signals obtained here may warrant further 

hypothesis driven exploration and/or replication in future studies because they are both 

within genes critical for innate immune function, have functional immunological correlates 

and plausible clinical associations for other infectious and non-infectious diseases.    

11.4.2 Genetic association in toll-like receptor-1 SNP 

The first signal (TLR-1rs4833095) is located within the TLR-1 gene, one of a family of 

receptors present on cells responsible for innate immunity that recognise structurally 

conserved molecules from various pathogens. TLR-1 forms heterodimers with TLR-2 and 

recognises tri-acylated lipopeptides derived from bacterial, mycobacterial and protozoan 

pathogens including glycosylphosphatildylinositol (GPI),
408

 a putative toxin produced by P. 

falciparum.
409

   

Global diversity within innate immunity genes such as TLR-1 infers that this family 

of receptors is under selection pressure, presumably from infections encountered before the 

acquisition of robust humoral- and cell-mediated immunity.
410

  In the case of TLR-1, a 

number of genetic variants found in humans have been identified with altered function in-

vitro when stimulated by bacterial cell wall products or other TLR-1 agonists.
411-413

   In the 

present study, a possibly meaningful statistical association between one of these functional 

variants (TLR-1rs4833095) that encodes an amino acid change (asparagine to serine) is 

demonstrated.  This SNP is in close linkage disequilibrium with other functional variants 

observed in other studies
414

 and has been associated with susceptibility to placental malaria 



 251 

in African women,
415

 protection from atopic asthma
416

 and with circulatory dysfunction and 

pulmonary infection in severe sepsis.
414

  A further study in leprosy patients showing one 

allele of TLR-1rs4833095 to be associated with development of leprosy and the other to be 

linked with erythema nodosum leprosum
417

 demonstrates the potential immune-modulatory 

role of these functional variants and could account for the balanced proportions of alleles 

found across the population as a whole.   In this study of Melanesian children, the TLR-

1rs4833095 variant had an allele frequency of 27.8%, higher than reported in African 

populations, but lower than in Caucasians,
418

 suggesting that this allele is balanced but 

could be under different selection pressures in different ethnic or epidemiological settings.    

In the present study, the variant T allele (encoding a serine at amino acid site 248) 

was independently associated with protection from severe malaria when compared to 

healthy controls.  A comparable, but non-significant association was demonstrated between 

severe malaria and uncomplicated malaria. A recessive genotypic model (P=0.006) based 

on AIC after multivariate analysis was chosen, but an additive model (P=0.007) was also 

significantly associated with severe malaria and could be applied to data equally well.   

Because TLR-1rs4833095 is in close linkage disequilibrium with other functional non-

synonymous SNPs within TLR-1,
414

 the association demonstrated in this study may be a 

marker of other known or unknown variants that are linked to this marker.    

Whilst recognising the well-known limitations of genetic association studies where 

the replication of previous associations has not been found on subsequent studies involving 

a greater sample size,
419

 these findings warrant more refined genetic mapping within the 

TLR-1 gene along with functional immuno-phenotyping of this cohort of patients to further 

explore these results in a mechanistic manner.   
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11.4.3 Genetic association for severe malaria with lactic acidosis in interleukin 10 

The second statistical signal (IL-10rs1800896) was demonstrated for children with 

severe malaria and lactic acidosis when compared to healthy controls.   Like TLR-1rs4833095, 

this SNP is within a gene important for innate immunity.  Interleukin-10 is an anti-

inflammatory cytokine produced by a number of immune cells within the adaptive and 

innate arms of the immune system.
420

  The IL-10rs1800896 SNP is within the promoter region 

and has been shown to be functionally important, with the A allele associated with lower 

production of IL-10 that is consistent with a „pro-inflammatory‟ state.
421-423

 Furthermore, 

studies have demonstrated that this SNP is associated with a diverse range of 

autoimmune,
422, 424

 degenerative
425

 and infectious diseases.
426-430

  In a study of 

complications following coronary surgery,
423

 IL-10rs1800896 was associated with lactic 

acidosis and another study has shown a strong protective effect from severe malaria for 

certain IL-10 haplotypes, but not individual SNPs.
429

  Based on further analysis of 

nucleotide diversity of adjacent genes, the authors of the latter study subsequently 

hypothesised that IL-10 promoter polymorphisms are balanced, reflecting the immune-

modulatory role of this cytokine.
431

  

In this study, the protective effect in patients heterozygous for IL-10rs1800896 was 

strong (OR 0.21) for lactic acidosis when compared to healthy controls, but with no 

association observed for all severe malaria, cerebral malaria or severe malarial anaemia.    

Although previous studies of severe malaria have failed to show an association with IL-

10rs1800896, to my knowledge this is the first study to segregate lactic acidosis, a phenotype 

that is an independent risk factor for mortality.   
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11.5 CONCLUSIONS 

In this case-control study of more than 504 children with severe malaria, two 

potential SNPs were identified with possible genetic associations that warrant further 

exploration.  These SNPs are in the TLR-1 and IL-10 immune regulatory genes that have 

immunological correlates and have been shown to be important in other immune mediated 

diseases.  No statistically significant association was found for SAO or alpha-thalassaemia 

or ABO blood types, polymorphisms that have been previously thought to account for low 

malaria mortality demonstrated in Melanesians. 
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RESULTS 

Chapter 12:  Plasma Plasmodium falciparum histidine-rich protein-2 

concentrations do not reflect severity of malaria in Papua New Guinean 

children 
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12.1 INTRODUCTION 

P. falciparum histidine-rich protein-2 (PfHRP-2) is a water-soluble protein that is 

synthesised by both asexual and early sexual stages of the parasite. Its production increases 

as the asexual parasite matures such that most (approximately 90%) is released at 

schizogony.
122, 123

 Its presence in plasma has allowed the development of inexpensive 

point-of-care RDT.
82

 These have a primary diagnostic role where reliable microscopy is 

unavailable, or in situations in which the densities of circulating young non-cytoadherent 

parasite forms are below those detectable by microscopy such as in highly synchronous 

infections
432

 or pregnancy.
433

 

PfHRP-2 can be more accurately quantified in plasma using conventional 

techniques including ELISA.
116, 122, 124

 Because of the stage-dependency of its release into 

the circulation, plasma PfHRP-2 concentrations have been suggested as a clinically useful 

marker of the sequestered biomass of cytoadherent mature parasites and thus the presence 

of complications such as coma and renal failure. “In Asian adults and, in recently published 

studies of African children, plasma PfHRP-2 concentrations at presentation have been 

associated with severe falciparum malaria, cerebral malaria 
116, 122

 and subsequent 

mortality.
116, 121

 However, in an earlier, and relatively small study involving 22 African 

children, no association with severe malaria was found.
120

 However, in another relatively 

small study involving 22 African children, no such association was found.
120

  

The role of quantitative plasma PfHRP-2 as a marker of the severity and outcome 

may depend on the epidemiologic context. PfHRP2 persists in the circulation for up to 4 

weeks after successful treatment of falciparum malaria
128, 129

 where it may be unbound in 

plasma, antibody-bound in plasma, inside infected erythrocytes, bound to uninfected 

erythrocytes as part of immune complexes, and/or bound to other cells such as 
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leukocytes.
124

 In adults with no or limited immunity to malaria, no recent infection and a 

relatively early symptomatic presentation, admission plasma PfHRP-2 may parallel prior 

parasite replication and thus the probability of complications and death.
116, 122

 In children 

from areas with hyperendemic transmission who are likely to have experienced recent 

asymptomatic or symptomatic infections, who have a degree of immunity including to 

PfHRP-2 itself,
130

 and who may thus present relatively late, plasma PfHRP-2 quantified by 

immunoassay may not reliably identify those with severe infections and those at risk of 

death.
120

 

It was hypothesised, therefore, that plasma PfHRP-2 concentrations in Melanesian 

children from a hyperendemic area of PNG would not reliably distinguish those with 

uncomplicated from those with severe falciparum malaria.   

12.2 METHODS 

The clinical, laboratory and statistical methods for this study are detailed in Chapter 

3.   It should be noted that for this study we applied a P. falciparum parasite density 

threshold of >1,000/µL for cases and uncomplicated malaria.   

12.3 RESULTS 

12.3.1 Participants 

One hundred and thirty nine healthy controls, 48 with uncomplicated malaria and 

220 children with severe malaria were recruited. The demographic, anthropometric, clinical 

and laboratory characteristics of subjects in these three groups are summarised in Table 24. 

There were no significant between-group differences in age, sex or body weight. Children 

with either severe or uncomplicated malaria had higher axillary temperatures, parasite 

densities and plasma creatinine concentrations, and lower haemoglobin concentrations, than 
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the healthy controls, and higher proportions had a palpable spleen. The respiratory rate was 

higher in children with severe malaria when compared with those children with 

uncomplicated malaria.  
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 Healthy controls 
(n=139) 

Uncomplicated malaria 
(n=48) 

Severe malaria 
(n=220) 

P value 

Age (months) 40 [27.8-56] 47 [29-59] 40 [29-45] 0.53 

Sex (% male) 58.0 60.4 56.8 0.74 

Body weight (kg)  12.5  [10-15] 13 [10.5-16] 12 [10-15] 0.30 

Axillary temperature (˚C) 36.5 [36.0-36.6] 37.5 [36.8-39] 38.0 [37.2-38.8] <0.0001 

Respiratory rate (min
-1

) 28 [24-32] 28 [24-36] 36 [28-40] <0.0001 

Blantyre Coma Score (%):  5     100 100 68.6 <0.0001 

                                             3-4   0 0 20.4 <0.0001 

                                             ≤2    0 0 10.9 <0.0001 

Multiple convulsions (%) 0 0 23.1 <0.0001 

Palpable spleen (%) 14.4 38.3 63.0 <0.0001 

Plasmodium falciparum parasite density 
(x10

3
/µL) 

0 [0-2] 47.3 [12.8-87.5] 78.1 [20.9-180.6] <0.0001 

Blood glucose (mmol/L) - 6.7 [6.1-7.9] 7.3 [6.3-9.5] 0.01 

Blood lactate (mmol/L) - - 3.0 [2.0-4.2] - 

Plasma bicarbonate (mmol/L) 16.5 [15-17.4] 15.6 [14.2-17.4] 16.2 [13.8-18.0] 0.68 

Haemoglobin (g/L) 104 [92-113] 87 [72-100] 79 [53-96] <0.0001 

Plasma creatinine (µmol/L) 22 [18-26] 25 [19-31] 25 [20-32] 0.0001 

Plasma bilirubin (µmol/L) 3.4 [2.7-4.5] 9.5 [5.4-14.5] 12.2 [7.6-23.6] <0.0001 

Table 25. The demographic, anthropometric, clinical and laboratory characteristics of children in the three groups  

Data are, unless otherwise stated, median [inter-quartile range]. 
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12.3.2 Plasma PfHRP-2 concentrations 

Plasma PfHRP-2 concentrations in the three groups of subjects are summarised in 

Figure 58. The concentrations in the uncomplicated and severe malaria groups (584 [77-

1114] and 456 [113-1113] ng/mL, respectively) were not significantly different (P=0.48) 

but were higher than those of the healthy controls (0 [0-0] ng/mL; P<0.001). Twenty-one of 

the healthy children (15.1%), including 16 with a positive blood smear for malaria, had 

plasma PfHRP-2 concentrations that ranged between 0.2 and 121 ng/mL; the remaining 118 

had negative PfHRP-2 and were aparasitaemic. There were 5 children in the other two 

groups who were parasitaemic at presentation but had a negative PfHRP-2 assay (Figure 

59). 

  



 262 

 

Figure 59. Plasma PfHRP-2 concentrations in the three groups of children  

Error bars show median, interquartile range 

 

When the 268 children in the uncomplicated and severe groups were considered 

together, there were significant bivariate correlations between log(plasma PfHRP-2) and 

log(parasite density), haemoglobin and log(plasma bilirubin) (P<0.001 in each case; see 

Figure 60). No significant correlation was seen for other variables associated with severity 

of malaria in children, including BCS (Figure 61) and, for the severe cases only, blood 

lactate (P>0.08 in each case). The three significant variables were entered into a multiple 

linear regression model that included plasma creatinine and ALT in view of the possibility 

that PfHRP-2 is renally excreted and/or hepatically metabolised even though neither of 

these variables was bivariately associated with plasma PfHRP-2 (P>0.37). The final 
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multivariate model is shown in Table 25. Log(parasite density), haemoglobin, log(plasma 

bilirubin) and plasma creatinine were each independently associated with plasma PfHRP-2 

(P≤0.014). The adjusted r
2
 was 0.25, with the greatest changes in this parameter (∆r

2
=0.16) 

seen with the addition of log(plasma bilirubin) to the model. 

One child in the severe malaria group who presented with multiple convulsions and 

prostration died. The parasite density at presentation was 154,750/μL and the plasma 

PfHRP-2 concentration was 483 ng/mL, a value close to the group median. A post-mortem 

brain smear revealed numerous late stage parasites sequestered within the 

microvasculature. All other children responded to treatment and were discharged well. 
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Figure 60. Scatterplots of plasma PfHRP-2 against parasite density, haemoglobin and 

plasma bilirubin for the 268 children with either uncomplicated or severe malaria 
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Figure 61. PfHRP-2 concentrations with uncomplicated and severe malaria by Blantyre 

Coma Score  

Box plots show median, interquartile range, maximum and minimum for plasma PfHRP-2 

concentrations. The threshold for assay positivity (0.15 ng/mL) is shown as a horizontal 

line. The numbers in parentheses are the total in each group. There were no significant 

between-group differences. 

 

 

 

 Beta co-efficient (SE) P-value 

Log(plasma bilirubin)* 0.752 (0.149) <0.001 

Haemoglobin (increase of 10 g/L) -0.089 (0.018) <0.001 

Log(parasite density)* 0.274 (0.073) <0.001 

Plasma creatinine (increase of 10 μmol/L) 0.086 (0.035) 0.014 

Table 26. Independent associates of plasma PfHRP-2 in 268 children with uncomplicated 

or severe malaria determined by multiple linear regression analysis 

*an increase of 1 in log(parasite density) in /μL or log(plasma bilirubin) in mmol/L 

corresponds to a 10-fold increase in these parameters 
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12.4 DISCUSSION 

The present study provides strong evidence that plasma PfHRP-2 concentrations are 

of little prognostic utility in paediatric malaria in PNG. Severely ill children in this study 

did not have significantly higher plasma PfHRP-2 concentrations than those with 

uncomplicated infections at presentation. In addition, the main severe malaria phenotypes 

such as altered consciousness, hyperlactataemia and metabolic acidosis were not 

characterised by a raised plasma PfHRP-2. Multivariate analysis of the present data 

suggests that peripheral parasitaemia and associated acute haemolysis are strong predictors 

of plasma PfHRP-2 concentrations in PNG children, but significant associations with 

haemoglobin and plasma creatinine could also mean that prior episodes of malaria and 

renal clearance are also important determinants in this epidemiological setting. 

In the period between when this study was published, but prior to submission of this 

thesis, a number of larger studies in African children were published with results that 

conflicted with our data.  

Seven studies from of severe malaria in Asian adults,
116, 121

 African children 
120, 126, 

127, 434, 435
 and Melanesian children

436
 

436
have now investigated the clinical utility of 

quantitative PfHRP2 concentrations and are summarised in Table 26.  
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PfHRP2, Plasmodium falciparum histidine rich protein-2; SM, severe malaria; MSM, moderately severe malaria; UM, uncomplicated malaria; HC, healthy controls with asymptomatic parasitaemia; CM, 
cerebral malaria; SA, severe anaemia; Mort, mortality; Ref, reference; PNG, Papua New Guinea; *, P<0.05; **, P<0.01; ***, P<0.0001; MAF, malaria attributable fraction 
aChildren from Ref 127 not included. 
bCellabs (Sydney, Australia) 
c Mean PfHRP2concentration of SM and UM combined 

 

Table 27. Quantitative Plasmodium falciparum histidine rich protein-2 concentrations in patients with severe malaria 

Place  
Year  

Patient 
group 

Severe 
cases 

(N) 

Assay, 
internal 
standard 

Average PfHRP2concentrations according to clinical 
manifestation (ng/mL) 

Comments Ref 

SM MS UM HC CM SA Mort 

Kenya 
2005 

Child 98 Sandwich 
ELISA 

45  44     No difference between groups. No 
association of PfHRP2 with model 
estimate of sequestered parasite load. 

120, 

434
 

Thailand 
2005 

Adult 167 Celisa
b
, 

Purified 
PfHRP2 

840
c
       Statistically significant differences (SM 

vs. UM, SM vs. Fatal and the 
presence/absence of CM), in estimation 
of sequestered load using model 
incorporating assumptions of i) 
multiplication rate, and ii) PfHRP2 
release from schizogony  

 

Indonesia 
2008  

Adult 51 Celisa
b
, 

Purified 
PfHRP2 

1863 314
** 

    OR 3.7 Independent risk factor for mortality in 
SM 

116, 

121
 

PNG 
2011 

Child 220 Celisa
b
, 

Recombinant  
PfHRP2 

456  583 0 505 892**  One death in this cohort precluded 
analysis of risk factors in mortality 

436
 

Tanzania 
2012 

Child 45 Celisa
b
,  

Purified 
PfHRP2 

  443*  1008*  OR 3.0, 
4000* 

 
126

 

Africa 
2012 

Child 3826 Celisa
b
, 

Recombinant 
PfHRP2 

1102    1193* 1585*** 1611*** U-shaped curve with mortality 
increasing below and above 174 ng/mL 

127
 

Tanzania 
2013

a
 

Child 226 Celisa
b
, 

Recombinant 
PfHRP2 

1510  163 19    >1000 ng/mL, MAF >99% (sensitivity 
74%); <50ng/mL,>50% have alternate 
diagnosis 

435
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Most are case-control studies comparing PfHRP2 concentrations in severe or 

cerebral malaria cases with uncomplicated, moderately severe malaria or healthy children 

with asymptomatic parasitaemia, although the absolute PfHRP2 concentrations according 

to severity of clinical disease are not reported in one study.
116

 The number of severely 

unwell participants in each study ranged from 45-3826 (median 167), whilst their PfHRP2 

concentrations ranged from 45-1863 ng/mL (median 1102 ng/mL),44-583 ng/mL (median 

373 ng/mL) and 314ng/mL for severe, uncomplicated and moderately severe cases, 

respectively.  The wide variability in PfHRP2concentrations in severe cases has been 

ascribed to assay platform, choice of recombinant or purified PfHRP2 as an internal 

standard, and variability in the classification of severe versus uncomplicated malarial 

illness.  

Other potential variables that may affect PfHRP2 concentrations include the 

demographic and clinical factors such as age, ethnicity and renal function. The highest 

mean PfHRP2 concentrations observed have occurred in adults with no or limited immunity 

to malaria, no recent infection and a relatively early symptomatic presentation. In Thai 

adults, a half-life of 3.7 days for PfHRP2 has been observed that is unrelated to renal 

function.
116

 By contrast, studies in children show a PfHRP2 half-life of 1.1 days unaffected 

by renal function,
127

 no change over time (implying a more prolonged half life)
120

 and an 

independent association between serum creatinine and PfHRP2 across different studies.
436

 

Clearance of PfHRP2 is an important variable, because if PfHRP2 persists in the circulation 

for a number weeks after successful treatment of falciparum malaria either unbound in 

plasma, antibody-bound in plasma, inside infected erythrocytes, bound to uninfected 



 269 

erythrocytes as part of immune complexes, and/or bound to other cells such as leukocytes, 

patients from areas of intense transmission and frequent infections may have residual 

PfHRP2 from previous infection and a non-malarial cause for a subsequent illness.
128

 

Patients from hyperendemic settings may also develop a degree of immunity to PfHRP2 

itself that could contribute to its clearance from the circulation as well as overall assay 

performance.
130

 

Two studies have incorporated quantitative PfHRP2 concentrations into 

mathematical models to estimate the total parasite burden compared with of parasite burden 

estimated from peripheral parasitaemia.
116, 127

 These models have demonstrated that the 

modelled, sequestered parasite burden based on PfHRP2 is the better predictor of overall 

severity, individual clinical features of severity and mortality.  However, these models are 

from different transmission settings and differ in their assumptions of parasite 

multiplication rate and observed half-life, both of which have been shown to have a major 

impact on PfHRP2 concentrations at a single time-point and subsequent estimates of 

parasite burden. The clinical utility of these models may not necessarily be applicable to 

patients from different clinical settings but do provide additional evidence that peripheral 

parasitaemia is a poor predictor of severity and mortality. Genetic variation in the hrp2 

gene has been shown to affect the performance of qualitative PfHRP2-based RDTs in a 

number of settings and might affect the utility of quantitative PfHRP2 assays. However, 

despite such concerns, the largest study to date of PfHRP2 did not demonstrate an 

association between hrp2 sequence variation and quantitative PfHRP2 concentrations.
437

  

Notwithstanding differences in assay platform, choice of internal standard and 

clinical ascertainment, three studies have demonstrated higher PfHRP2 concentrations in 

patients with severe or cerebral malaria compared with uncomplicated or moderately severe 
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malaria controls.
121, 126, 127

 Two studies have not demonstrated such a difference 
434, 436

 

although, in the present study, a higher PfHRP2 concentration in severe anaemia was 

observed, together with negative and positive associations with haemoglobin and bilirubin, 

respectively, consistent with the obligatory haemolysis of parasitized red cells.
436

  

Four of the studies summarised in Table 26 have explored the utility of PfHRP2 

concentrations as a risk factor for mortality in severe malaria,
116, 121, 126, 127

 although only 

one 
121

 explicitly incorporates PfHRP2 as part of a multivariate model that includes other 

variables such as lactate, base excess and renal function.  However, in both situations where 

absolute PfHRP2 concentrations or estimations of sequestered parasite burden based on 

PfHRP2 are used, concentrations are higher in patients dying with severe malaria.  

The caveat to these findings is that the largest study to date demonstrated a U-

shaped curve describing the relationship betweenPfHRP2 and mortality risk, with a nadir at 

174 ng/mL.  Increasing mortality rates were observed with decreasing concentrations, 

whilst increased mortality was also seen at high concentrations.
127

  The likely reason for 

this finding is the presence of an alternative non-malarial illness in children with low 

PfHRP2 concentrations and is reflected by a lack of benefit of artesunate over quinine in 

the lowest tertile.
127

 Nevertheless, a U-shaped curve means that the applicability of 

quantitative PfHRP2 as a stand-alone clinical tool may be limited.   

The combination of independent associations between plasma PfHRP-2 and plasma 

bilirubin, parasite density and haemoglobin observed is consistent with the obligatory 

haemolysis of parasitised red cells with liberation of PfHRP-2, metabolism of free 

haemoglobin and an acute fall in haemoglobin. A positive association with 

hyperbiliruinaemia has been observed in adults.
116

  However, the degree of anaemia in 

these severely ill children and the presence of intense transmission of both P. falciparum 
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and P. vivax suggests that the association with haemoglobin may also reflect, in part, other 

recent episodes of malaria and subsequent persistence of PfHRP-2.
128, 129

 This would help 

explain the similarity between plasma PfHRP-2 concentrations in the two groups of 

children with malaria and the presence of detectable PfHRP-2 in 15% of the healthy 

controls. Other potential biomarkers of parasite burden such as quantitative parasite DNA 

(pDNA) or plasmodium lactate dehydrogenase (pLDH) may be more reliable than PfHRP-2 

because they do not persist for as long after treatment. 

12.5 CONCLUSIONS 

Quantitative PfHRP-2 concentrations do not reflect severity of malarial illness and is 

not useful as a biomarker for severe malarial disease in PNG children. 
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RESULTS 

Chapter 13: Severe anaemia in Papua New Guinean children from a 

malaria-endemic area: a case-control aetiologic study  
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13.1 INTRODUCTION 

Severe anaemia is a common reason for paediatric hospitalisation in developing 

countries.
149-152

 P. falciparum is the major cause of severe anaemia in malaria-endemic 

areas,
150, 153, 154

 but nutritional deficiencies,
155, 438

 non-malarial infections,
156, 157

 and genetic 

conditions such as G6PD
157

 and other RBC polymorphisms
158

 are also common and may be 

contributory. Although WHO has acknowledged the multifactorial nature of anaemia,
155

 

only a single study has systematically examined the relative impact of, and interactions 

between, aetiologic factors in a malaria-endemic country.
149

 In an African case-control 

study,
149

 bacteraemia, hookworm infestation, HIV infection, G6PD genotype, and 

deficiencies in vitamins A and B12 were significantly associated with severe anaemia. Iron 

deficiency, considered the most common cause of anaemia worldwide,
438

 was inversely 

associated, perhaps through protection against infection. In contrast to other studies 

performed in Africa,
438

 P. falciparum was only associated with severe anaemia in children 

in urban areas with seasonal transmission and not in surrounding rural locations with 

holoendemic transmission.
149

  

Infections other than P. falciparum have varying effects on the prevalence of severe 

anaemia. There have been inconsistent reports of associations between B19V and severe 

anaemia
156, 160, 161

 that might reflect differences in the intensity of use of chloroquine, a drug 

which has a trophic effect on B19V replication in bone marrow.
162

 In tropical countries 

outside Africa, severe P. vivax infections most commonly present as severe anaemia in 

West Papua
44

 and yet P. vivax parasitaemia appears to attenuate the post-treatment nadir in 

haemoglobin in Thai adults with co-existent P. falciparum infections.
159

 

Since available data suggest that specific epidemiologic settings will have their own 

hierarchy of causes underlying severe anaemia, an aetiological study was undertaken in 
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PNG children with a high incidence of red cell polymorphisms such as alpha-thalassaemia, 

exposure to infections with P. falciparum, P. vivax and B19V, and a high risk of 

micronutrient deficiencies. 

13.2 METHODS 

The clinical, laboratory and statistical methods for this study are outlined in Chapter 

3.  In this study, severe anaemia cases were defined as children with haemoglobin 

concentrations <50g/L.  Healthy non-anaemic children were recruited as controls from 

community-based immunisation clinics as described Chapter 3.   All control children had 

haemoglobin concentrations >100g/L.  

13.3 RESULTS 

13.3.1 Patients and controls  

One hundred and forty three children with severe anaemia were recruited (Figure 

62). In the period from October 2006 to the end of 2009, 135 of 3019 (4.5%) children 

admitted to Modilon Hospital had severe anaemia. Five further severely anaemic children 

were recruited between January and May 2010 using passive surveillance after the larger 

study of severe illness had been completed, and three additional children with severe 

anaemia were opportunistically identified at immunisation clinics where the 120 non-

anaemic healthy controls were enrolled.  
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Figure 62. Recruitment of children with severe anaemia 

The median [inter-quartile range] haemoglobin in the severe anaemia group was 39 [33-44] 

g/L compared with 113 [107-119] g/L in the control group. 

The demographic and anthropometric features of cases and controls are summarised 

in Table 26. There were no significant differences in age, sex distribution, ethnicity or 

adoption between cases and controls. The controls were significantly more likely to use 

bednets and to have completed vaccinations, consistent with better maternal education. 

Although height was similar in the two groups of children, those with severe anaemia had 

significantly lower body weights, mid upper arm circumference and BAZ than the non-

anaemic controls. 
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 Cases Controls P-value 

Number 143 120  

Sex (% males) 50.3 47.5 0.65 

Age (months) [median, IQR] 38 [24-61] 42 [29-57] 0.26 

Maternal education  
   None/elementary (%) 
   Primary (%) 
   Secondary or tertiary (%) 

 
36.7 
53.9 
9.4 

 
20.9 
63.5 
15.7 

0.027 

Ethnicity (% Madang or Sepik) 84.6 90.0 0.27 

Adopted (%) 8.4 5.8 0.48 

Bednet use (%) 82.6 94.0 0.007 

Incomplete vaccination (%) 49.0 30.0 0.001 

Height (cm) 87 [77-100] 90 [80-101] 0.19 

Weight (kg) 11 [9.0-14.5] 12.5 [11.0-15.7] <0.001 

Mid upper arm circumference (cm) 14 [13-15] 15 [14-15.5] <0.001 

Body mass index to age Z-score (BAZ) [median, IQR] -0.58 [-1.99-0.55] 0.01 [-1.12-1.22] 0.009 

Wasting  (% BAZ <2) 25.9 12.3 0.01 

Table 28. Demographic and anthropometric characteristics of severely anemic children  

and healthy, non-anemic controls  

Data are percentages or median and [inter-quartile range]. 

 

The laboratory features of cases and controls are summarised in Table 27. The 

severely anaemic children were more likely to have P. falciparum present and at greater 

density than controls. Serum vitamin B12, folate and vitamin A concentrations were all 

significantly lower in the severe anaemia group and more of these children were deficient 

in each case. Serum vitamin A concentrations were higher in those children who had 

received both doses of vitamin A when compared to one or no doses (0.68 µmol/L [IQR 

0.42-0.89] vs. 0.57 [0.37-0.79], P=0.06). Serum ferritin concentrations were, consistent 

with serum CRP concentrations and the clinical features, higher in the severe anaemia 

group. 

    Blood cultures were performed in 100 children (70%) with severe anaemia. In 

one of these children, an isolate identified as a Klebsiella spp. was cultured after 5 days of 

hospitalisation and was associated with disseminated ascariasis. A second child with severe 
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anaemia had ABM with Haemophilus influenzae type b isolated from CSF. No other 

invasive bacterial infections were identified.    
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 Cases Controls P-value 

P. falciparum (Pf) parasitaemia (%) 58.7 5.8 <0.001 

     >1,000/µL (% of children with Pf parasites) 77.8 0.8 <0.001 

P. vivax (Pv) parasitaemia (%) 4.2 19.2 0.001 

     >500/µL (% of children with Pv parasites) 33.3 43.5 1.00 

Vitamin B12 (pmol/L) [median, IQR] 298 [207-406] 375 [301-455] <0.001 

     Vitamin B12 deficiency (<150 pmol/L) (%) 9.0 0.8 0.005 

Folate (pmol/L) [median, IQR] 542 (369-716) 634 (469-863 0.01 

     Folate deficiency (<260 pmol/L) (%) 9.5 1.7 0.01 

Vitamin A  (µmol/L) [median, IQR]  0.40 (0.28-0.58) 0.82 (0.66-0.94) <0.001 

   Vitamin A deficiency (< 0.7 µmol/L), (%) 73.7 21.5 <0.001 

Serum ferritin (mg/L), [median, IQR] 369 [239-802] 49 [34-71] <0.001 

     Low ferritin (<10 mg/L) (%) 4.8 0.8 0.12 

Soluble transferrin receptor [sTFR] (mg/L) 
[median, IQR] 

7.5 [5.0-12.6] 6.1 [5.0-7.1] 
0.001 

sTFR/log ferritin [median, IQR] 2.9 [1.8-5.0] 3.6 [2.9-4.3] 0.009 

     Iron deficiency (sTFR/log ferritin >5.6), (%) 18.7 10.9 0.089 

Bicarbonate (mmol/L) [median, IQR] 16.3 [15.0-18.2] 16.4 [15.0-17.4] 0.606 

Lactate (mmol/L) [median, IQR] 3.1 [2.1-4.6] - - 

Creatinine (µmol/L) [median, IQR] 24 [19-31] 24 [20-26] 0.657 

Bilirubin (µmol/L)   [median, IQR] 11.2 [6.5-21.6] 3.4 [2.7-4.1] <0.0001 

Alanine aminotransferase  (IU/L) [median, IQR] 13 [10-19] 12 [9-17] 0.053 

C-reactive protein (mg/L( [median, IQR] 42 [14-114] 1.4 [3.6-2.7] <0.0001 

Parvovirus B19 PCR (%) 15.4 1.7 <0.0001 

Parvovirus B19 IgM (%) 14.8 1.7 <0.0001 

Parvovirus B19 Any (%) 23.8 2.5 <0.0001 

Southeast asian ovalocytosis  
(∆27bp deletion present) (%) 

7.4 3.4 
0.256 

Glycophorin C (ex3bp deletion genotype) 

    Deletion/deletion (%) 

    Deletion/wildtype (%) 

    Wildtype/wildtype (%) 

 

12.7 

36.3 

60.8 

 

5.4 

38.7 

55.9 

0.220 

Complement receptor 1 polymorphism genotype 

    AA (%) 

    AG (%) 

    GG (%) 

 

13.4 

36.1 

50.4 

 

8.1 

35.1 

56.8 

0.368 

Alpha-thalassaemia genotype (either 3.7 or  
4.2 kb deletions) 

   Wildtype/wildtype (%) 

   Deletion/wildtype  (%) 

   Deletion/deletion (%)  

 
 

24.7 

25.8 

49.4 

 
 

22.9 

40.5 

35.1 

 
 

 

0.104 

 

Table 29. Biochemical, haematological and genetic characteristics of severely anemic 

children and non-anemic controls  

Data are percentages or median and [inter-quartile range]. 
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13.3.2 Independent risk factors for severe anaemia 

The summary of the most parsimonious logistic regression model is shown in Table 

28. The presence of B19V had the highest OR of 75.8, and P. falciparum, vitamin A 

deficiency, wasting and incomplete vaccination were also independently associated with 

severe anaemia.  The presence of P. vivax was negatively associated with severe anaemia. 

Although included in the initial backward stepwise logistic regression model, maternal 

education, mosquito bednet use, red cell folate deficiency, vitamin B12 deficiency and 

alpha-thalassemia genotype did not prove to be independent associates of severe anaemia. 

Iron deficiency was also not significantly associated with severe anaemia. When this 

variable was forced into the most parsimonious model, there was a trend to significance 

(OR 2.7 [0.9-8.5], P=0.07). 

 

 Odds ratio (95% CI) P-value 

Parvovirus B19 infection 75.8 (15.4-526) <0.0001 

Plasmodium falciparum infection  19.4 (6.7-62.6) <0.0001 

Plasmodium vivax infection 0.12 (0.02-0.47) 0.0055 

Vitamin A deficiency 13.5 (5.4-37.7) <0.0001 

Wasting (BAZ <2) 8.4 (2.7-27.0) 0.0003 

Incomplete vaccination 2.94 (1.3-7.2) 0.0151 

Table 30. Summary of logistic regression model 

 

Severe anaemia was multifactorial in the majority of children.  Only three of 112 

severely anaemic children with complete datasets did not have at least one of the risk 

factors independently associated with severe anaemia in the multivariate analysis compared 

with 34 of 113 in the control group, whilst 88.3% and 15.1% of cases had at least 2 and 4 

risk factors for severe anaemia, respectively.   
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A „missingness map‟ showing incomplete data for each individual case or control is 

shown in Figures 63 and 64, respectively. In order to validate the findings of the logistic 

regression model for the raw data, MI was performed.   

 
 

Figure 63. Missingness map for severe anaemia cases   

Rows (denoted on the y-axis) represent each individual and columns (x-axis) represent 

variables included in multiple imputation of missing data.  Missing or complete data are 

shown in grey or black colours, respectively.   
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Figure 64. Missingness map for healthy non-anaemic controls   

Rows (denoted on the y-axis) represent each individual and columns (x-axis) represent 

variables included in multiple imputation of missing data.  Missing or complete data are 

shown in grey or black colours, respectively 

 

After MI, logistic regression modelling was performed on each of the five complete 

datasets. The ORs for each of the variables in each model and the mean values across all 5 

models are presented in Table 29. The mean ORs (95% CI) across the five datasets were of 

similar magnitude to those of the logistic regression in Table 28 for B19V (58.5 [53.1-

63.8]), P. falciparum infection (18.1 [16.4-19.9]), P. vivax infection (0.11 [0.10-0.13]), 

vitamin A deficiency (11.6 [10.1-13.1]), wasting (6.1 [5.2-7.0]), and incomplete 
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vaccination (2.1 [1.9-2.3]).  Additionally, all logistic regression models using imputed data 

included iron deficiency as an independent associate (OR 3.7 [3.1-4.3]). 

 

Imputed dataset 1 2 3 4 5 MI Average 
OR (95%CI) 

Partial attributable risk 
(%), (Boot strap 95%CI) 

Parvovirus B19  60.7 63.3 60.1 52.3 56.2 58.5 (53.1-63.9) 10.4 (8.2-12.8) 

Plasmodium falciparum  19.1 16.1 18.0 17.7 19.7 18.1 (16.4-19.9) 24.5 (22.1-26.8) 

Plasmodium vivax 0.13 0.11 0.11 0.11 0.10 0.11 (0.10-0.13)  

Vitamin A deficiency 10.8 12.8 10.7 10.7 13.1 11.6 (10.1-13.1) 36.0 (31.2-39.2) 

Wasting (BAZ <2) 5.55 6.99 6.74 5.41 5.81 6.1 (5.2-7.0) 8.9 (6.5-11.2) 

Incomplete vaccination 2.20 2.22 1.89* 1.99* 2.2* 2.1 (1.9-2.3) 9.8 (4.6-13.1) 

Iron deficiency 3.68 2.91 3.92 3.92 4.13 3.7 (3.1-4.3) 6.4 (4.7-8.0) 

Table 31. Odds ratios following logistic regression of imputed datasets and partial 

attributable risk  

 

The significant independent risk factors accounted for 96.0% of population 

attributable risk. The partial attributable risks for B19V, P. falciparum, vitamin A 

deficiency, wasting and incomplete vaccination were calculated using the R package 

„pARccs‟ with P. vivax included as a confounder. In this analysis, nutritional deficits 

accounted for 51.3% of the attributable risk, specifically vitamin A deficiency (36.0%), 

wasting (8.9%) and iron deficiency (6.4%). P. falciparum and B19V accounted for 24.5% 

and 10.4%, respectively. Incomplete vaccination had a partial attributable risk of 9.8%.   

13.3.3 Clinical features of Plasmodium falciparum compared with non-falciparum 

severe anaemia 

Eighty-four (58.7%) children with severe anaemia had P. falciparum parasites 

present. Vitamin A deficiency was significantly more common in children with falciparum 

parasites (96.0% vs. 59.2%, P<0.0001) whilst iron deficiency (8.2% vs. 42.5%, P=0.0006) 

and parvovirus B19 (15.5% vs. 33.9%, P=0.014) were less frequent.   
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The median red cell distribution width (RDW) was lower in children with P. 

falciparum parasites (Median [IQR] 19.1[16.5-23.5] vs. 26.2 [21-30], P<0.0001).  Bilirubin 

and C-reactive protein were also higher in this group. 

Of the genetic tests, children with a homozygote genotype for the GLYCex3bp 

deletion were under-represented amongst the group of severely anaemic children with P. 

falciparum parasites (5.6% vs. 22.5%, P=0.02).  

13.3.4 Clinical course 

Four (2.8%) children with severe anaemia died. Two were comatose on admission 

and had cerebral malaria in addition to severe anaemia. One had acute renal failure and 

metabolic acidosis due to P. vivax. The fourth child died following a prolonged illness 

accompanied by wasting, lymphadenopathy and hepatosplenomegaly. After failing empiric 

therapy for tuberculosis, a presumptive clinical diagnosis of lymphoma was made.   

13.4 DISCUSSION 

The present study confirms that severe anaemia is common and multifactorial in 

PNG children. Parvovirus B19 infection, falciparum malaria, vitamin A deficiency, wasting 

and incomplete vaccination were the main aetiologic factors. P. vivax infection was 

negatively associated with severe anaemia. The presence of iron deficiency was predictive 

in children only after imputation of missing data, with a relatively small overall 

contribution (6.4%) to the total attributable risk. Although vitamin B12 and folate deficiency 

were present in 9.0% and 9.5%, respectively, of severely anaemic children in this study, 

neither was independently associated with severe anaemia, which was also the case for 

adoption, ethnicity, maternal education, bednet use and all of the genetic polymorphisms 

assessed. The causes of severe anaemia in PNG children can, therefore, be considered as 
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comprising two main categories, namely under-nutrition (vitamin A deficiency and 

wasting) and infection (falciparum malaria, B19V infection and perhaps incomplete 

vaccination), which are both associated with hypoproliferative anaemia.
439, 440

  

Epidemiologic studies have shown an association between low serum vitamin A and 

anaemia in different populations.
441, 442

 While the haematologic phenotype of vitamin A 

deficiency-induced anaemia is incompletely characterised, impaired erythropoiesis, reduced 

immunity to infection and modulation of iron metabolism are potential underlying 

mechanisms.
442

 Wasting may be a surrogate for deficiencies in other nutrients that are 

important for normal bone marrow function. Although there was no independent 

association between iron, vitamin B12 and folate deficiency and severe anaemia in the 

present study, it is possible that these might act in concert with deficiencies in vitamins B6 

and E, riboflavin, zinc and copper to substantially reduce erythropoiesis in under-nourished 

children.
440

  

In contrast to the African case-control study,
149

 there was no indication that iron 

deficiency protected against severe anaemia in the present study. Indeed there was the 

suggestion that it was a minor positive contributor. The authors of the African study used a 

multivariate structural model to implicate reduced infection as a major consequence of iron 

deficiency that helped prevent severe anaemia.
149

 Although, due to logistic constraints, 

blood cultures were only available for 70% of the children with severe anaemia and were 

not taken from any healthy controls, only two children with evidence of invasive bacterial 

infection were identified. This is contrast to the 15% of cases and 4% of controls with 

confirmed infection in the Malawian study.
149

 This difference in the risk of bacterial 

infection emphasises the need for caution in extrapolating the results of observational 

studies from a particular epidemiologic situation. 



 286 

There were opposing associations between P. falciparum and P. vivax parasitaemias 

and severe anaemia. As in in most studies conducted in sub-Saharan Africa.
150, 153, 154

 a 

strongly positive association with concurrent P. falciparum infection in PNG children and 

accounts for one in four cases of severe anaemia. Compared to non-malarial severe anaemia 

cases, P. falciparum severe anaemia cases were less likely to be iron- but more likely to be 

vitamin A deficient. Low vitamin A concentrations are well described in P. falciparum 

infections but it is unclear whether this represents the underlying cause for symptomatic 

malaria infection or a consequence of malaria infection.
441

  Interestingly, children with 

severe anaemia due to P. falciparum also had a lower median red cell distribution width, a 

measure that has been associated with the level of erythropoiesis
443

 Although RDW is 

increased when compared with reported normal values in >95% of all severely anaemic 

children, this finding could be consistent with an attenuated erythropoietic response in 

severely anaemic children due P. falciparum .  

P. vivax on the other hand, is not a major cause of severe anaemia in  PNG children 

> 12 months of age. Only 6 severely anaemic children had concurrent P. vivax infections 

and all of them had 2-4 other independent risk factors for severe anaemia.  In neighbouring 

West Papua, Indonesia, P. vivax is an important cause of severe anaemia in very young 

infants with an excess risk compared with P. falciparum in children in this age group.
444

   

Whilst the present study limited enrolment to older than 6 months, only 5 (3.5%) of 

children identified with severe anaemia were younger than 12 months (4 with falciparum 

malaria and 1 with vivax) implying that it would be unlikely to have missed children with 

severe anaemia in infants outside the first few months of life.    

The scarcity of P. vivax infections among severe anaemia cases >12 months is likely 

to have several causes. Most importantly, the natural acquisition of clinical immunity to P. 
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vivax is very rapid in PNG children exposed to moderate to high transmission. Whereas P. 

vivax is the predominant source of Plasmodium spp. infections and disease in children <2 

years, children >5 years have acquired almost complete clinical immunity to P. vivax
246

. In 

contrast the incidence of P. falciparum malaria continues to increase in first 3
 
years of 

life
445

 and children remain at significant risk of P. falciparum malaria throughout childhood 

246
. In spite of asymptomatic P. vivax infections being common in children 2-10 yrs, they 

are only associated small decreases in mean Hb levels
446

 and therefore unlikely to 

contribute significant to the risk of severe anaemia in this age group. 

An alternative explanation for the inverse relationship between severe anaemia and 

P. vivax infection in the present study is that vivax malaria protects against anaemia in 

areas where both Plasmodium species are transmitted.
30, 319

 Cross-sectional and longitudinal 

surveys have shown negative correlations between different Plasmodium species,
30, 447

 

suggesting density-dependent regulation of parasitaemia in asymptomatic individuals
319

 and 

protection from P. falciparum clinical disease.
447

 Co-infection with P. vivax appears to 

abrogate the nadir haemoglobin resulting from malaria due to P. falciparum.
159

  In addition, 

consistent epidemiological evidence from Thailand has also shown that the rate of severe 

malarial disease, but not mortality, in patients with P. falciparum is lower when there is P. 

vivax mixed infection.
310

  

These data confirm and extend the body of evidence implicating B19V as a cause of 

severe anaemia in PNG. Although it had the highest OR (75.8) for an individual, it 

accounted for only approximately 10% of the population attributable risk. In a previous 

study of severe anaemia in PNG children, only B19V and the effects of malaria were 

examined as possible aetiologic factors without consideration for other aetiological 

factors.
156

 One explanation for the variable association between B19V and severe anaemia 



 288 

in reports to date
156, 160, 161

 is the trophic effects of chloroquine and amodiaquine on the 

replication of B19V in bone marrow.
162

 Associations between severe anaemia and B19V 

have been shown in countries where these drugs have been used widely and not where 

alternatives such as sulfadoxine-pyrimethamine have been used.
162

 These antimalarials 

have been used widely in PNG and it is possible that the association between B19V and 

severe anaemia may disappear in time as ACT replaces chloroquine/amodiaquine-based 

regimens. 

This study had some limitations. Due to socio-cultural barriers to testing, HIV 

serology was not performed. Despite being a risk factor for severe anaemia in African 

children,
149

 PNG has a relatively low prevalence of HIV seropositivity (0.9%) that would 

have been unlikely to contribute to severe anaemia at a population level.
250

 Stool 

examination for intestinal helminths was not performed, but the contribution of heavy 

worm burden to severe anaemia is likely to be via iron, other micronutrient deficiencies 

and/or malnutrition, all of which were incorporated in the analyses. By utilising a non-

anaemic haemoglobin threshold (100 g/L), the independent associations identified may 

have been different to those reported in other studies in which healthy community controls 

have had median haemoglobin concentrations <100 g/L.
149, 150, 156

.    

The present study confirms that severe anaemia is multi-factorial and suggests that 

vitamin A deficiency and P. falciparum infection are the most important contributors to 

severe anaemia in PNG children. Vitamin A supplementation has been shown to reduce 

malaria infection
448, 449

 but may have other beneficial effects on haematopoiesis
442

 that 

contribute to reduced all-cause mortality.
450, 451

 Currently, vitamin A is given as part of the 

expanded programme of immunisation in PNG at 6 and 12 months of age. Incomplete 

vaccination was an independent predictor of severe anaemia in PNG children. Therefore, 
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current efforts to up-scale supplementary immunisation every 2-3 years should have 

benefits for the incidence of anaemia, especially if vitamin A supplementation were 

included. Implementation of intermittent preventive treatment in infancy could reduce the 

burden of anaemia,
452

 especially if ACT replaces chloroquine/amodiaquine-based 

regimens.
162

 Other strategies to improve childhood nutrition might also reduce the overall 

burden of severe anaemia by reduction in malnutrition and subsequent improvements in 

micronutrient status.   

13.5 CONCLUSIONS 

This case-control study demonstrates that malaria is only one of a number of risk 

factors independently associated with severe anaemia in PNG children.   In combination 

with vitamin A deficiency, P. falciparum accounts for ~60% of the attributable risk for 

severe anaemia, whilst other micronutrient deficiencies such as iron, vitamin B12 and folate 

are likely to have little impact.  An apparent protective effect of P. vivax on severe anaemia 

could represent an epiphenomenon, a situation that might occur when other factors limit 

production of reticulocytes in severe anaemia cases. However these data could be 

considered consistent with epidemiological data where P. vivax has been shown to abrogate 

the haemoglobin nadir in Asian adults with uncomplicated malaria.  B19V infection 

accounts for ~10% of severe anaemia attributable risk at a population level, a finding that 

extends a previous study performed elsewhere in PNG and which differences in risk factors 

for severe anaemia between PNG and African children.  
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CONCLUSIONS 

Chapter 14: Conclusions  
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14.1 SUMMARY OF FINDINGS 

A major implication from the data reported in the studies in this thesis is that there 

are substantial differences in the patterns of severe malarial illness between African and 

PNG children.  The very low mortality rates in severe P. falciparum infections observed in 

this study are, in part, counterbalanced co-circulating P. vivax and a higher mortality in 

mixed infections.  Low rates of hypoglycaemia and concomitant bacterial infections 

together with new genetic polymorphisms may account for low malaria-specific mortality 

observed in PNG. In PNG, severe anaemia is multifactorial, but with a different aetiological 

profile when compared with African children. The major contributing factors for severe 

anaemia could be reduced through strengthening existing programs for nutrition, 

immunisation and malaria control.   

The key results of the studies included in this thesis are summarised below: 

1.  Malaria is the primary cause of illness in 41% of children hospitalised with severe 

illness, but submicroscopic infection is present in an additional 19% of children. 

2.  Children with severe illness and sub-microscopic infection are a heterogeneous 

group, containing some children with characteristics consistent with malarial 

disease and others with non-malarial illness.  However, those dying with sub-

microscopic infections have characteristics consistent with non-malarial illness.    

3.  The WHO severe malaria definitions accurately predicted 94% of all deaths, both 

malarial and non-malarial.  Deep coma, malnutrition and hyperlactataemia were 

independently associated with mortality.  In this group, proven malaria accounts for 

only 10% of deaths in hospitalised children and the presence of malaria parasites is 

associated with significantly lower risk of mortality when compared with children 

with severe non-malarial disease. 
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4.  P. vivax accounts for 8% of severe malaria cases and can present with any of the 

clinical features normally associated with severe disease caused by P. falciparum. 

5.  Children with mixed P.vivax/P.falciparum infections have greater morbidity and a 

higher mortality than infections caused by P. falciparum. 

6.  Children with single species P. falciparum severe malaria have a very low mortality 

(0.4%). 

7.  Overlap syndromes with co-existing malaria and ABM or bacteraemia does not seem 

to occur in PNG children.  

8.  P. vivax is not detectable in the brain tissue of children dying from mixed infection 

and is  evidence against the hypothesis that vascular sequestration of P. vivax 

contributes to the pathogenesis in severe vivax infection. 

9.  Malaria RDTs are better than light microscopy for diagnosis of malaria in children 

with severe illness and perform equivalently to PCR diagnostic methods. For P. 

vivax, however RDT performance has lower sensitivity. 

10. A parasitological diagnosis for malaria is an important adjunct to examination for 

conventional signs of meningeal irritation, severe malaria and as a prognostic 

indicator for mortality.   

11. Following intramuscular injection, CSF artemether concentrations are particularly 

high in children with meningeal inflammation and approach potentially neurotoxic 

concentrations. 

12. Novel polymorphisms in the genes for TLR-1 and IL-10 may protect Melanesian 

children from severe malaria. 
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13. Quantitative PfHRP-2 concentrations do not reflect severity of malarial illness and 

are not useful as a biomarker for severe malarial disease in PNG children. 

14. P. falciparum accounts for 24% of the partial attributable risk for severe anaemia in 

PNG children.  Other independent risk factors include vitamin A deficiency, 

wasting, incomplete vaccination and parvovirus B19.   

 

14.2 TRANSLATION INTO LOCAL POLICY AND GUIDELINES 

The new PNG standard treatment guidelines (STGs) for adult (6
th

 edition) and 

paediatric (8
th

 edition) have recently been finalised and include data from this study.   An 

algorithm for lumbar puncture following a febrile seizure as well as confirmation of the 

utility of parasitological diagnosis in the setting of ABM has been included in the paediatric 

STG. The microbiology data from this study provided a large proportion of contemporary 

antimicrobial resistance data that resulted in changes to the recommended standard 

treatment for ABM and skin, soft-tissue and orthopaedic infections for both adults and 

children.  Finally, the PNG-specific paediatric reference intervals have also been included 

in the new adult STG.   

14.3 FUTURE RESEARCH 

Based on these results a number of subsequent follow-up studies are planned. They 

include: 

1. An effectiveness study of the use of RDTs as a guide for treatment in hospitalised 

children with severe illness.  The basic premise for this study is that RDTs are at least as 

good as LM for diagnosing severe malaria in severe illness, even in an area where P. vivax 

contributes to the spectrum of severe malarial disease.  At Modilon Hospital, admissions 
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due to severe malaria appear to be declining (there were <10 children admitted with severe 

malaria in the last 6 months of the study).  With a lower prevalence of severe malarial 

disease, the negative predictive values will be lower than described in Chapter 7 of this 

thesis.  As part of planning for this study, the choice of RDT would be chosen on the basis 

of WHO RDT test performance (particularly for the detection of P. vivax).   

2. A randomised, comparative study of the safety of artemether or artesunate in 

conjunction with antibiotics for children with ABM. Although the artemisinins are 

considered standard therapy for severe malaria, their safety in many severe non-malarial 

diseases has not been formally assessed.  The data from Chapter 9 infer that in children 

with ABM, CSF artemisinin concentrations may exceed potentially neurotoxic 

concentrations.  The context in which this would be tested would be where malaria 

admissions are declining and where a clear alternative diagnosis of ABM has been made 

without evidence of malaria infection.  

3.  The development and validation of a predictive score for mortality that incorporates 

basic clinical findings (deep coma, malnutrition) and bedside diagnostic tests (blood lactate 

and RDT or LM).  In the first instance, a score will be developed using the existing dataset.  

It could be validated with a follow-up, but less intensive study at the same site. 

4. A contemporary meta-analysis to explore regional and temporal differences in the 

clinical features and outcome of severe Plasmodium falciparum malaria. This will include 

studies from November 2009 onwards.  Of note, data from this thesis, together with those 

from the AQUAMAT study were not included in the preliminary meta-analysis (Chapter 

2). 
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Abstract

Background: Mortality from severe pediatric falciparum malaria appears low in Oceania but Plasmodium vivax is increasingly
recognized as a cause of complications and death. The features and prognosis of mixed Plasmodium species infections are
poorly characterized. Detailed prospective studies that include accurate malaria diagnosis and detection of co-morbidities
are lacking.

Methods and Findings: We followed 340 Papua New Guinean (PNG) children with PCR-confirmed severe malaria (77.1% P.
falciparum, 7.9% P. vivax, 14.7% P. falciparum/vivax) hospitalized over a 3-year period. Bacterial cultures were performed to
identify co-incident sepsis. Clinical management was under national guidelines. Of 262 children with severe falciparum
malaria, 30.9%, 24.8% and 23.2% had impaired consciousness, severe anemia, and metabolic acidosis/hyperlactatemia,
respectively. Two (0.8%) presented with hypoglycemia, seven (2.7%) were discharged with neurologic impairment, and one
child died (0.4%). The 27 severe vivax malaria cases presented with similar phenotypic features to the falciparum malaria
cases but respiratory distress was five times more common (P = 0.001); one child died (3.7%). The 50 children with P.
falciparum/vivax infections shared phenotypic features of mono-species infections, but were more likely to present in deep
coma and had the highest mortality (8.0%; P = 0.003 vs falciparum malaria). Overall, bacterial cultures were positive in only
two non-fatal cases. 83.6% of the children had alpha-thalassemia trait and seven with coma/impaired consciousness had
South Asian ovalocytosis (SAO).

Conclusions: The low mortality from severe falciparum malaria in PNG children may reflect protective genetic factors other
than alpha-thalassemia trait/SAO, good nutrition, and/or infrequent co-incident sepsis. Severe vivax malaria had similar
features but severe P. falciparum/vivax infections were associated with the most severe phenotype and worst prognosis.

Citation: Manning L, Laman M, Law I, Bona C, Aipit S, et al. (2011) Features and Prognosis of Severe Malaria Caused by Plasmodium falciparum, Plasmodium vivax
and Mixed Plasmodium Species in Papua New Guinean Children. PLoS ONE 6(12): e29203. doi:10.1371/journal.pone.0029203

Editor: Jose Antonio Stoute, Pennsylvania State University College of Medicine, United States of America

Received September 20, 2011; Accepted November 22, 2011; Published December 22, 2011

Copyright: � 2011 Manning et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was funded by a National Health and Medical Research Council (NHMRC) grant (#513782). The authors also acknowledge support from the
MalariaGen Genomic Epidemiology Network. ML was supported by a Fogarty Foundation scholarship, LM by a Basser scholarship from the Royal Australian
College of Physicians and an NHMRC scholarship, and TMED by an NHMRC Practitioner Fellowship. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: tdavis@cyllene.uwa.edu.au

. These authors contributed equally to this work.

¤a Current address: National Tuberculosis Programme, Vientiane, Laos
¤b Current address: Western Health, Footscray, Victoria, Australia
¤c Current address: Faculty of Health Sciences, Divine Word University, Madang, Madang Province, Papua New Guinea
¤d Current address: Infection and Immunity Division, Walter and Eliza Hall Institute, Parkville, Victoria, Australia
¤e Current address: Center de Recerca en Salut Internacional de Barcelona (CRESIB), Barcelona, Spain

Introduction

The features and prognosis of severe pediatric falciparum

malaria have been characterized in observational and intervention

studies from sub-Saharan Africa [1–4]. Equivalent studies in other

epidemiologic contexts are fewer but important differences have

emerged. There is some evidence that mortality from severe

Plasmodium falciparum infections in children is relatively low in the

Oceania region [5–7], perhaps due to the acquisition of cross-

species functional immunity from greater exposure to P. vivax in

early childhood. Nevertheless, P. vivax is itself increasingly

recognized as a cause of both complications similar to those seen

in falciparum malaria and death [8]. In the case of mixed

Plasmodium species infections (commonly P. falciparum/vivax), there
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are reports of reduced [9,10], equivalent [11,12] and increased

[12] morbidity relative to P. falciparum mono-infections.

The incidence of complications and death from severe malaria

will depend on selection/recruitment strategies, sensitivity of

malaria diagnosis/speciation, definitions of severity, inpatient

management including identification of co-incident disease, and

social, cultural and genetic factors that can influence presentation

and clinical course. Apparent inconsistencies between published

studies may reflect differences in one or more such factors. The

characteristics and outcome of severe malaria are, therefore, best

assessed prospectively, in a representative, ethnically homogeneous

sample, and with clinical and laboratory data sufficient both to

allow accurate diagnosis [13] and the detection of important co-

morbidities such as sepsis [14].

We have carried out such a study in children in coastal Papua

New Guinea (PNG) presenting with severe malarial illness, a

setting in which a high prevalence of alpha-thalassemia and South

Asian ovalocytosis (SAO) implies that malaria has had a strong

selective effect [15–17]. We hypothesized that i) severe falciparum

malaria has a low mortality relative to African studies as found

previously in simple observational studies [5–7,18], and that ii)

severe P. vivax and mixed P. falciparum/vivax malaria, although less

common than that caused by P. falciparum, have a similar spectrum

of clinical disease and prognosis.

Methods

Study sites and local malaria epidemiology
The present study was conducted in Madang and Sepik

Provinces on the northern PNG coast where most of the

population are subsistence farmers and their families. The annual

entomological inoculation rate (EIR) for Madang Province has

recently been estimated at 37 for P. falciparum and 24 for P. vivax

[19]. At the Sepik study site, the EIR is 35 for P. falciparum and 12

for P. vivax [20]. In healthy, asymptomatic Madang children aged

1–10 years, the spleen rate is 13% and the prevalence of

parasitemia by microscopy is 8.2% for P. falciparum (median

[interquartile range (IQR)] 1360 [453–2881]/mL) and 14.1% (348

[226–727]/mL) for P. vivax [21]. Approximately 90% of local

children have alpha-thalassemia trait [15]. The national human

immunodeficiency virus (HIV) seroprevalence is 0.9% [22].

Ethics statement
The present study was approved by the PNG Institute of

Medical Research Institutional Review Board and the Medical

Research Advisory Committee of the PNG Health Department,

and conducted according to the principles of the Declaration of

Helsinki. Written informed consent was obtained from parent(s)/

guardian(s) before recruitment.

Patients
Between October 2006 and December 2009, all children aged

0.5–10 years admitted to Modilon Hospital, the provincial hospital

to which the majority of children with severe illness are referred,

were assessed for recruitment to an observational study of severe

pediatric illness. Inclusion criteria included any of: i) impaired

consciousness/coma (Blantyre Coma Score (BCS),5 [23]), ii)

prostration (inability to sit/stand unaided), iii) multiple seizures, iv)

hyperlactatemia (blood lactate.5 mmol/L), v) severe anemia

(hemoglobin,50 g/L), vi) dark urine, vii) hypoglycemia (blood

glucose#2.2 mmol/L), viii) jaundice, ix) respiratory distress, x)

persistent vomiting, xi) abnormal bleeding or xii) signs of shock.

These criteria reflect the World Health Organization (WHO)

definition of severe malarial illness [13]. All severely-ill blood slide-

positive children were considered for recruitment but only those in

whom Plasmodium species were detected by nested polymerase

chain reaction (nPCR) were included in the present analyses. The

final speciation as a mono- or mixed infection was based on the

nPCR result.

Clinical assessment and management
After recruitment, a standardized case report form that

recorded demographic and medical data was completed [24].

This included details of immunizations, past medical history and

recent treatment with antimalarial drugs and antibiotics, as

documented in each child’s hand-held medical record book.

Trained study nurses carried out clinical assessments on admission

and an additional detailed neurological examination was per-

formed by study clinicians (LM, ML) on all children admitted with

a BCS#4, regardless of the time of admission. Weekly bedside

teaching by the study clinicians was conducted to ensure

consistency of clinical assessment by study nurses.

A BCS#2 was considered deep coma and a BCS#4 as

impaired consciousness at 0.5, 1 or 6 hours after correction of

hypoglycemia, a seizure or parenteral anticonvulsant therapy,

respectively. Respiratory distress was considered present if the

child had i) deep breathing, ii) inter-costal in-drawing, iii) sub-

costal recession, iv) persistent alar flaring, v) tracheal tug, and/or

vi) respiratory rate.60/minute. Due to variable availability and

safety concerns, chest radiography was performed in a minority of

children with respiratory symptoms. Inpatient management,

including the decision to perform lumbar puncture (LP), was co-

ordinated by attending ward clinicians under PNG national

guidelines [25] and included intravenous dextrose/saline and

antibiotics (chloramphenicol 25 mg/kg by intramuscular injection

6-hourly), intramuscular artemether (3.2 mg/kg on admission and

1.6 mg/kg daily until oral antimalarial therapy could be tolerated),

and blood transfusion if required (in the absence of cardiovascular

compromise, at a hemoglobin,40 g/L). Each child was reviewed

at least daily until discharge/death. At discharge and, where

possible, at the child’s home two months post-discharge, the

presence of residual neurologic deficits was assessed.

Laboratory Procedures
A baseline venous blood sample was taken for microscopy and

rapid diagnostic testing (RDT) (ICT Diagnostics, Brookvale,

Australia). Giemsa-stained thick blood smears were examined

and the parasitemia quantified independently by two skilled

microscopists with discrepancies adjudicated by a third microsco-

pist [26]. Parasite densities were calculated from the number of

parasites per 200 white cells and an assumed total peripheral white

cell count of 8,000/mL. The final density was the geometric mean

of the two values [26]. Additional on-site tests comprised whole

blood glucose (Hemocue, Ängelholm, Sweden) and lactate

(Lactate Pro, Arkray, Japan), and a full blood count (Coulter

Ac?T diff, Beckman Coulter, Brea, USA).

When sufficient blood was available from the admission

venepuncture after the above tests, 1–3 mL was placed in

BactecTM Peds PlusTM/F bottles (Becton Dickinson, Franklin,

USA) and incubated using an automated BactecTM system.

Cerebrospinal fluid (CSF) obtained at LP was examined

macroscopically and microscopically [24], and semi-quantitative

glucose and protein concentrations obtained by urine dipstick

(AconH Laboratories, San Diego, USA) [27]. If.10 white blood

cells/mm3 were present, CSF was incubated on chocolate agar for

3 days. Bacterial isolates from blood/CSF cultures were identified

using standard procedures [24]. Coagulase-negative staphylococci,

Corynebacterium and Bacillus spp. were considered contaminants. The

Severe Malaria in PNG Children
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remaining baseline blood sample was centrifuged promptly and

separated plasma and erythrocytes stored at 270uC and 220uC,

respectively.

Additional laboratory tests not necessary for initial clinical

management were performed subsequently and included i) plasma

electrolytes, urea, creatinine, alanine aminotransferase (ALT), total

bilirubin, C-reactive protein (CRP) and creatine kinase (COBAS

INTEGRA 800, Roche Diagnostics, Mannheim, Germany), ii)

Plasmodium speciation by nPCR [28] after parasite DNA extraction

(QIAamp 96 DNA Blood Mini Kit, QIAGEN, Valencia, CA) and

iii) genetic testing for alpha-thalassemia (3.7 kb and 4.2 kb

deletions) and SAO (SLC4A1D27) mutations after host DNA

extraction [29,30]. Serologic testing for HIV was not routinely

performed.

Reference intervals for laboratory tests were determined from

327 healthy Melanesian children who were age- and sex-matched

to the present children [21]. Metabolic acidosis was defined as a

plasma bicarbonate,12.2 mmol/L, hyperbilirubinemia as a

plasma bilirubin.35 mmol/L, an acute inflammatory response

as a plasma CRP.64 mg/L (twice the upper limit of the reference

interval), and significant liver inflammation as a plasma

ALT.90 IU/mL. Schwartz’s formula was used to estimate

creatinine clearance (CrCl) [31], with impaired renal function

defined as a CrCl,75 mL/min.

Prospective population-based study
To compare the proportions of the present hospitalized cases by

Plasmodium species with those of community-acquired malaria in a

similar epidemiologic situation, we used data from 264 children

aged 1–4 years from the Ilaita area of neighbouring East Sepik

Province who were followed with fortnightly active morbidity

assessment and passive case detection at a local health center

between April 2006 and August 2007 [32]. At each visit, an RDT

was performed to guide treatment, and blood slides and

erythrocytes were retained for diagnostic confirmation by

microscopy and PCR, respectively. When a child presented with

severe illness, a detailed adverse event report was completed. A

consensus determination of incident cases of WHO-defined severe

malaria [13] was performed by study clinicians (LM, TMED). The

denominator for severe malaria incidence was the total at-risk

exposure, regardless of antimalarial therapy.

Data analysis
Summary data are presented as median and [IQR]. Compar-

isons of variables between groups were by parametric or non-

parametric tests as appropriate, with post hoc two-group compar-

isons by Dunn’s test for continuous and Bonferroni’s correction for

categorical variables. Crude odds ratios (ORs) for the observed

frequencies of overlapping clinical phenotypes were calculated

using 262 contingency tables. Multivariate analysis was performed

using backward stepwise logistic regression. Variables other than

age were entered based on biological plausibility and P,0.20 on

univariate regression analysis and the most parsimonious model

chosen using Aikake’s Information Criterion. A two-tailed

significance level of P,0.05 was used throughout.

Results

During the study, 3,019 of 3,181(94.9%) hospitalized children

aged between 6 months and 10 years were screened for inclusion

to the study (see Figure 1). Of 353 with presumptive severe malaria

based on microscopy, 13 were excluded because Plasmodium DNA

was undetectable by nPCR. The remaining 340 children had a

median age of 40 [29–55] months and 189 (55.6%) were males. In

most cases (87.1%), both parents were from Madang or East Sepik

provinces, with the rest from other parts of PNG. Based on clinical

features, blood film microscopy and nPCR, there were 262

severely-ill children with P. falciparum (77.1%), 27 with P. vivax

(7.9%), 50 with mixed P. falciparum/vivax (14.7%) and one with

mixed P. falciparum/malariae (0.3%; see Table 1).

Of the sample of 340 children, 19.5%, 5.3% and 5.3%,

respectively, had been treated with oral, parenteral or oral plus

parenteral antimalarial therapy before admission. Prior treatment

was associated with a lower parasite density in children with P.

falciparum mono-infections (median [IQR] 13,347 [1,784-80,560]

vs 68,860 [11,197-171,929] in untreated children, P,0.001) but

not in children with P. vivax mono-infections. For P. falciparum

mono-infections by nPCR, there was 98.5% concordance with

microscopy; two cases were diagnosed as P. vivax and two as P.

falciparum/vivax. For P. vivax mono-infections by nPCR, there was

88.9% concordance with microscopy; three cases were diagnosed

as P. falciparum mono-infections. Six of these seven discordant

results were in patients with low parasite densities (,220/mL). For

mixed P. falciparum/vivax infections, concordance was only 16%,

with 68% diagnosed as P. falciparum and 16% as P. vivax mono-

infections by microscopy.

Presenting features
Of 262 children with severe P. falciparum mono-infections, 81

(30.9%), 65 (24.8%) and 61 (23.2%) had impaired consciousness,

severe anemia, and metabolic acidosis/hyper-lactatemia, respec-

tively (see Figure 2). There were fewer children with the overlap

syndrome of impaired consciousness and severe anemia than

expected by chance alone (OR and 95% confidence intervals (CI)

0.37 (0.18–0.75), P = 0.005) and a greater than expected frequency

of impaired consciousness plus acidosis (OR 2.1 (1.1–3.7),

P = 0.02). Severe anemia plus acidosis occurred at expected

frequency (OR 1.2 (0.6–1.9), P = 0.61). There were 7 children

with all three phenotypes. Only two had hypoglycemia on

admission.

Eight children with severe vivax malaria (29.6%) presented with

impaired consciousness or deep coma, three (11.1%) with severe

anemia, and five (18.5%) with metabolic acidosis or hyperlacta-

temia. Children with severe vivax malaria had higher median

hemoglobin concentrations, smaller spleens, higher median

plasma sodium concentrations, and lower median plasma bilirubin

and CRP concentrations than children with severe falciparum

malaria (see Table 1). After adjustment for the binary variables

hyperlactatemia and severe anemia, the proportion of children

with respiratory distress was five times that in the severe

falciparum malaria group (odds ratio [95% confidence interval]

5.04 [1.84–13.2], P = 0.001). There were no other statistically

significant differences between the presenting features of severe

malaria caused by P. vivax or P. falciparum.

When compared to those with severe falciparum malaria,

children with P. falciparum/vivax had a higher median respiratory

rate (P = 0.014), a lower BCS (P = 0.018) and a greater proportion

with deep coma (P = 0.030; see Table 1). In parallel with the severe

P. falciparum cases, these children had lower median hemoglobin

and serum sodium concentrations, and a higher median plasma

bilirubin, than the severe vivax malaria cases. The 5 year-old child

with P. falciparum/malariae presented with fever, abdominal pain

and features of nephrotic syndrome secondary to chronic P.

malariae infection.

Clinical course
Most children responded to antimalarial/supportive therapy

and were discharged well, including the two hypoglycemic
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children and the child with P. falciparum/malariae malaria. Blood

cultures were performed in 258 (75.9%) with contaminants

identified in 13 (5.0%). Only two significant isolates were obtained,

a non-albicans Candida from an admission blood culture from an

immuno-competent child and a Klebsiella pneumoniae from a child

after a week of inpatient treatment for severe malaria. Both

children were treated with appropriate antimicrobial therapy and

discharged well. A LP was performed in 129 children of whom 11

had.10 white blood cells/mL CSF. Routine bacterial culture,

bacterial antigen testing, and India ink staining for Cryptococcus

gattii, were negative in all cases.

Six children (1.8%) died - one with falciparum (0.4%), one with

vivax (3.7%) and four with mixed-species infection (8.0%) - all

within 12 hours of admission. The child with falciparum malaria

presented deeply comatose and died of cardio-respiratory failure.

The fatal P. vivax case was a previously well child who presented

with breathlessness, and abdominal/lower limb swelling. She had

severe respiratory distress, a raised jugular venous pressure and an

oxygen saturation of 92% despite supplementary oxygen. Her

hemoglobin and blood lactate were 41 g/L and 2.7 mmol/L,

respectively. A clinical diagnosis of pericardial effusion with

cardiac tamponade was made and she had a cardio-respiratory

arrest during attempted pericardiocentesis. Subsequent biochem-

ical analysis revealed renal failure (serum creatinine 460 mmol/L),

acidosis and hyperkalemia. The children with mixed P. falciparum/

vivax infections had the greatest mortality (P = 0.003 vs falciparum

malaria). Of these four deaths, three were due to cerebral malaria.

The fourth child had a hemoglobin concentration of 19 g/L and

suffered a cardio-respiratory arrest before blood transfusion could

be arranged.

Eight children (2.4%), seven with P. falciparum and one with P.

falciparum/vivax, were discharged with neurologic impairment;

three with deep coma on admission developed cortical blindness

and five had motor deficits ranging from mild ataxia to spastic

quadriparesis. Only two of these eight children had persistent

neurologic deficits at follow-up two months later. Another child

who recovered from severe vivax malaria with respiratory distress

died between discharge and follow-up. When admitted, he had

clinical signs of severe pulmonary hypertension and a prior history

of echocardiographically confirmed cyanotic heart disease.

The genetic deletion causing SAO was present in 17 of 320

(5.3%) children, including 1, 2 and 14 with severe disease due to P.

vivax, mixed P. falciparum/vivax and P. falciparum, respectively.

Three children with SAO deletions presented with deep coma

(BCS of 1, 2 and 2, respectively) and a further four with impaired

consciousness. At least one alpha-thalassemia deletion was

observed in 83.6% of the children with severe malaria (see

Table 1).

Population-based rates of severe malaria
Episodes of malaria during a total of 247 person-years of follow-

up in the East Sepik cohort study [32] are summarized in Table 2.

The data show that the risk of a severe compared with an

uncomplicated P. falciparum/vivax infection is similar to that with P.

falciparum alone (3.4% vs 4.2%, P = 0.81 by Fisher’s exact test) but

greater than with P. vivax alone (3.4% vs 0.9%, P = 0.035). The

Figure 1. Consort diagram outlining categorization of children presenting to Modilon Hospital, Madang Province, during the study
period. Severe malaria cases were identified by clinical and laboratory features at presentation including blood film microscopy, and subsequent
nPCR for Plasmodium speciation.
doi:10.1371/journal.pone.0029203.g001
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main manifestations of severe malaria in the 30 children were

severe anemia (46.7%) and multiple convulsions (36.7%). Two

children with severe falciparum malaria died, one from cardio-

respiratory failure secondary to severe anemia (hemoglobin 16 g/

L). The other was an anemic child (hemoglobin 63 g/L) with P.

falciparum whose condition deteriorated after outpatient antima-

larial treatment and who died 6 hours later.

Discussion

The present study confirms that, although severe P. falciparum

malaria in Melanesian children presents with the same phenotypes

as those in African children, the mortality is low (,1%) in a

hospital setting. The relatively few cases of severe vivax malaria in

our series exhibited presenting features that were similar to those

Table 1. Baseline clinical and laboratory data for children with severe malaria categorized by Plasmodium species.

Plasmodium
falciparum (n = 262)

Plasmodium
vivax (n = 27)

Plasmodium
falciparum/vivax (n = 50) P-value*

Age (months) 42 [30–57] 33 [26–61] 36 [29–48] 0.25

Male sex (%) 58.5 55.6 42.0 0.17

Axillary temperature (uC) 37.9 [37.2–38.7] 37.6 [36.9–38.8] 38.0 [37.0–38.4] 0.28

Pulse rate (/minute) 132 [117–145] 133 [119–146] 139 [121–149] 0.37

Respiratory rate (/minute) 32 [28–38]a 36 [31.5–43] 38 [31–48] 0.014

Respiratory distress (%) 9.9b 29.6 22.0 0.002

Oxygen saturation (%) 98 [97–99] 98 [96.5–98.5] 99 [97–100] 0.049

Spleen size (cm) 2 [0–4] 0 [0–2]c 3 [0–5.3] 0.021

Blantyre Coma Score 5 [4–5]a 5 [4–5] 4.5 [3–5] 0.018

Impaired consciousness (3–4; %) 20.6 22.2 28.0 ,0.0001

Deep coma (#2; %) 10.3 3.7 22.0

Multiple/complex fits (%) 21.8 25.9 22.0 0.88

Hemoglobin (g/L) 77 [50–94]b 95 [77–105]c 73 [50–92] 0.015

Severe anemia (,50 g/L, %) 24.9 11.1 24.0 0.28

Leukocyte count (6109/L) 8.4 [6.0–12.5] 9 [6.6–12.8] 9.0 [7.1–12.3] 0.67

Platelet count (6109/L) 101 [56–167] 147 [96.5–204] 127 [71–199] 0.07

Blood lactate (mmol/L) 2.9 [2–4.3] 2.7 [2.0–3.6] 3 [2.1–5.3] 0.63

Hyperlactatemia (.5.0 mmol/L, %) 17.6 7.4 28.0 0.07

Plasma bicarbonate (mmol/L) 16.2 [13.8–18.4] 14.9 [13.7–16.4] 15.1 [13.7–17.4] 0.08

Metabolic acidosis (,12.2 mmol/L, %) 11.6 11.1 16.0 0.68

Blood glucose (mmol/L) 7.6 [6.3–9.1] 7.9 [6–10.5] 7.5 [6.6–9.1] 0.83

Plasma sodium (mmol/L) 129 [127–132]b 132 [130–134]c 129 [126–132] 0.007

Plasma creatinine (mmol/L) 26 [21–33] 27 [21–35] 24 [19–32] 0.27

Creatinine clearance (ml/min/1.73 m2) 166 [140–199] 158 [123–191] 179 [148–212] 0.16

Renal impairment (,75 ml/min/1.73 m2, %) 3.2 3.7 6.0 0.60

Plasma bilirubin (mmol/L) 11.3 [7.2–22]b 5.7 [4.1–14]c 10.0 [6.5–26.5] 0.002

Hyperbilirubinemia (.35 mmol/L, %) 10.5 0.0 14.6 0.13

Plasma C-reactive protein (mg/dL) 99 [51–154]b 41 [16–81] 72 [23–147] ,0.0001

Plasma C-reactive protein.64 mg/L (%) 70.0b 37.0 53.2 0.001

Plasma creatine kinase (IU/mL) 67 [17–405] 66 [25–284] 59 [25–592] 0.87

Plasma creatine kinase.2000 IU/mL (%) 9.3 3.8 12.8 0.45

P. falciparum density (parasites/mL) 50061 [4817–130344] 0 [0-0] 18715 [155–126894] 0.07#

Hyperparasitemia (.100,000/mL, %) 32.1 32.0 1.0

P. vivax density(parasites/mL) 0 [0-0] 1298 [164–4408] 0 [0–107] ,0.0001

South Asian ovalocytosis (SLC4A1D27, %) 5.7 3.8 4.3 0.87

Alpha thalassemia (3.7 or 4.2 kb deletions,
wt/wt, adel/wt, adel/adel, %)

16.2/38.2/45.6 21.7/34.8/43.5 14.6/36.6/48.8 0.95

Data are, unless otherwise stated, median and [inter-quartile range].
aP,0.05 for post-test comparison between P. falciparum vs P. falciparum/vivax;
bP,0.05 for post-test comparison between P. falciparum vs P. vivax;
cP,0.05 for post-test comparison between P. vivax vs P. falciparum/vivax;
*Kruskal-Wallis or Chi-squared test;
#Mann-Whitney test for P. falciparum vs P. falciparum/vivax; wt, wildtype; adel/wt, heterozygous for either 3.7 or 4.2 kb deletions; adel/adel, homozygous or compound

heterozygous for either 3.7 or 4.2 kb deletion.
doi:10.1371/journal.pone.0029203.t001
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in the children with severe P. falciparum malaria but with a higher

likelihood of respiratory distress. Severe mixed P. falciparum/vivax

infections were greater in number than the vivax malaria cases.

These children also had comparable admission clinical/laboratory

findings to those of the patients with severe falciparum and vivax

malaria, but their subsequent mortality was the highest of the three

groups. These observations confirm and extend data relating to

severe malaria in an area of intense transmission of multiple

Plasmodium species, especially in relation to mixed-species infec-

tions.

Our children with severe falciparum malaria had rates of

impaired consciousness, acidosis, anemia, and combinations of

these, that were similar to those reported in African studies [1–

4,33–35]. Impaired consciousness was more often associated with

acidosis than severe anemia, again paralleling African data [1]. We

had two cases of hypoglycemia, a prevalence of 0.8%. In the

recent large-scale African Quinine Artesunate Malaria Trial

(AQUAMAT) [36], 10% of children were hypoglycemic at

recruitment. This suggests that the nutritional status of our

children, including hepatic glycogen reserves (which may reflect

differences in duration and/or severity of illness), was better than

in African children. Alternatively, a proportion of the patients had

received quinine prior to recruitment to AQUAMAT with the risk

of attendant hyperinsulinemia [37]. There may also be genetic

differences in glucose metabolism between African and Melane-

sian populations that account for differences in hypoglycemia risk.

Figure 2. Overlapping clinical phenotypes of severe malaria caused by Plasmodium falciparum.
doi:10.1371/journal.pone.0029203.g002

Table 2. Uncomplicated and severe malaria numbers, and incidence of severe malaria, by infecting Plasmodium species from a
longitudinal surveillance study of 264 children followed over 17 months in neighbouring East Sepik Province.

Plasmodium species Uncomplicated malaria (n) Severe malaria (n) Severe malaria (%)
Incidence of severe malaria per
1,000 person-years at risk

falciparum 483 21 4.2{ 81.8

vivax 461 4 0.9 16.1

falciparum/vivax 140 5 3.4{ 20.2

Other* 50 0 0 0

Total 1134 30 2.6 (1.8–3.8)" 121 (82–173)"

Data are from Lin et al. [32].
*Single or mixed infections with P. malariae or P. ovale;
"(95% confidence intervals);
{P,0.05 vs P. vivax.
doi:10.1371/journal.pone.0029203.t002
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Case fatality rates in African children with severe falciparum

malaria lie between 3% and 50% [1–4]. Our results are consistent

with other Melanesian studies in showing lower mortality [5,6,18].

This difference could reflect protective genetic factors, relatively

infrequent hypoglycemia and bacteremia, and/or better access to

quality healthcare. We found alpha-thalassemia deletions in

83.6% of our children, a lower percentage than the 97% found

in the general Madang population, and 5.3% had SAO deletions

reflecting the results of previous studies in the province [16,17].

These polymorphisms have previously been shown to be protective

against complications of malaria [15–17,38,39], including near

complete protection for SAO against cerebral malaria [16,38].

Although our study was not designed to assess such a protective

effect, the observation that three children with cerebral malaria

had the SAO deletion, as did a further four children with impaired

consciousness, contrasts with previous studies. This finding

suggests that unrecognized favourable genetic traits other than

SAO and alpha-thalassemia have emerged through strong

selection pressure which might help explain the low mortality

observed in our children.

African studies show hypoglycemia-associated mortality of

.50% [34], but neither of our two hypoglycemic children died.

Similarly, invasive bacterial disease has been detected in 5–8% of

African children with severe malaria, especially non-typhoidal

Salmonellae infection that substantially increase mortality [14], but

there was a much lower rate in our cohort. Most of our children

had blood cultures performed with an acceptable contamination

rate. While we identified invasive bacterial isolates from children

severe non-malarial disease (data not shown), only two significant

pathogens were obtained from our children with severe malaria.

Unregulated antibiotic access is widespread in PNG, but only

8.4% and 7.6%, respectively, had documented amoxicillin or

chloramphenicol treatment before admission suggesting that prior

antibiotic therapy was not responsible. In addition, no Salmonellae

were isolated from the present or other children with severe non-

malarial disease studied contemporaneously (data not shown). All

our children were treated empirically with intramuscular arte-

mether, parenteral chloramphenicol and other supportive therapy

[25], and prompt access to good quality standard treatment may

also have contributed to their relatively low mortality. Neverthe-

less, children in the AQUAMAT study had similar management

but even those treated with artesunate rather than quinine had a

mortality of 8.5% [36].

Severe vivax malaria has been associated with a wide variety of

clinical manifestations in adults and children that include severe

anemia, altered consciousness, respiratory distress, jaundice,

thrombocytopenia, acidosis and renal failure [8,12,40–44]. There

are, however, large between-study differences in the frequency of

individual presenting features. This reflects, in part, the fact that

few studies have involved prospective collection of clinical and

laboratory data sufficient to capture the broad range of features of

severe malaria, exclude other causes of severe illness and confirm

Plasmodium speciation using molecular methods.

A case in point is respiratory distress. In one of two recent

prospective studies of severe pediatric P. vivax infection from the

island of New Guinea [12], children had a limited clinical

assessment that included respiratory rate and oxygen saturation.

These two features were used to define respiratory distress that was

present in approximately 5% of children with severe P. vivax

malaria. In the second study, which involved prospective

community-based morbidity surveillance [41], respiratory distress

defined as a respiratory rate.40–50/minute in the presence of

chest in-drawing or a history of breathlessness was present in

60.5% of 86 children identified with severe vivax malaria over 8

years. Our prevalence of respiratory distress, based on well-defined

specific criteria including a higher respiratory rate threshold, was

intermediate between these two figures. Consistent with the other

PNG study [41] but not the study from southern Papua [12],

respiratory distress was more common in our P. vivax cases than

those with P. falciparum. Acute respiratory distress syndrome

(ARDS), interstitial pneumonia and pulmonary oedema can

complicate vivax malaria in adults [8]. Since P. vivax-infected

erythrocytes can bind to cells expressing endothelial receptors

known to mediate the cytoadhesion of P. falciparum [45], this could

reflect parasite microvascular sequestration [46] which may be

prominent in the pulmonary capillary bed [47]. This phenomenon

may have contributed to respiratory distress in the child with

cyanotic heart disease, but there is also evidence that such children

may be at increased risk of other manifestations of severe malaria

including altered consciousness [48].

There was a single death from P. vivax malaria in our cohort.

Although this child died during attempted pericardiocentesis, she

had severe anemia, respiratory distress, renal impairment and

acidosis. In the larger observational study from southern Papua

[12] that revealed a case fatality rate for severe vivax malaria in

young children (approaching 2%) comparable to that in the

present study (3.7%), these presenting features were strongly

predictive of death. In a retrospective study from north-eastern

Indonesian Papua [11], the overall death rate for severe vivax

malaria was 25% in 36 cases. The mortality from severe infections

(P. falciparum or vivax) was lower in children than adults but no

pediatric-specific vivax malaria mortality data were reported in

this study or a previous prospective observational study from PNG

[41].

Our children with severe mixed P. falciparum/vivax infections had

clinical and laboratory features that were mostly similar to those of

the severe falciparum cases despite generally lower P. falciparum

parasitemias. The exceptions were a higher baseline respiratory

rate and a lower BCS. These features suggest that the children in

this group were the most severely ill, at risk of the pathophysiologic

effects of both parasite species with the possibility that P. vivax

microvascular cytoadherence as observed in lung [47] and spleen

[46] might also occur in the brain.

Other studies have found that, in contrast to the present data,

severe anemia is less common in severe P. falciparum/vivax

infections than severe falciparum or vivax malaria [12], that

mixed infections are more likely than P. vivax infections to be

associated with respiratory distress [41], and that coma is least

likely in mixed infections [41]. These apparent inconsistencies may

reflect between-study differences in patient selection, definitions of

complications, and the availability and quality of clinical/

laboratory data including accurate microscopy and/or molecular

confirmation of Plasmodium species. Nevertheless, our data indicate

that WHO criteria for severe malaria [13] that are based on

studies of P. falciparum encompass the spectrum of severe infections

caused by P. vivax with or without co-incident P. falciparum.

Although from a study with a different design, the community-

based longitudinal data from a cohort of similarly aged East Sepik

children who had similar red-cell polymorphisms and who were

from an area of comparable malaria transmission [32], suggest

that both P. falciparum mono-infections and P. falciparum/vivax

infections in a PNG child are more likely to progress to severe

disease than P. vivax mono-infections. Indeed, the numbers of

severe cases in these categories (21, 5 and 4, respectively) were

consistent those of the present study (262, 50 and 27), suggesting

that our hospitalized patients were representative of malaria in the

community. The mortality in our series was greatest in severe P.

falciparum/vivax infections, consistent with the presenting clinical
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and laboratory features of these children. In the two other studies

with mortality data [11,12], there was no significant difference

between mixed and single-species infections but no pediatric-

specific outcomes were included. Thus, our data are the first to

suggest that mixed-species infections carry an adverse prognosis in

children.

Our study had limitations. It is possible that the most severely ill

children in the study catchment area die before they can be

transferred for inpatient care, thus compromising the representa-

tive nature of our sample. Due mainly to issues with obtaining a

sufficient volume of blood from a small, distressed and severely ill

child, we could not exclude bacteremia in every case, while

diagnostic tests for viral and fungal pathogens were not possible in

this clinical setting. Obtaining post mortem tissue samples that may

have clarified underlying pathology is culturally problematic in

PNG.

The strengths of the present study were its prospective

standardized data collection, the use of nPCR as a way of

compensating for the known limitations of microscopy, and the

availability of bacteriology facilities that enabled detection of

common invasive bacterial infections. Such a rigorous approach

has been used in few previous descriptive studies of severe

childhood malaria. Our data confirm the lack of sensitivity of

microscopy in identifying mixed species infections [49,50], with

low-level P. vivax densities that can be missed by microscopy in this

situation probably reflecting density dependent cross-species

regulation [51]. Although nPCR is not a quantitative test and

the relative contribution of each species to the overall parasitemia

remains uncertain, microscopic misdiagnosis of mixed infections in

previous studies may have obscured the association with more

severe disease observed in the present patients. Given the

presenting features and clinical course of our patients, it is unlikely

that there were significant numbers of cases with diagnoses that

would have been identified by specialized serologic and other tests.

Indeed, in the case of encephalitis, more than one third of cases

remain undiagnosed in a resource-rich healthcare setting [52]. It

has been suggested that parasite density thresholds are employed

in areas where asymptomatic parasitemia is common in otherwise

healthy children [53,54]. While the severe malaria-attributable

fraction or diagnostic specificity increases with higher parasitemia,

sensitivity is reduced. The choice of threshold will depend on

factors such as local transmission, age-dependent malarial

immunity and genetic factors modulating infection severity.

The present study of well-characterized children from an area of

intense transmission of multiple Plasmodium species has identified

significant differences between the presentation and outcome of

severe P. falciparum, vivax and falciparum/vivax infections in PNG.

The low mortality observed for severe falciparum malaria does not

appear related to high endemicity of P. vivax but may reflect

protective genetic factors, better prior nutrition, and/or less

exposure/susceptibility to secondary bacterial infection than in

African children. Severe vivax malaria presents with features seen

in severe P. falciparum infections but respiratory distress is more

prominent, suggesting preferential cytoadherence of this parasite

within the lung microvasculature. Severe P. falciparum/vivax

infections in PNG children appear to have the worst prognosis,

perhaps because they share the adverse presenting features of the

respective mono-infections. These findings provide impetus for

further research on the pathogenic potential of P. vivax infections

when this parasite is present alone and especially in combination

with other Plasmodium species.
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Abstract

Microvascular sequestration of Plasmodium falciparum underlies cerebral malaria. Despite suggestive ex vivo
evidence, this phenomenon has not been convincingly demonstrated in coma complicating Plasmodium vivax
malaria. Severely-ill Papua New Guinean children with mixed P. falciparum/P. vivax infections are more likely to
develop cerebral malaria and die than those with P. falciparum alone, possibly reflecting P. vivax sequestration.
Nested PCR was performed on post mortem brain tissue from three such children dying from cerebral malaria due
to mixed-species infections. No P. vivax DNA was detected. These findings do not support the hypothesis that P.
vivax sequestration occurs in human brain.

Keywords: Plasmodium vivax, Post mortem biopsy, PCR, Cerebral malaria, Children

Background
Plasmodium vivax accounts for nearly half of all malaria
infections and is now recognized as a cause of complica-
tions and death [1]. Cerebral malaria due to P. vivax,
although rare, has been reported from Indonesia, India
and Papua New Guinea (PNG) [2-4]. In patients with
altered consciousness due to Plasmodium falciparum,
late stage parasites (trophozoites and schizonts) can be
found sequestered within the brain microvasculature.
There is no convincing evidence of a similar phenom-
enon in post mortem brain specimens from patients
with P. vivax, but available data are few and from stu-
dies in which interpretation of the histopathologic fea-
tures is confounded by issues such as the possibility of
unrecognized mixed-species infections [5].
Animal and in vivo functional studies reveal that

P. vivax sequesters preferentially in the pulmonary and
splenic microvasculature [5], consistent with clinical stu-
dies in which pulmonary manifestations and severe
anaemia occur relatively frequently [2,6]. Ex vivo studies

have shown cytoadherence of P. vivax to chondroitin
sulphate A, erythrocyte rosetting and endothelial adher-
ence [5,7,8], albeit at lower avidity than P. falciparum.
Nevertheless, these observations raise the possibility that
cerebral microvascular sequestration may underlie cere-
bral malaria due to P. vivax.
Apart from research settings [9], autopsy studies of

patients dying from malaria are rarely performed. In the
case of fatal cerebral vivax malaria, there have been no
published post mortem studies for > 60 years [5]. The
results of a prospective observational study of severely ill
PNG children with malaria were reported recently [2].
Those with mixed P. falciparum/P. vivax infections were
more likely to have impaired consciousness and to die
than those infected with P. falciparum alone. In the pre-
sent study, histopathologic and molecular studies were
performed using brain tissue from three of the fatal cases
in this series [2] in order to examine the hypothesis that
cerebral sequestration of P. vivax contributed to their
presenting neurological features and outcome.
Details of the main prospective observational study

from which the present cases are drawn have been pub-
lished [2]. In brief, all children aged 0.5-10 years admitted
to Modilon Hospital, Madang Province, between October
2006 and December 2009 were assessed for recruitment
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to an observational study of severe paediatric illness.
Inclusion criteria reflected the World Health Organiza-
tion (WHO) definition of severe malarial illness. All chil-
dren were screened for malaria by both blood film
microscopy and subsequent diagnostic and Plasmodium
species confirmation by nested polymerase chain reaction
(nPCR) [10]. In-patient management was co-ordinated by
attending ward clinicians under PNG national guidelines.
Cerebral malaria was defined as a Blantyre Coma

Score ≤2 with Plasmodium DNA detected in peripheral
blood by nPCR [2], irrespective of the presence and/or
species of asexual parasites by microscopy. A mixed
P. falciparum/P. vivax infection was defined as the pre-
sence of both species DNA by nPCR, regardless of spe-
cies or parasitaemia detected microscopically. Post
mortem brain tissue was obtained using a bone marrow
biopsy needle via a supra-orbital approach [9]. Small
fragments of brain tissue were placed between two
slides, gently squashed, stained with 2.5% Giemsa for
one hour before microscopic examination. Additional
pieces of brain tissue were stored in formalin and liquid
nitrogen. Formalin-fixed tissue was embedded in paraf-
fin, sectioned and stained with haematoxylin and eosin
(H&E), Gram’s, Giemsa and silver stain prior to micro-
scopy which was performed by a specialist neuropathol-
ogist (CM) in a pathology laboratory accredited by the
Australian National Association of Testing Authorities.
Initial Plasmodium species identification was performed

on peripheral blood by nPCR [10] after parasite DNA
extraction (QIAamp 96 DNA Blood Mini Kit, QIAGEN,
Valencia, CA). Positive samples for mixed P. falciparum/
P. vivax infection were quantified by PCR (qPCR) using
validated methods [11]. Brain tissue stored in liquid nitro-
gen or formalin was homogenized before DNA extraction
(DNeasy Blood & Tissue Kit, QIAGEN, Valencia, CA,
USA) prior to nPCR.

Case presentations
Three children of 340 with severe malaria died from cer-
ebral malaria and underwent post mortem brain biopsy.
No brain biopsy material was available for the other three
children in the series as a whole who died. All three of
the present children had a mixed P. falciparum/P. vivax
infection detected from peripheral blood by nPCR. Their
admission clinical and laboratory features are summar-
ized in Table 1.

Case 1
This child presented in deep coma without other features
of severe malaria and died within hours of admission
despite prompt anti-malarial therapy and supportive
treatment. P. falciparum was present on blood smear and
nPCR, but P. vivax was not identified by microscopy and
only at low levels (> 40 cycles) by qPCR. The qPCR data

represent a P. falciparum and P. vivax parasitaemia of
10,000 and < 10 parasites/μL, respectively [11]. Micro-
scopy of brain tissue revealed occasional P. falciparum
parasites and no identifiable P. vivax within the cerebral
vasculature (Figure 1). No inflammation, haemorrhage or
necrosis was observed in the adjacent brain parenchyma.
Plasmodium falciparum but not P. vivax was present in
brain by nPCR.

Case 2
This patient presented with cerebral malaria, metabolic
acidosis, hyperlactataemia and severe anaemia. This child
died within hours of admission despite prompt anti-malar-
ial therapy and supportive treatment. P. falciparum and
P. vivax in peripheral blood were identified by microscopy,
nPCR and qPCR. Using qPCR, P. falciparum and P. vivax
DNA concentrations indicated equivalent parasitaemia of
50,000 and 500/μL, respectively. Plasmodium falciparum,
but not P. vivax, was present in brain by nPCR. Malaria
pigment and numerous P. falciparum trophozoites and
schizonts were visible within the microvasculature on his-
tologic examination (Figure 1). Other than subtle focal up-
regulation of microglial cells, there were no abnormalities
observed in the adjacent brain parenchyma.

Case 3
This child presented deeply comatose. Seven days before
admission, he attended a local clinic with headache and
fever and was prescribed amodiaquine, sulphadoxine and
pyrimethamine. He did not improve and was given intra-
muscular artemether five days later. On admission to
Modilon Hospital, blood film microscopy and a rapid diag-
nostic test for malaria were negative, but both species were
subsequently detected by nPCR of peripheral blood and at
low levels by qPCR (10-100 parasites/μL). At lumbar
puncture, there were 5 leucocytes/μL (100% lymphocytes)
in the cerebrospinal fluid (CSF) and the CSF protein con-
centration was 3 g/L. Blood cultures were negative. He did
not regain consciousness and died four days later despite
intravenous dextrose/saline and antibiotics, and intramus-
cular artemether.
Neither P. falciparum nor P. vivax was present in the

brain of Patient 3 by nPCR. Further molecular testing of
CSF and brain tissue for arbo-, Henipah, Entero- and
Herpes viruses did not reveal an alternative diagnosis. His-
topathologic examination of brain tissue showed infarction
of cortical tissue with acute chromatolysis of neurons and
early infiltration by neutrophils from adjacent vessels at
the edge of the infarction (Figure 1). Adjacent white mat-
ter was unaffected and cerebral vessels appeared normal.
No lymphocytes, histiocytes, granulomata, malarial para-
sites, fungal hyphae, bacteria or emboli were seen. The
changes were interpreted as cortical infarction of at least
24 hours duration without a definitive aetiology.
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Conclusions
The present case series provides the first detailed histo-
pathologic and molecular study of the potential role of P.
vivax in the pathogenesis of coma as a manifestation of
severe malaria. There was no evidence for cerebral
sequestration of P. vivax in any of the three cases despite
microscopic and/or molecular confirmation that this
parasite was present in peripheral blood at presentation.
Thus, despite ex vivo studies suggesting that cytoadher-
ence of P. vivax might contribute to complications
[5,7,8], the present data do not support the hypothesis
that this phenomenon occurs in the human brain.
Patient 1 was diagnosed and treated as a case of cerebral

malaria due to a P. falciparum mono-infection. By impli-
cation from the peripheral blood microscopy and qPCR
data, this young girl’s total P. vivax parasite burden was
relatively low and the negative cerebral histopathology and
nPCR could have reflected this. Mature P. falciparum
forms in the brain in this patient were scarce compared to
the peripheral parasitaemia (154,000/μL). This suggests
that she had a synchronous infection with either maturing
parasite forms starting to cytoadhere, or (less likely in view
of the lack of intravascular malaria pigment) maturation
and rupture of schizonts just before presentation. Whether
a similar phenomenon might operate in the case of
P. vivax is unknown. In a typical patient with P. falci-
parum, about half of the infected erythrocytes are seques-
tered [12]. It is possible that the dynamics of putative
P. vivax sequestration with less avid ligand binding [7] are
different to P. falciparum in that the majority of parasites
remain in the peripheral blood. This could explain the
weakly positive PCR in blood and negative PCR in the

brain of this patient if P. vivax cytoadherence were
possible.
Patient 2 provides the strongest evidence against

P. vivax cerebral cytoadherence. This child had a mixed-
species infection identifiable by peripheral blood micro-
scopy but nPCR of brain tissue was only positive for
P. falciparum. The difference in peripheral blood P. vivax
density observed by qPCR compared to microscopy (500
vs 80/μL, respectively) is likely to reflect the fact that even
very experienced microscopists often overlook a second
infecting species in mixed infections [13]. Brain histology
in this patient showed an abundance of P. falciparum and
its greater avidity for endothelial ligands under both static
and flow conditions [7] may have competitively inhibited
P. vivax cytoadherence. However, the distribution of P. fal-
ciparum sequestration varies significantly between cerebral
vessels in the same patient [14] and, in any case, the
absence of P. vivax by nPCR implies that this parasite had
no direct role in causing deep coma.
Patient 3 was included in the present series because of

the positive peripheral blood PCR results. In studies of
P. falciparum, mature parasite forms are no longer visible
in brain biopsy specimens three days after anti-malarial
treatment [14] and this patient died seven days after intra-
muscular artemether. It is, therefore, not surprising that
brain nPCR was negative for P. falciparum and, even if
cerebral P. vivax sequestration had contributed to coma,
that brain nPCR was also negative for P. vivax. Ischemia
and infarction can occur in cerebral malaria caused by
P. falciparum in children [15]. It is likely that histologic
appearances in this patient, coupled with prior anti-malar-
ial treatment, low-grade parasitaemia detected by PCR and

Table 1 Clinical and laboratory features of children dying from cerebral malaria due to mixed Plasmodium falciparum/
Plasmodium vivax infections

Patient 1 Patient 2 Patient 3

Age (months) 63 36 94

Sex Female Female Male

Blantyre coma score on admission 0 2 1

Blood lactate (mmol/L) 1.6 6.4 1.0

Plasma bicarbonate (mmol/L) 18 10.2 22.3

Blood glucose (mmol/L) 18.4 3.2 7.0

Haemoglobin (g/L) 69 39 111

Peripheral parasitaemia (/μL) by light microscopy:

P. falciparum 154,000 104,000 0

P. vivax 0 80 0

Plasmodium species by nPCR (blood) Mixed species Mixed species Mixed species

Peripheral parasitaemia by qPCR (number of cycles):

P. falciparum 26.3 23.1 37.2

P. vivax 41.0 29.2 35.8

Plasmodium species by nPCR (brain) P. falciparum P. falciparum Negative

nPCR, nested polymerase chain reaction [10]; qPCR, quantitative polymerase chain reaction [11]
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negative investigations for other likely pathogens, reflect
the adverse and persistent neurologic effects of substantial
P. falciparum sequestration prior to admission. The role
of P. vivax in this process remains speculative.
There were no cases of P. vivax mono-infections in the

present post mortem series. Children with pure severe
vivax malaria in the main study had a significantly
greater parasitaemia than those of P. vivax in the mixed
infection group [2], but none of these 27 children died of
cerebral malaria and only one (3.7%) presented in deep
coma (Blantyre Coma Score ≤ 2; vs 10.3% for P. falci-
parum mono-infections and 22.0% for mixed species
infections [2]). This is further indirect evidence against
cerebral sequestration due to P. vivax.
The low mortality rate in the main study [2] and cul-

tural difficulties in obtaining post mortem samples in
PNG meant that there was limited availability of brain
tissue. Nevertheless, detailed phenotypic, laboratory and
outcome data were available for each of the three chil-
dren. In addition, Plasmodium DNA was successfully
extracted from brain tissue, implying that the absence of
P. vivax DNA was not due to laboratory factors.
The present results suggest that P. vivax cytoadher-

ence in brain is not a significant pathophysiologic
mechanism underlying impaired consciousness in
severely ill children with mixed species malaria. Other
factors that underlie the poor prognosis of mixed spe-
cies infections in the present series include the possibi-
lity that enhanced cytokine and/or toxin production
associated with P. vivax [5] amplifies the effects of P.
falciparum sequestration on vital organ function, and
even that the presence of P. vivax in peripheral blood
facilitates cytoadhesion of P. falciparum. The global bur-
den of vivax malaria and the increasing recognition that
this parasite can have adverse effects on the human
host, especially in concert with P. falciparum, make this
an important area for further study.

Consent
Ethical approval for the main study and present sub-
study was obtained from the PNG Institute of Medical
Research Institutional Review Board and the Medical
Research Advisory Committee of the PNG Health
Department. Parent(s)/guardian(s) provided written,
informed consent before a child was recruited to the
main study and were subsequently asked for permission
for a limited post mortem examination, including needle
aspiration biopsies, if their child died.

Abbreviations
CSF: cerebrospinal fluid; H&E: haematoxylin and eosin; nPCR: nested
polymerase chain reaction; PNG: Papua New Guinea; qPCR: quantitative PCR;
WHO: World Health Organization.

Figure 1 Light microscopy of brain tissue obtained from
children dying from cerebral malaria due to mixed
Plasmodium falciparum/Plasmodium vivax infections. In panel A
(Patient 1), occasional mature forms of P. falciparum were seen
(Giemsa, magnification × 400). In panel B (Patient 2), malaria
pigment and numerous P. falciparum trophozoites and schizonts are
visible within the microvasculature (Giemsa, magnification x400). In
panel C (Patient 3), there is acute chromatolysis of neurons and
early infiltration by neutrophils from adjacent vessels at the edge of
an area of infarction. The cerebral blood vessel (lower left) was
normal and no malaria parasites were seen (H&E, magnification ×
400).
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Lumbar Puncture in Children from an Area
of Malaria Endemicity Who Present
with a Febrile Seizure
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Jonathan Warrel,1 Harin Karunajeewa,4,5 Peter Siba,1 Ivo Mueller,1 and Timothy M. E. Davis4

1Papua New Guinea Institute of Medical Research and 2Pediatrics Division, Modilon General Hospital, Madang, and 3School of Medicine
and Health Sciences, University of Papua New Guinea, Boroko, Port Moresby, Papua New Guinea; and 4School of Medicine and Pharmacology,
University of Western Australia, Fremantle Hospital, Fremantle, Western Australia, and 5Western Health, Melbourne, Australia

Background. Although routine lumbar puncture (LP) is often recommended as part of the assessment of fever-
associated seizures in children, accumulating evidence questions its value and reveals a decrease in its frequency.
Our primary hypothesis was that children who present with a single seizure but with no clinical signs of meningism
or coma do not require LP as part of initial diagnostic assessment.

Methods. We prospectively followed up 377 children aged 2 months through 10 years who presented with at
least 1 fever-associated seizure to Modilon Hospital, Madang, Papua New Guinea, from November 2007 through
July 2009. Clinical management was performed by hospital staff according to national pediatric guidelines.

Results. Of 188 children with a single seizure and 189 children with multiple seizures, 139 (73.9%) and 154
(81.5%), respectively, underwent a LP as part of their initial assessment. Of the 130 children with a single seizure
but no evidence of meningism (ie, neck stiffness, positive Kernig’s or Brudzinski’s sign, and bulging fontanelle)
or coma (Blantyre Coma Score �2), none (95% confidence interval, 0%–3.6%) had proven or probable acute
bacterial meningitis, and only 1 patient had viral encephalitis (subacute sclerosing panencephalitis). Eighty-one of
these children (62.3%) had a final diagnosis of a simple febrile seizure. Proven or probable acute bacterial meningitis
was more common in children with a single seizure and meningism or coma (10; 17.2%) and in those with
multiple seizures without or with meningism or coma (2 [2.0%] and 30 [33.7%], respectively).

Conclusions. Initial LP is unnecessary when careful clinical assessment indicates features of a simple febrile
seizure.

Although a seizure is a common reason for a sick child

to be hospitalized [1–3] and is considered a potential

danger sign for sepsis [4], a frequent final diagnosis in

such cases will be febrile seizure (FS). A FS is defined

as a seizure occurring in a child 6 months through 5

years of age who has an acute febrile illness, who has

not experienced a prior seizure without fever, and in

whom intracranial infection or inflammation has been

excluded [5]. A simple FS is brief, generalized, and
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nonrecurrent. A complex FS is uncommon and can be

prolonged, focal, and/or multiple. FS is not associated

with adverse outcome [6].

Seizures also occur in many infections. Human her-

pesvirus 6 infection and influenza infection are viral

causes of seizure without a primary neurologic focus

[6, 7]. Viral encephalitis and malaria can affect neu-

rologic function, and associated seizures are common

[8, 9]. Seizures complicate culture-positive acute bac-

terial meningitis (ABM) in some age groups [10–12].

Cerebrospinal fluid (CSF) examination can thus help

to differentiate FS from other types of seizures and can

facilitate the management of potentially serious infec-

tions, especially in young children with clinical signs

that are nonspecific or difficult to elicit. US and UK

practice guidelines during the past 20 years have rec-

ommended that a lumbar puncture (LP) be strongly

considered in infants younger than 12 months of age
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with a fever-associated seizure, considered in those aged 12–

18 months, and performed in older children as indicated clin-

ically [13–15]. Nevertheless, accumulating clinical evidence and

a decrease in the prevalence of LPs have called such guidelines

into question [16–18].

In many developing countries, such as in Papua New Guinea,

local guidelines strongly recommend that LP be performed in

all febrile children after a seizure, regardless of age [19]. This

recognizes the fact that severe malaria and ABM are common

and may not be easy to differentiate clinically or with limited

diagnostic laboratory tests and imaging. Nevertheless, because

LP is an invasive procedure that can cause complications, in-

cluding cerebral herniation [20] and meningitis [21], it is de-

sirable to minimize the number of LPs without missing ABM,

which is a treatable cause of death. There are limited data

assessing the role of LP in children presenting with fever-as-

sociated seizures in the developing world. Some studies [22–

25] but not others [26, 27] have shown significant rates of

occult ABM. However, most have been retrospective with in-

complete details of sample selection, clinical procedures, and

laboratory methods.

As part of a prospective, observational study of severe child-

hood illness in Papua New Guinea, we aimed to establish the

diagnostic utility of LP performed in febrile young children

hospitalized with at least 1 seizure. We hypothesized that chil-

dren who present with a single seizure but without clinical signs

of meningism or coma do not require LP as part of their initial

assessment.

PATIENTS AND METHODS

Study site and patients. This study was conducted from No-

vember 2007 through July 2009 at Modilon Hospital, which

serves the predominantly rural population in Madang Prov-

ince on the north coast of Papua New Guinea. There is local

hyperendemic Plasmodium falciparum and Plasmodium vivax

malaria [28], and Haemophilus influenzae type b (Hib) and

Streptococcus pneumoniae infections are common. Hib vacci-

nation began in 2007, but no pneumococcal vaccination pro-

gram has been instituted, and less than one-half of children in

the Madang Province receive both doses of measles vaccine

before their first birthday [29]. All children between 2 months

and 10 years of age who present with �1 fever-associated sei-

zure within the previous 24 h were eligible. Written informed

consent was obtained from parent(s) or guardian(s). Approval

for the study was obtained from the Papua New Guinea In-

stitute of Medical Research Institutional Review Board and the

Medical Research Advisory Committee of the Papua New

Guinea Health Department.

Clinical procedures. After recruitment, a standardized case

report form was completed with assistance from the parent(s)

or guardian(s). The form detailed demographic information,

medical history, and features of the current illness, including

the number and nature of prior seizures. A full clinical ex-

amination was performed by trained nurses or study clinicians.

We defined a simple FS as a single generalized seizure lasting

!15 min with full recovery within 30 min in a child with fever

either reported by a parent or guardian or confirmed by an

axillary temperature 137.5�C. Complex seizures were multiple

(�2) during the presenting illness, focal, or prolonged.

Level of consciousness was graded using the Blantyre Coma

Score (BCS) [30], with deep coma and impaired consciousness

scored as �2 and �4, respectively. The BCS was recorded at

30 min, 1 h, or 6 h after correction of hypoglycemia, a seizure,

or administration of anticonvulsant therapy, respectively. Clin-

ical signs of meningeal irritation were (1) neck stiffness (in-

ability to flex the neck so that the chin touched the upper

chest), (2) a positive Kernig’s sign (straightening of the knee

joint eliciting discomfort with the hip and knee joints flexed

to 90�), (3) a positive Brudzinski’s sign (involuntary hip flexion

from 0� elicited on neck flexion), and (4) bulging fontanelle.

Clinical management, including the decision to perform LP,

was coordinated by the attending ward clinician on the basis

of presenting features, prognosis, and parental consent. Treat-

ment was given according to Papua New Guinea national guide-

lines [31]. In all patients, blood was collected for culture, a full

blood cell count, blood glucose and lactate measurement, and

microscopy for malaria. Children were reviewed on the ward

at least daily until hospital discharge.

Laboratory methods. Total and differential CSF white

blood cell (WBC) counts were obtained using the Neubauer

Improved chamber (Boe Co). When red blood cells (RBCs)

were present, an adjusted WBC count (calculated as total

[32] �20 cells/mm3 was considered toWBCs � [RBCs/100])

be evidence of meningeal inflammation. If the WBC count was

�10 cells/mm3, the CSF was centrifuged, a Gram stain was

prepared, and an aliquot of sediment was inoculated onto choc-

olate and blood agar plates, which were incubated in 5% carbon

dioxide for up to 72 h. Indian ink staining was performed on

CSF with a lymphocyte count 110 cells/mm3. Semiquantitative

CSF glucose and protein levels were obtained by dipstick (Acon

Laboratories). Blood (1–3 mL) in Bactec Peds Plus/F bottles

(Becton Dickinson) was incubated using the Bactec system.

Blood and CSF bacterial isolates were identified using standard

procedures. CSF samples with �10 cells/mm3 and no cultured

pathogen underwent latex agglutination testing (Wellcogen) for

S. pneumoniae, Hib, and Neisseria meningitidis. Coagulase-neg-

ative staphylococci, Corynebacterium, and Bacillus species iso-

lated from blood or CSF were considered to be contaminants.

Blood glucose and lactate levels were measured using Hemocue

Glucose 201+ (Hemocue) and Lactate Pro (Arkray) analyzers,

respectively. Malaria was diagnosed by microscopy of Giemsa-

stained thick blood smears.
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Table 1. Admission Details and Outcome in Children Categorized by the Number
of Seizures before Presentation

Variable
Single seizure

(n p 188)
Multiple seizures

(n p 189) Pa

Age, median months (interquartile range) 36 (12–48) 33 (14–51) .97
Male sex 99 (52.7) 112 (59.3) .20
Meningism 34 (18.1) 65 (34.4) !.001
Coma (BCS �2) 31 (16.5) 49 (25.9) .025
Lumbar puncture 139 (73.9) 154 (81.5) .08
Diagnostic category
Proven bacterial or fungal meningitis 5 (2.6) 23 (12.2) !.001
Probable meningitis 5 (2.6) 9 (4.8) .28
Viral encephalitis 2 (1.1) 15 (7.9) .001
Malaria with cerebral involvement 46 (24.5) 90 (47.6) !.001
Febrile seizure 94 (50.0) 0 (0.0) !.001
Other 36 (19.2) 52 (27.5) .055
Discharged with disability 6 (3.1) 21 (11.1) .003
Death 10 (5.3) 12 (6.4) .67

NOTE. Data are no. (%) of patients, unless otherwise indicated. BCS, Blantyre Coma Score.
a By the Mann-Whitney U test or x2 test.

Statistical analysis. Two-way comparisons of proportions

were made by Fisher’s exact test. Comparison of 2 independent

samples was made by the Mann-Whitney U test, and compar-

ison of multiple samples was made by the Kruskal-Wallis and

Dunn’s post hoc tests. A 2-tailed significance level of P ! .05

was used.

RESULTS

Patients. During the 20-month recruitment period, 2199

children were admitted to the hospital, of whom 377 (17.1%)

had experienced at least 1 fever-associated seizure. The median

age of this subgroup was 33 months (interquartile range [IQR],

13–48 months), and 57% were male. Similar numbers of chil-

dren presented with single or multiple seizures (Table 1). Those

with multiple seizures were more likely to have features of me-

ningism or coma (Table 1).

Diagnosis and clinical course. Approximately three-quar-

ters of the children with seizures (294 [78%] of 782) underwent

LP as part of their initial assessment. The results of CSF analysis

and other clinical and laboratory data were used to assign 1 of

6 final diagnoses: proven bacterial or fungal meningitis, prob-

able meningitis, viral encephalitis, malaria with cerebral in-

volvement (MCI), simple FS, or other illness.

Proven bacterial or fungal meningitis was defined as a CSF

WBC count �20 cells/mm3 and (1) a positive CSF or blood

culture result, (2) a positive CSF latex antigen test result, or

(3) Cryptococcus neoformans var. gattii on India ink CSF stain-

ing. Because seizures and malaria can increase the CSF WBC

count by 15 cells/mm3 [33, 34], we chose a relatively high

threshold (120 cells/mm3) to maximize diagnostic specificity.

The 28 children with proven meningitis (median age, 8 months;

IQR, 4–36 months) were younger than those with MCI (median

age, 36 months; IQR, 24–60 months) and with encephalitis

(median age, 72 months; IQR, 39–98 months) ( ). TheP ! .001

diagnosis was confirmed by bacteriologic culture in 27 (96%)

of the children (Hib in 14, S. pneumoniae in 13, and C. neo-

formans in 1, respectively). Seven children (25%) died, and 8

(29%) were left with chronic disability.

Probable meningitis was defined as a CSF WBC count �20

cells/mm3 and (1) negative CSF culture, (2) negative CSF latex

antigen test result, and (3) no C. neoformans identified. Of these

14 children, 5 (36%) died and 3 (21%) developed chronic

neurologic disability.

Viral encephalitis was defined as a nonmeningitic, nonma-

larial illness with predominantly neurologic symptoms lasting

11 week. This group included 5 children (29%) with a clinical

diagnosis of subacute sclerosing panencephalitis (SSPE). Four

of these children had confirmation by plasma and CSF measles

serologic testing, and 3 had a documented history of measles

vaccination. Of the 17 children in this category, 1 recovered, 4

(24%) died, and 12 (71%) had residual disability.

MCI was defined as present in those with asexual forms of

P. falciparum and/or P. vivax identified by microscopy and ei-

ther 1 seizure with a BCS �4 or multiple seizures regardless

of conscious level. MCI was the most common final diagnosis

in the total sample (present in 136 [36%] of the children). One

child died (1%), and 3 (2%) were discharged with disability.

Simple FS was defined as a single, generalized seizure ful-
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Figure 1. Consort diagram outlining categorization of children according to clinical features at presentation, whether or not a lumbar puncture (LP)
was performed, and final diagnostic category (proven bacterial or fungal meningitis, probable meningitis, viral encephalitis, malaria with cerebral
involvement, simple febrile seizure, or other illness). Data are no. (%) of children.

filling the FS criteria in a child aged 2 months to 6 years who

was not classified in any of the other groups. There were 94

children in this group.

The other illness group included 88 children (23%) who had

other diagnoses, including non-MCI malarial infection, respi-

ratory illness, and diarrhea in 23 (26%), 15 (17%), and 10

(11%), respectively. Five (6%) died and 1 had chronic disability.

All children in this and the other groups with a positive blood

smear for malaria were given antimalarial therapy regardless of

primary diagnosis.

Single seizures. The patients were categorized according to

the number of seizures and the presence or absence of clinical

signs of ABM at the time of admission (meningism and/or

coma [35], the latter defined as a BCS �2) and final diagnosis

(Figure 1). Of the 188 patients presenting with a single seizure,

nearly one-third had meningism or coma, but 10 (17%) of

these did not undergo LP. Five of these patients had a positive

blood smear for malaria (4 were comatose and 1 had neck

stiffness), were treated with intramuscular artemether, and were

discharged well. An additional child was diagnosed presump-

tively as having MCI based on a positive rapid diagnostic test

result, negative blood smear, and preadmission intramuscular

artemether therapy. Two children were diagnosed clinically as

having FS despite neck stiffness and also recovered uneventfully.

One child with neck stiffness and a non–central nervous system

infection responded to antibiotic therapy. One child presented

deeply comatose after a severe head injury and died within 12

h of admission.

Of the 130 without meningism or coma, 39 (30%) did not

undergo LP. Most of these were diagnosed as having a FS and

just more than one-quarter had MCI; all of these patients were

discharged well. One child presented with a 1-month history

of a clinical syndrome consistent with SSPE despite negative

CSF measles serologic test results. He was discharged with a

chronic disability. Another who presented with a blood smear

positive for malaria, severe anemia, and hyperlactemia died

before blood transfusion could be administered. The percentage

of cases with a single seizure, no meningism or coma, but ABM

was, therefore, 0.0%, with a 95% confidence interval (CI) of

0.0%–3.6%.

Multiple seizures. Thirty-five children with multiple sei-

zures did not undergo LP. Most (28 [80%] of 35) had malaria

parasites on blood smear and were diagnosed as having MCI.

Two had a diagnosis of MCI based on a positive rapid diagnostic

test result. Of the remaining 5, the final diagnoses comprised

SSPE, appendicitis, severe pneumonia, otitis media, and upper

respiratory tract infection. None of these children had menin-

gism, and 1 had impaired consciousness (BCS of 4). This latter

child was discharged from the hospital well after the completion

of antibiotic therapy. Only 1 of the children in the group with

multiple seizures who did not undergo LP died. This deeply

comatose child had blood smear results that were positive for
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Figure 2. Suggested management algorithm for children presenting with at least 1 fever-associated seizure. BCS, Blantyre Coma Score.

malaria, had severe anemia and hyperlactemia, and died soon

after presentation despite appropriate treatment [31].

DISCUSSION

The present prospective observational study shows that Papua

New Guinean children with clinical features of a simple FS have

a low probability of ABM. Among 130 such children, an LP

was of positive diagnostic utility in only 1 case, which involved

a delayed diagnosis of SSPE. In the 100 children with multiple

seizures but no meningism or coma, there were 2 cases of

probable ABM and 5 cases of viral encephalitis, whereas definite

or probable ABM was much more common among those with

meningism or coma regardless of seizure number. These data

suggest that LP is unnecessary when careful clinical assessment

indicates a simple FS but that it should be performed prompt-

ly, when there are no contraindications, in all febrile children

presenting with signs of meningism, coma, and/or multiple

seizures.

Authoritative recommendations to perform routine LPs in

patients with fever-associated seizure [13–15] have not been

mirrored in clinical practice in developed countries. UK rates

have decreased from 96% in the 1970s to 12% in 2000 [16].

Even among children 12–18 months of age and supposedly at

high risk for occult ABM, LP rates in 2006 were only 5% in a

North American study [17]. This trend may reflect increasing

availability of alternative diagnostic modalities, shifts in likely

pathogens (including a decrease in the prevalence of Hib and

pneumococcal disease), and improved monitoring during the

acute phase. In the developing world, there is a higher incidence

of ABM, reflecting low rates of Hib and pneumococcal vac-

cination. In addition, there are other infections (including in-

fections due to Plasmodium species) with potential neurologic

effects and an often delayed presentation to facilities with lim-

ited ability to investigate and observe effectively. This may ex-

plain why most of our children underwent LP, including 70%

of those with a single seizure and no meningism or coma.

There have been no definitive prospective studies showing

that a simple FS can be the sole or major manifestation of ABM

in children. In a review of largely retrospective, first-world stud-

ies up to 1999 [16], there were 7 cases of ABM without menin-

gism among 4102 children with fever-associated seizures (0.2%;

95% CI, 0.1%–0.4%). However, the assessment of features of

meningism was not recorded in 3 of these cases, whereas the

CSF test results were initially normal in 2 other cases. More

recent US studies found no cases of ABM in 160 (23%) of 704

children with simple fever-associated seizures and available CSF

findings [17], whereas none of 503 consecutive patients with

ABM presented with a simple seizure [36].

Data from the developing world show greater heterogeneity.

In a Nepalese study involving 175 children 6 months to 5 years

of age with a fever-associated seizure who underwent LP, 8

(5%) had culture-proven ABM without meningism; all 8 of

these children were aged 6–12 months [23]. Details of how

signs of meningitis were elicited, the number of seizures, and

level of consciousness were, however, not provided, and clinical

assessments were performed by postgraduate students. In an
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African study involving 522 children 1 month to 6 years of age

who underwent LP for febrile convulsion, 6 (1%) had ABM

but no meningism [22]. These children were distributed across

age groups. Although there was a significant association be-

tween ABM and seizure complexity, it was unclear whether the

children with occult ABM had simple or complex seizures. In

a small Saudi Arabian study, 3 (3%) of 95 children 6 months

through 6 years of age had pyogenic meningitis without menin-

gism [24]. One child had Hib diagnosed by latex agglutination

(and had complex seizures), and 2 were partially treated on

the basis of the CSF findings. Another small-scale African study

found 3 children with meningitis among 45 children in whom

�1 seizure was the only indication for LP [25]. Meningitis was,

however, diagnosed when the CSF WBC count was 15 cells/

mm3 or the CSF protein level was 14 g/L, regardless of Gram

stain or bacterial culture results.

In other studies from Asia [26] and the Middle East [27],

there were no cases of ABM in children presenting with a fever-

associated seizure and no evidence of meningism. In the former

[26], there were 5 cases (2%) of ABM among 254 children aged

6 months to 5 years, all with evidence of meningitis. In the

latter [27], 102 (51%) of 200 children 3 months to 5 years of

age with a fever-associated seizure had an LP. Three children

had ABM (2%), and all 3 of these children had complex seizure

activity among other features of meningitis. In contrast to those

studies that have shown significant rates of ABM among pa-

tients with febrile seizures [22–25], these 2 studies had adequate

data on the nature and frequency of seizures.

The present study differs from most previous studies per-

formed in developing countries in several respects. First, we

used a standardized detailed clinical assessment performed by

experienced staff so that we had adequate characterization of

seizure activity and good evidence of the presence or absence

of meningism and/or altered consciousness. Second, we applied

strict definitions of proven or probable meningitis. Third, we

followed up all children until hospital discharge or death to

obtain a valid final diagnosis. As a result, and although ∼25%

of our children did not have an LP, the present study represents

one of the largest and most rigorously conducted prospective

studies to date.

LP remains an important diagnostic test in many clinical

situations and may assist with disease surveillance. However,

the present results suggest that current guidelines could be

modified regardless of the clinical and epidemiologic situation

(Figure 2). The main change is that children of any age with

good evidence of a simple FS do not require an initial LP but

should be observed and reviewed. If there is clinical concern

at any stage, LP should performed promptly, whereas we have

included impaired consciousness (BCS �4) rather than coma

(BCS �2) as a further conservative measure. Nevertheless, if

our data are pooled with those from the 1479 children in other

studies from developing countries [22–25], the worst-case es-

timate for the percentage of children with a simple FS in whom

ABM would be missed without LP is 1.4 (95% CI, 0.9%–2.1%).

This does not take into consideration empirical administration

of broad-spectrum antibiotic therapy and should be addressed

by regular reviews until the patient improves or a definitive

diagnosis is made. Consistent with valid development of guide-

lines [37], our scheme respects recent evidence, justifiably sim-

plifies management, and provides potential savings for health

care systems that often struggle to cover essential services.
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Abstract. Predictors of acute bacterial meningitis (ABM) were assessed in 554 children in Papua New Guinea 0.2–10
years of age who were hospitalized with culture-proven meningitis, probable meningitis, or non-meningitic illness inves-
tigated by lumbar puncture. Forty-seven (8.5%) had proven meningitis and 36 (6.5%) had probable meningitis. Neck
stiffness, Kernig’s and Brudzinski’s signs and, in children < 18 months of age, a bulging fontanel had positive likelihood
ratios (LRs) � 4.3 for proven/probable ABM. Multiple seizures and deep coma were less predictive (LR ¼ 1.5–2.1). Single
seizures and malaria parasitemia had low LRs (� 0.5). In logistic regression including clinical variables, Kernig’s sign and
deep coma were positively associated with ABM, and a single seizure was negatively associated (P � 0.01). In models
including microscopy, neck stiffness and deep coma were positively associated with ABM and parasitemia was negatively
associated with ABM (P � 0.04). In young children, a bulging fontanel added to the model (P < 0.001). Simple clinical
features predict ABM in children in Papua New Guinea but malaria microscopy augments diagnostic precision.

INTRODUCTION

Although meningitis is an important contributor to child-
hood disability and mortality in developing countries,1–4 appro-
priate vaccinations and antibiotic therapy are often unavailable
and laboratory facilities may be limited.5–8 Diagnosis and man-
agement can therefore be challenging,9 especially when young
children with ABM present with non-specific features, includ-
ing lethargy or irritability rather than the classic clinical signs
of meningeal irritation.10 In malaria-endemic areas, the symp-
toms and signs of severe malarial illness can overlap with
those of ABM, further complicating assessment.11,12 Lumbar
puncture is commonly recommended as a routine part of the
investigation of febrile illness of uncertain etiology in this set-
ting,13,14 even though reliable biochemical and microbiologic
testing of cerebrospinal fluid (CSF) may not be available.
Ideally, the clinical features of a febrile child should inform

diagnosis and facilitate rational initial treatment where there is
no laboratory support. In studies from the highlands of Papua
New Guinea, where there is no malaria transmission8 and
from countries in Africa with holo-endemic Plasmodium fal-
ciparum malaria,9,15 neck stiffness and a bulging fontanel were
independently associated with ABM. Other features such as
refusal to eat, staring eyes, and convulsions were inconsistent
associates. Microscopy is often available in facilities treating
febrile children in malaria-endemic areas, but the presence of
malaria parasites on a blood film did not add significantly to
clinical variables in studies of predictors of ABM in children
in Africa with severe febrile illness.9,15

A recent systematic review of the clinical features of pedi-
atric ABM in which 8 of 10 included studies were from trop-
ical countries16 concluded that many individual predictive

variables and especially their combinations warranted further
evaluation. In addition, available data from malaria-endemic
versus non–malaria-endemic areas8,9,15 emphasize that clini-
cal prediction algorithms for ABM will depend on local epi-
demiology. Because low-lying areas of Papua New Guinea
and other countries in the Oceania region are epidemiologi-
cally distinct from the highlands of Papua New Guinea and
sub-Saharan Africa in that there is transmission of P. vivax
as well as P. falciparum, the aim of the present study was to
prospectively identify clinical and basic laboratory predictors
of ABM in well-characterized severely ill children who came
to the provincial referral hospital in Madang Province on the
northern coast of mainland Papua New Guinea.

MATERIALS AND METHODS

Patients. From November 2007 through May 2010, children
2 months to 10 years of age admitted to Modilon Hospital in
Madang, Papua New Guinea were screened for eligibility for
enrolment into a longitudinal observational study of severe
childhood illness. The estimated age-specific populations of
children in Madang Province who are < 1 year of age, 1–4
years of age, and 5–9 years of age are 12,000, 60,000 and 45,000,
respectively.17 These children are exposed to hyperendemic
transmission of P. falciparum and P. vivax,18 with approximately
50 infective bites/child/year.19 The Haemophilus influenzae
type b (Hib) vaccine was added to the national vaccine
schedule in 2007 but was not implemented at a local level until
2008. Pneumococcal vaccination is not yet part of the vaccine
schedule.
Children were eligible for recruitment if a lumbar puncture

had been performed for suspected ABM. The decision to pro-
ceed to lumbar puncture was made by attending ward doctor
after initial clinical and laboratory assessment in accordance
with local protocols.13,14 The study was approved by the Papua
New Guinea Institute of Medical Research Institutional
Review Board and the Medical Research Advisory Committee
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of the Papua New Guinea Health Department. Written
informed consent for participation was obtained from parents
or guardians of children.
Initial assessment. A standardized case report form was

completed by research nurses. This form included demographic
details, history of current/past illness, examination findings,
and results of investigations. Clinical signs of meningeal
irritation were neck stiffness (inability to flex the neck so that
the chin touched the upper chest), a positive Kernig’s sign
(straightening of the knee joint eliciting discomfort with the
hip and knee joints flexed to 90�), a positive Brudzinski’s sign
(involuntary hip flexion from 0� elicited on neck flexion), or a
bulging fontanel in children < 18 months old.20 Deep coma and
impaired consciousness were defined as a Blantyre coma score
(BCS)21 � 2 and � 4, respectively.
Cerebrospinal fluid was examined by using standard meth-

ods.20 An adjusted leukocyte count � 20 cells/mm3 was con-
sidered evidence of meningeal inflammation. If a leukocyte
count � 10 cells/mm3 was present, CSF was centrifuged and
the sediment was used to prepare a slide for Gram staining.
An aliquot of sediment was inoculated on to chocolate and
blood agar plates that were incubated in an atmosphere of 5%
CO2 for up to 72 hours. An Indian ink stain was performed on
all samples with > 10 leukocytes/mm3. The CSF samples with
� 10 leukocytes/mm3 and no cultured pathogen underwent
latex agglutination testing (WellcogenTM; Remel Europe
Limited, Dartford, United Kingdom) for Streptococcus pneu-
moniae, Hib, and Neisseria meningitidis.
When available, venous blood (1–3 mL) was placed in

BACTECTM PEDS PLUS/F bottles (BectonDickinson, Sparks,
MD) for culture by using the BACTECTM system. Preliminary
identification of S. pneumoniae was based on the presence of
Gram-positive cocci that formed flat a-hemolytic colonies with
inhibition zone > 14 mm around an optochin disc. Small gram-
negative cocco-bacilli growing preferentially on chocolate
agar were assumed to be H. influenzae. Coagulase-negative
staphylococci, Corynebacterium, and Bacillus spp. isolated
from blood or CSF were considered contaminants. Invasive
isolates were stored frozen in skim-milk broth until confirma-
tory identification, serotyping, and susceptibility testing was
performed. The presence of malaria parasites was determined
by examination of Giemsa-stained thick blood smears by at
least two trainedmicroscopists.22

Patients were categorized as proven bacterial/fungal menin-
gitis (CSF leukocyte count � 20 cells/mm3 plus a positive cul-
ture from CSF or blood, a positive latex antigen test result,
or Cryptococcus gattii identified by Indian ink CSF staining);
probable meningitis (CSF leukocyte count � 20 cells/mm3 and
with negative CSF culture, negative latex antigen test result,
and no C. gatii identified by Indian ink staining; or neither
proven nor probable meningitis.
Inpatient management. Children were reviewed at least

daily until discharge or death. Treatment was according to
current Papua New Guinea national recommendations13,14

that include empiric antimalarial and antibiotic therapy
for all severely ill children. Initially, ceftriaxone was given
to children < 12 months of age with proven ABM. Older
children received chloramphenicol, 25 mg/kg every 6 hours
with ceftriaxone substituted at 48 hours if there was no
clinical improvement. From late in 2008 when all Hib isolates
were found to be chloramphenicol resistant, parenteral
ceftriaxone, 50 mg/kg twice a day, was administered as initial

therapy for all children if CSF features suggested ABM,
with reversion to chloramphenicol if cultures were negative.
Although not specified in national recommendations, a similar
strategy has been successfully applied in Papua New Guinea
research settings.23 Dexamethasone was not routinely given
in conjunction with the first dose of antibiotics. Children
without proven meningitis who did not respond to two weeks
of antibiotic therapy were given empiric anti-tuberculosis
treatment.
Data analysis. Data are presented as median and interquartile

range. Between-group comparisons were performing by using
non-parametric methods. Odds ratio, sensitivity, specificity,
positive predictive value (PPV), and negative predictive
value (NPV) are presented with 95% confidence intervals
(CIs). Positive (LR+) and negative (LR–) likelihood ratios
were also calculated. Independent predictors of ABM were
identified by using backward stepwise logistic regression.
Candidate variables other than age were included on the basis
of biological plausibility and P < 0.10 by bivariate regression
analysis. The most parsimonious model was chosen by using
the minimum Aikake’s information criterion after the removal
of each variable.

RESULTS

Diagnostic categorization. During the 30-month study
period, 2,725 children were admitted (Figure 1). Of these
children, 554 (20.3%) were 2 months to 10 years of age and
underwent lumbar puncture. Reported indications for lumbar
puncture were seizure(s) (38.5%), signs of meningeal irritation
(21.4%), impaired consciousness (12.5%), other neurologic
signs (8.7%), and irritability (5.6%). The median age of the
children was 24 (8–56) months and 57.3% were boys. Ninety-
five (18%) were deeply comatose (BCS � 2) and 170 (33.1%)
had multiple convulsions.
Forty-seven (8.5%) and 36 (6.5%) children who underwent

lumbar puncture were given a diagnosis of proven or prob-
able meningitis, respectively. Based on above numbers and
local population data,17 the annual incidence rate (95% CI)
for proven ABM was 100 (64–136), 7 (3.5–10.5), and 5 (0–10)
cases per 100,000 per year for children 2–11 months, 1–4 years,
and 5–9 years of age, respectively. The remaining 471 children
had malaria with cerebral involvement (21.8%), simple febrile
seizure (15.7%), febrile encephalopathy (7.6%), or other

FIGURE 1. Consort diagram of screened pediatric admissions to
Modilon Hospital, Madang Province, Papua New Guinea.
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diagnoses (54.7%). The latter group comprised those with respi-
ratory infections (27.9%), malaria without cerebral involve-
ment (19.0%), diarrheal illness (11.6%), other unspecified
infections (31%), or non-infective illnesses with non-specific
signs requiring lumbar puncture to exclude ABM (10.5%).
Features of acute bacterial meningitis. The clinical signs,

laboratory features and outcome of children with proven
or probable ABM and those with non-meningitic illness
are summarized in Table 1. The children with proven ABM
were more likely to have multiple convulsions and a positive
Brudzinski’s sign than those with probable ABM, and they
also had higher CSF leukocyte counts and semi-quantitative
protein concentrations. However, there was no significant
difference in either permanent disability or mortality between
the children with proven or probable ABM. Overall, 46 (8.3%)
died in hospital, including 21 (25.3%) with proven or probable
ABM. Only one child 4 months of age with probable ABM
also had evidence of malaria infection. He had no signs of
meningism, a low P. falciparum density (240 asexual forms/mL
of whole blood), and a CSF leukocyte count of 35 cells/mm3

(71% neutrophils). He responded to parenteral antibiotics
and artemether and was discharged well.
Given that treatment of ABM should be based, at least in

part, on initial CSF microscopy24 and the overall clinical simi-
larity (including outcome) between children with proven and
probable ABM, we combined the 83 children in these two
groups in subsequent analyses. The odds ratio, sensitivity, spec-
ificity, PPV, NPV, LR+, and LR– for clinical signs in proven/
probable ABM are shown in Table 2. Specific signs of men-
ingeal involvement (neck stiffness, Kernig’s and Brudzinski’s
signs and, in younger children, bulging fontanel) had LR+s
that were high (� 4.3), but neck stiffness had the best sensitiv-
ity. The non-specific neurologic features of multiple seizures
and coma were less predictive (LR+ ¼ 1.5–2.1), and single sei-
zures and especially a malaria-positive blood slide were asso-
ciated with low LR+s for proven/probable ABM.

To examine the relative importance of predictors of proven/
probable ABM, we included neck stiffness, Kernig’s sign,
Brudzinski’s sign, deep coma, multiple seizures, and a history
of single seizure in a logistic regression model (Table 3). Neck
stiffness, Kernig’s sign, and deep coma were independently
and positively associated and a single fit was negatively associ-
ated. When a positive blood film for malaria was added to the
model, neck stiffness and deep coma remained positively asso-
ciated, and the presence of malaria parasites (P. falciparum
and/or P. vivax) was significantly negatively associated with
proven/probable ABM. A single seizure and Kernig’s sign
were no longer independent associates.
A separate logistic regression analysis in children < 18

months of age was performed to determine whether the pres-
ence of a bulging fontanel was a predictor of ABM. This sign
was recorded in 91% of 238 eligible children. In a model
including other clinical features, a bulging fontanel was a sig-
nificant determinant of proven/probable ABM together with
neck stiffness, Kernig’s sign, and a history of multiple convul-
sions (Table 3).
Bacteriologic findings in proven ABM. A causative

organism was identified from CSF culture or India ink staining
in 45 children, 21 with Hib, 22 with S. pneumoniae, and 2 with
C. gatti. Of this subgroup, blood cultures were also positive
in 5 children (3 with Hib and 2 with S. pneumoniae). Latex
agglutination testing identified one additional child with
Hib meningitis. Staphylococcus aureus was identified as the
causative organism in one child who had clinical features of
ABM with > 1,000 leukocytes/mm3 in CSF, but the organism
was isolated only from blood cultures.
We included the 2 cases of cryptococcal meningitis in the

analyses because the leukocyte predominance in CSF seen in
these children can occur in some cases of ABM, especially in
patients that are partially treated. Appropriate initial antibi-
otic therapy should be administered in this situation. When
we repeated the analyses summarized in Tables 2 and 3 and

TABLE 1

Clinical and laboratory features, and outcome of proven and probable bacterial meningitis, and non-meningitic illness requiring lumbar puncture
in children in Papua New Guinea*

Characteristic Proven (n ¼ 47) Probable (n ¼ 36) Other (n ¼ 471) Total (n ¼ 554) P{

Age (months) 8 (4–44) 25 (10–42) 27 (24–34) 25 (7–53) 0.001
Blantyre coma score
� 2 36.2 25.0 12.7 15.5
3 or 4 23.4 19.4 17.6 18.2 < 0.0001
5 40.4 55.6 69.7 66.2

No. seizures
0 31.9 61.1 41.6 42.1
1 12.8 13.9 29.7 27.3 < 0.0001
� 2 55.3{ 25.0 28.7 30.1

Signs of meningism
Neck stiffness 89.4 66.7 18.5 28.0 < 0.0001
Kernig’s sign 46.8 27.8 5.1 10.1 < 0.0001
Brudzinski’s sign 27.7§ 19.4 2.8 6.0 < 0.0001
Opisthotonus 14.9 5.6 1.9 3.2 < 0.0001

Cerebrospinal fluid
Leukocyte count/mm3 635 (252–1,097){ 113 (52–450) 0 (0–0) 0 (0–10) < 0.0001
Protein (g/L) 3 (1–3)¶ 1 (1–1.8) 0.3 (0.3–0.3) 0.3 (0.3–0.3) < 0.0001

Outcome
Permanent disability 23.4 22.2 9.8 11.7 < 0.0001
Mortality 27.7 22.2 5.3 8.3

* Values are medians (interquartile ranges) or percentages.
{ Kruskal-Wallis and chi-square tests were used to compare continuous and categorical variables, respectively, across diagnostic groups.
{ P < 0.01 vs. probable acute bacterial meningitis.
§ P < 0.05 vs. probable acute bacterial meningitis.
¶ P < 0.001 vs. probable acute bacterial meningitis.
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excluded the two cases of cryptococcal meningitis, the nature
and strength of the derived parameters and associations did
not change significantly.

DISCUSSION

In resource-poor healthcare settings in many tropical coun-
tries, important initial management decisions may have to be
made on clinical grounds alone. In the case of a child with pos-
sible ABM in this situation, a variety of specific signs of men-
ingism and non-specific neurological features can be used in
diagnostic assessment. Our data suggest that neck stiffness,
deep coma, and a bulging fontanel in a child < 18 months of
age are the most important clinical predictors of ABM when
a blood smear is negative in a malaria-endemic area. When a
blood film result is not available, a positive Kernig’s sign is
also independently predictive and, while a single convulsion is
a negative associate in this situation, the magnitude of LR+
(0.5) and LR– (1.2) are not low enough to suggest that a single
seizure alone excludes ABM. In contrast, multiple convulsions
appear to be an additional positive predictive feature in young
children. Regardless of age and availability of malaria micros-
copy, Brudzinski’s sign and opisthotonus are of limited diag-
nostic value in pediatric ABM.
In the recent systematic review,16 neck stiffness, bulg-

ing fontanel, and Kernig’s sign were also among the clinical
features with the highest LR+s (3.5–4.5) for pediatric ABM.
Brudzinski’s sign had a lower LR+ (2.5) but was still signifi-
cantly predictive, albeit available for only 172 children com-
pared with 3,118 in the case of neck stiffness. Deep coma was a
relatively weak predictor (LR+ ¼ 1.8). Our data from a sample
that is larger than many of those incorporated in the system-
atic review16 are broadly consistent with these findings, both
in the individual clinical features identified as predictive and

in the strength of their association with ABM. However, and in
contrast with studies in Africa,9,15 the availability of a blood
film microscopy had a significant impact on independent pre-
dictors of ABM.
In a study in The Gambia, 10% of children with definite

ABM had malaria parasites on blood film microscopy, a per-
centage that was not significantly different from that in non-
meningitic children.9 Although, by contrast, a positive blood
film in children in Kenya was independently associated with
the absence of ABM, a negative malaria slide added little to a
predictive model of ABM.15 In the present study, no child with
proven ABM and only one with probable ABM had malaria
identified by microscopy. Malarial parasitemia, regardless of
the infecting species, was independently associated with the
absence of ABM and, more importantly, the addition of pres-
ence of malaria parasites to the logistic regression model influ-
enced the utility of clinical signs. Neck stiffness and deep coma
were of particular diagnostic importance in this situation.
The lack of overlap between malaria and invasive bacterial

disease in children in Papua New Guinea contrasts with studies
from Africa where 5–8% of children with well-defined severe
malaria had co-existing invasive bacterial infections.25,26 This
finding indicates the need for ABM predictive models specific
to local epidemiology, a situation further emphasized by the
finding that the sign with the highest LR (37.0) in the system-
atic review was petechiae.16 The relevant data were from 4 of
341 patients with ABM from Nigeria27 where N. meningitidis
is a major pathogen. Petechiae were not observed in any of
our patients, reflecting the fact that N. meningitidis was not
isolated from any blood or CSF cultures. Meningococcal infec-
tion was common in Papua New Guinea in the 1960s but its
prevalence has been low in recent years.8,28,29

The magnitude of the LR+s for individual clinical signs
in our patients indicated that their presence increased the

TABLE 2

Utility of clinical signs and blood film microscopy in predicting proven or probable acute bacterial meningitis in children in Papua New Guinea*

Clinical sign (no./total) Odds ratio Sensitivity, % Specificity, %
Positive predictive

value, %
Negative predictive

value, %
Positive likelihood

ratio
Negative

likelihood ratio

Neck stiffness (155/554) 17 (10–31) 80 (69–88) 82 (78–85) 43 (35–51) 96 (93–98) 4.3 0.3
Kernig’s sign (56/548) 8.1 (4.6–14) 39 (28–50) 93 (90–95) 48 (36–61) 90 (86–92) 5.3 0.7
Brudzinski’s sign (33/547) 9.6 (4.6–20) 23 (14–33) 97 (95–98) 58 (39–75) 88 (85–90) 7.7 0.8
Single seizure (151/548) 0.4 (0.2–0.7) 13 (7–23) 70 (66–74) 7.3 (3.7–13) 82 (78–86) 0.5 1.2
Multiple seizures (170/548) 1.8 (1.1–2.9) 42 (31–53) 71 (67–75) 21 (15–27) 88 (84–91) 1.5 0.8
Deep coma (86/530) 2.7 (1.6–4.5) 31 (22–42) 85 (82–88) 27 (19–37) 88 (84–90) 2.1 0.8
Malaria parasites (155/408) 0.02 (0–0.15) 2 (0–9) 56 (50–61) 0.7 (0–3.9) 74 (68–80) 0.04 1.8
Bulging fontanel{ (23/217) 11.1 (4.3–28) 35 (21–51) 95 (91–98) 65 (43–84) 85 (80–90) 7.6 0.7

* Values in parentheses are 95% confidence intervals.
{ Children less than 18 months old.

TABLE 3

Independent predictors of acute bacterial meningitis identified by multiple logistic regression analysis in children in Papua New Guinea*

Characteristic

All children Children < 18 months of age

Clinical features only Clinical features and blood film Clinical features only

Odds ratio (95% CI) P Odds ratio (95% CI) P Odds ratio (95% CI) P

Age (months) 0.86 (0.76–0.97) 0.02
Neck stiffness 10.2 (5.3–20) < 0.0001 9.7 (4.5–22.0) < 0.0001 4.6 (1.7–12.9) 0.003
Kernig’s sign 2.8 (1.4–5.8) 0.005 6.1 (1.6–26.5) 0.01
Deep coma 2.4 (1.2–4.6) 0.01 2.3 (1.05–5.1) 0.04 4.6 (1.7–12.9) 0.01
Single convulsion 0.4 (0.2–0.8) 0.01
Multiple convulsions 5.7 (2.2–16.5) 0.0004
Bulging fontanel 10.1 (3.1–35.1) 0.0002
Malaria slide positive 0.03 (0–0.13) 0.0004

* CI ¼ confidence interval.
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pre-test probability of ABM by, at most, 30%.30 Our study and
others16 recruited children with clinical suspicion of ABM.
These children have a pre-test probability or prevalence of
ABM higher than that expected in unselected children who
come to a health care facility with any illness. Differences in
prevalence or pre-test probability will influence the PPV and
NPV of individual signs in the diagnosis of ABM but LRs,
being derived from sensitivity and specificity, are not affected.
The use of logistic regression models identifying combinations
of independent predictors in a study of children in Africa has
shown that a history of seizures, lethargy/unconsciousness, and
a stiff neck have 98% sensitivity and 70% specificity.9 Our data
do not contradict this finding but highlight the importance of
a bulging fontanel in younger children and the importance of
blood film microscopy in malaria-endemic areas.
The present LP rate of 20.3% of total admissions was simi-

lar to that in non-malarious highland areas of Papua New
Guinea and Africa (11–22%),9,15,31 as was the percentage of
cases with proven ABM (1.7% versus 2.0–2.7%). Our overall
annual ABM incidence was lower than that reported from the
Papua New Guinea highlands (100 versus 600 per 100,000 chil-
dren < 1 year of age per year),8 possibly reflecting relatively
poor infrastructure and more limited access to tertiary level
care. Although we may have underestimated ABM incidence
in Madang Province, it was still similar to that reported for
indigenous populations in Alaska and The Gambia.5–7

The present findings have important clinical implications
for Papua New Guinea and other countries in Oceania and
beyond that have similar epidemiology. The presence of neck
stiffness, deep coma (BCS � 2) and, in a young child, a bulg-
ing fontanel and multiple convulsions, are strong evidence
of ABM. A positive Kernig’s sign also indicates that ABM is
likely. In children without these features (including those with
a single febrile seizure20) and who have a positive blood film for
malaria, lumbar puncture and empiric antibiotic therapy with
a third-generation cephalosporin could be deferred pending
further investigation and monitoring after administration of
antimalarial therapy. However, physical examination findings
are subject to technical competence, individual interpretation,
and inter-observer variability. This issue could explain why
some signs are clearly predictive of ABM in clinical research
studies with clear definitions implemented by experienced cli-
nicians16 but not when usual clinical practice has been evalu-
ated.32,33 Similarly, blood film microscopy for malaria depends
on the experience of the microscopist. Therefore, the validity
of a simple predictive algorithm incorporating important clini-
cal and, where available, laboratory features of ABM in a
particular epidemiologic situation should be assessed in a field
situation before it is formally adopted.
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Although the artemisinin-associated neurotoxicity identified in vitro and in animal studies has not been confirmed
clinically, only one adult study has measured cerebrospinal fluid (CSF) concentrations after administration of
conventional doses. Potential artemisinin neurotoxicity could be serious in children, especially those with meningitis
and, consequently, a compromised blood-brain barrier. We measured CSF/plasma artemether and dihydroarte-
misinin (DHA) concentrations in 32 Papua New Guinean children with a mean age of 39 months with suspected or
proven severe falciparum malaria who underwent a single lumbar puncture after intramuscular artemether
administration. CSF artemether concentrations were 0 to 43.5 �g/liter and CSF concentration/plasma concentra-
tion ratios were 0 to 38.1%. DHA was measurable in CSF in only two children. The seven children with meningeal
inflammation (CSF white cell count > 20/mm3) had higher CSF artemether concentration/plasma artemether
concentration ratios than those without (median, 6.7% [interquartile ratio, 2.5 to 27.8%]% versus 0.0% [interquar-
tile ratio, 0.0 to 2.5%]; P � 0.002). Meningeal inflammation was associated with a 4.6-fold increase in the CSF
artemether concentration/plasma artemether concentration ratio in a population pharmacokinetic model. These
data suggest that pharmacovigilance should be heightened when intramuscular artemether is given to severely ill
children with evidence of meningeal inflammation.

Neurotoxicity associated with artemisinin and its derivatives
has been observed in vitro and in animal studies (14, 46). Brain
stem neurons are particularly susceptible (8), and the duration
of drug exposure is an important determinant (8, 28). On the
basis of these data, short-term peak concentrations of artesu-
nate and its active metabolite, dihydroartemisinin (DHA), af-
ter intravenous artesunate administration are considered less
potentially neurotoxic than the prolonged plasma concentra-
tions of artemether and DHA observed after intramuscular
artemether administration, especially with repeated dosing
(20, 28).

The relevance of in vitro and animal neurotoxicity data to
humans is, however, uncertain. Animal studies have involved
allometrically higher doses of artemisinin drugs given for pe-
riods longer than those recommended for the treatment of
human malaria (8, 20, 46). There are reports of cases of arte-
misinin-associated neurotoxicity (15, 17, 22, 32, 39), subtle
hearing loss in retrospective case-control studies (47), and a
suggestion of a longer recovery from coma (48, 49) in arte-

mether-treated patients. In contrast, substantial clinical trial
and observational evidence (11, 12, 40), as well as data from
otological (25, 31) and neuropathological (10, 21) studies, has
not raised safety concerns. Nevertheless, although the mortal-
ity benefits of artemisinin drugs over alternative therapies are
clear (11, 12), recent reviews of artemisinin-associated neuro-
toxicity continue to recommend pharmacovigilance, especially
in potentially high-risk groups, such as children and pregnant
women (14, 18, 44).

For neuronal exposure to occur in vivo, artemisinin drugs
must first cross the blood-brain/blood-cerebrospinal fluid
(CSF) barrier and enter the CSF compartment (37). Data
relating to CSF penetration in humans are confined to a single
study of six adults with severe falciparum malaria who were
given intravenous artesunate (9). There was a suggestion of
CSF accumulation of DHA that could, on the basis of com-
parative pharmacokinetic properties (19), be greater with in-
tramuscular artemether administration. CSF concentrations of
artemisinin derivatives are likely to be increased by meningeal
inflammation through compromised blood-brain/blood-CSF
barrier integrity, increased CSF outflow resistance, and/or de-
creased P-glycoprotein activity (37). Therefore, in areas where
malaria is endemic, children with meningitis or encephalitis
who are given empirical artemether may be at particular risk of
neurotoxicity.

* Corresponding author. Mailing address: School of Medicine and
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In view of persistent concerns regarding artemisinin-associ-
ated neurotoxicity and, in particular, empirical treatment of
children with neurological signs with these drugs regardless of
malaria parasite infection status, the aims of the present study
were (i) to characterize the CSF penetration of artemether/
DHA after administration of conventional intramuscular arte-
mether therapy to hospitalized children in Papua New Guinea
(PNG) and (ii) to determine whether meningeal inflammation
increases CSF concentrations of artemether and DHA in this
situation.

MATERIALS AND METHODS

Patients. The present study was part of a prospective observational study of
severe pediatric illness conducted at Modilon Hospital, Madang Province, on the
north coast of mainland PNG, between 2007 and 2010. There is local hyperen-
demic transmission of Plasmodium falciparum and P. vivax, with approximately
50 infective bites per child per year (36). Modilon Hospital is the only health care
facility in the province that offers diagnostic and treatment facilities for severely
ill patients. Children aged 2 months to 10 years were considered eligible if (i)
written informed consent had been obtained from a parent(s)/guardian(s), (ii)
intramuscular artemether treatment was considered appropriate on the basis of
the attending clinician’s assessment and the national pediatric guidelines, which
recommend empirical treatment of all hospitalized children in areas where
malaria is endemic with antimalarial drugs and antibiotics regardless of the initial
diagnosis (38), and (iii) a lumbar puncture (LP) was also considered a clinically
appropriate part of management.

Clinical methods. The PNG Institute of Medical Research Institutional Re-
view Board and the Medical Research Advisory Committee of the PNG Health
Department approved the present study. After recruitment, a standardized case
report form detailing demographic information, medical history, history of the
current illness, and clinical findings was completed. Venous blood was taken for
malaria parasite microscopy, plasma biochemistry, and bacterial culture (27).
Severe malaria was defined as malaria parasite detection on microscopy of a
peripheral blood smear and one or more of the following features: (i) impaired
consciousness/coma (Blantyre coma score � 5) (34), (ii) prostration (inability to
sit/stand unaided), (iii) multiple seizures, (iv) hyperlactatemia (blood lactate
concentration � 5 mmol/liter), (v) severe anemia (hemoglobin level � 50 g/liter),
(vi) dark urine, (vii) hypoglycemia (blood glucose level � 2.2 mmol/liter), (viii)
jaundice, or (ix) respiratory distress. These criteria are consistent with the World
Health Organization (WHO) definition of severe malaria (52). Not all children
recruited to the present study were considered severely ill according to these
criteria but were given intramuscular artemether and underwent LP for further
investigation of neurological symptoms and signs such as febrile convulsion.

Artemether (Kunming Pharmaceuticals, Kunming, China) was given by intra-
muscular (gluteal) injection at a minimum initial dose of 3.2 mg/kg of body
weight, followed by daily intramuscular doses of at least 1.6 mg/kg, as indicated
clinically, from days 2 to 7 (38). Artemether was administered at the time of or
soon after hospitalization, and the time and dose were recorded. The timing of
LP in relation to the first artemether dose was determined by a number of
factors, including the child’s clinical state during regular postadmission monitor-
ing of vital signs and consciousness level and the results of initial and subsequent
hematological, biochemical, and microbiological tests. The risks and benefits of
LP were explained to the parent(s)/guardian(s) by the attending pediatrician who
carried out the procedure. When the LP was performed, an initial CSF aliquot
was taken for cell count, protein, glucose, and bacteriological studies (27), and a
heparinized venous blood sample and an additional CSF aliquot were taken for
artemether and DHA assay. The blood sample was centrifuged promptly. The
separated plasma and second CSF aliquot were protected from light and stored
at �80°C before assay.

Artemether and dihydroartemisinin assay. High-pressure liquid chromatog-
raphy-grade acetonitrile (Merck Pty. Ltd., Kilsyth, Australia), tert-butyl chloride,
ethyl acetate, glacial acetic acid, and formic acid (Merck, Darmstadt, Germany),
and ammonium formate (Sigma-Aldrich Company Ltd., Gillingham, United
Kingdom) were used. Other solvents and chemicals were of analytical grade.
Synthetic CSF (Harvard Apparatus, Holliston, MA) was used to assess the CSF
matrix effect. Artemether (AAPIN Chemicals Ltd., Abingdon, United Kingdom)
and DHA and artemisinin (Sigma Chemical Co, St. Louis) were used as internal
standards, and stock solutions (1 �g/liter in methanol) were prepared separately
and stored protected from light at �80°C. Working standard dilutions were
prepared from the primary stock at 0.1, 1, and 10 �g/ml. Calibration curves (2 to

200 �g/liter) were constructed for DHA and artemether by spiking of blank
plasma or blank synthetic CSF. Quality control (QC) samples were prepared in
blank plasma or blank artificial CSF at 10, 20, 50, and 200 �g/liter and also stored
at �80°C before use.

Artemether and DHA were extracted as previously described (5), with the
following modifications. Briefly, solid-phase extraction (SPE) Bond Elut PH
columns (Varian Inc., Palo Alto, CA) were preconditioned with 1 ml of meth-
anol, followed by 1 ml of 1 M acetic acid. Plasma and CSF (0.5 ml) were spiked
with internal standard (artemisinin, 100 �g/liter), loaded onto the SPE column,
and drawn through under vacuum. The column was then washed twice with 1 M
acetic acid (1 ml), followed by 20% (vol/vol) methanol in 1 M acetic acid (1 ml).
The column was dried under low vacuum for 30 min, and the retained drugs were
eluted using 2 ml t-butyl chloride–ethyl acetate (80%:20%, vol/vol). The eluate
was then evaporated under vacuum at 35°C, reconstituted in 50 �l mobile phase,
and kept overnight to equilibrate the � and � anomers of DHA (5). Only the �
anomer was used for quantification. The injection volumes for plasma and CSF
samples were 10 �l and 20 �l, respectively.

An in-house liquid chromatography-mass spectrometry (LC-MS) assay was
developed using a single quad mass spectrometer (Shimadzu, Kyoto, Japan),
consisting of a binary pump, vacuum degasser, thermostated autosampler, ther-
mostated column compartment, photodiode detector, and mass analyzer with
both electrospray ionization (ESI) and atmospheric pressure ionization (APCI)
systems. Assays were performed in isocratic mode with 20 mM ammonium
formate (pH 5)–acetonitrile in 0.1% formic acid (40:60) at a flow rate of 0.2
ml/min. Chromatographic separation was undertaken at ambient temperature on
a Synergy fusion-RP C18 (150-mm by 2.0-mm [inner diameter]) column coupled
with a 4-mm by 3-mm (inner diameter), 5-�m-particle-size C18 guard column
(Phenomenex, Lane Cove, Australia). Retention times were 4.5 min, 7.5 min,
and 12.7 min for DHA, artemisinin, and artemether, respectively. Optimized
mass spectra were acquired with an interface voltage of 4.5 kV, a detector voltage
of 1 kV, a heat block temperature of 400°C, and a desolvation gas temperature
of 250°C. Nitrogen was used as a nebulizer gas at a flow rate of 1.5 liters/min and
dry gas flow rate of 10 liters/min.

All authentic DHA, artemisinin, and artemether standard solutions were first
scanned from m/z 100 to 500 in ESI and APCI positive modes, as well as
combined ESI and APCI (dual-ion-source [DUIS]) modes, to identify the abun-
dance of ions corresponding to the respective drugs. The base peak intensities of
all three modes were compared, and the DUIS mode gave the highest signal
intensity. Therefore, quantitation was performed by selected ion monitoring
(SIM) using the DUIS mode. The predominant fragmented ions m/z 221 for
artemether and m/z 221 for DHA were used for quantitation (43). For artemis-
inin, m/z 283 was monitored.

Standard curves for both plasma and synthetic CSF were linear (r2 � 0.99).
Chromatographic data (peak area ratios of DHA/artemisinin and artemether/
artemisinin) were processed using the LAB Solution software package (version
5; Shimadzu, Japan). Using methodologies described elsewhere (30), there was
no matrix effect (ion suppression/enhancement) observed in plasma or CSF.
Method performance for both assays, assessed as intra- and interday relative
standard deviations across relevant concentration ranges, was similar to that
published previously (5, 23), specifically, �7.9% for plasma artemether from 10
to 200 �g/liter, �6.7% for plasma DHA from 10 to 200 �g/liter, �10.7% for CSF
artemether from 5 to 200 �g/liter, and �9.9% for CSF DHA from 5 to 200
�g/liter. Interday accuracies of QC assays were within 15% of nominal values
throughout. The limits of quantification and detection for plasma DHA, plasma
artemether, CSF DHA, and CSF artemether were 2 and 1 �g/liter, 5 and 2
�g/liter, 1 and 0.5 �g/liter, and 2 and 1 �g/liter, respectively.

Pharmacokinetic modeling. Log concentration-time data sets for artemether
in plasma and CSF and DHA in plasma were analyzed by nonlinear mixed effect
modeling using the NONMEM program (version 6.2.0; ICON Development
Solutions, Ellicott City, MD) with an Intel Visual Fortran (version 10.0) com-
piler. A Laplacian method with interaction was used. The minimum value of the
objective function (OFV) and weighted residuals (WRES) plots were used to
choose suitable models during the model-building process. Allometric scaling
was employed, with volume terms multiplied by (WT/70)1.0 (where WT is body
weight) and clearance terms multiplied by (WT/70)0.75 (2). Residual variability
was estimated as additive error for the log-transformed data.

Because there was only one plasma concentration-time coordinate per patient,
it was not possible to estimate simultaneously the between-subject variability
(BSV) and the residual variability (RV) (16). Therefore, to facilitate model
building, RV was initially set to 10% for plasma compartments, while no BSV
was estimated for the CSF compartment. Initially, plasma artemether profiles
were analyzed with one- and two-compartment models combined with zero- and
first-order absorption and first-order elimination. Once a suitable model for
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plasma artemether alone was found, a CSF compartment was added and CSF
concentrations were modeled by estimating the ratio of the CSF artemether
concentration/plasma artemether concentration. A large percentage (61%) of
observations in the CSF compartment were below the limit of quantification
(BLQ). Therefore, a previously described method (1) was used to enable pa-
rameter estimation in this situation. Finally, an additional compartment was
added for DHA in plasma. A CSF compartment for DHA was not added, as only
two patients had measurable levels. Whenever possible, BSV and correlations
between BSV terms were estimated. A covariate-versus-parameter plot was used
to explore possible covariate relationships in plasma compartments for age, sex,
malarial parasitemia, and meningeal inflammation. As no BSV was estimated in
the CSF compartment, covariate effects were evidenced by a pattern in covariate-
versus-weighted residuals plots.

Body weights were not recorded for nine children. The mean weight for age
and gender from WHO reference values was used instead (50). Of the children
with known WTs, the majority were between the 15th and 85th percentiles of the
respective WHO reference ranges. The impact of each of these missing data on
parameter estimates was assessed by simulating 1,000 new data sets with different
WTs on the basis of the distribution of WT by age and gender from the WHO
reference ranges for these children and then rerunning the final models. As the
samples for the pharmacokinetic analysis were not based on predefined sampling
times, a simulation study was also performed to ensure that estimates of param-
eter estimates (in particular, CSF artemether concentration/plasma artemether
concentration ratios) could be reasonably obtained given the nature of the data.
One thousand simulated data sets with properties similar to our own data (single
point, same number of BLQ observations) were produced and analyzed.

A bootstrap procedure using 1,000 new data sets was used to facilitate vali-
dation of the final model parameter estimates. A visual predictive check (VPC)
was used to assess the performance of the model for the plasma compartments,
while a numerical predictive check (NPC) was used for CSF, both with 1,000
simulated replicate data sets. The NPC was assessed by comparing the number
of BLQ observations in the original data set with the simulated data. Finally, a
sensitivity analysis was performed for RV in both plasma compartments, as they
were fixed during the modeling procedure.

Statistical analysis. Nonparametric tests were used for statistical analysis, and
data are summarized as median and interquartile ranges (IQRs) unless otherwise
indicated.

RESULTS

Baseline characteristics and clinical course. Thirty-two chil-
dren were eligible and had CSF and plasma available for arte-
mether/DHA assay. Sixteen (50%) had clinical/laboratory fea-
tures of severe malaria (52), and all but one had suffered a
convulsion before or soon after presentation. Baseline clinical
and laboratory data are summarized in Table 1.

The median time between initial artemether administration
and LP was 7 h (range, 0.3 to 98 h). Twenty-six (81%) children
underwent LP between the times of administration of the first
and second doses of intramuscular artemether, while the other
six children had at least one additional dose after the first dose
before they underwent LP. There were no adverse outcomes
associated with LP, and CSF samples from only 3 patients

showed the presence of erythrocytes, all at low densities (�45/
mm3). Seven children (22%) had �20 white cells/mm3 in the
CSF (which also contained no detectable erythrocytes), a
threshold for meningeal inflammation used previously in chil-
dren (6, 27). Three of these had Haemophilus influenzae and
one had Streptococcus pneumoniae isolated from bacterial CSF
culture. The remaining three children with evidence of men-
ingeal inflammation had negative CSF bacterial culture and
antigen testing results and were therefore assumed to have
probable acute bacterial meningitis (27).

Two children died: one from H. influenzae meningitis and
the other from probable acute bacterial meningitis and late
complications from a colostomy for Hirchsprung’s disease.
Neither child had malaria parasites on blood film microscopy.
Another three survived but with chronic disability from non-
malarial neurological disease. Of these five children, three had
plasma artemether concentrations above the mean predicted
from pharmacokinetic modeling (Fig. 1).

Plasma artemether and dihydroartemisinin concentrations.
Thirty children (94%) had measurable plasma artemether con-
centrations at the time of LP. Of the two with undetectable
concentrations, one underwent LP at 6 h after the first arte-
mether dose and the other underwent LP 2 h after the fifth
dose, which was 98 h after the first artemether dose. Twenty-
five children (78%) had detectable plasma DHA concentra-

FIG. 1. Plasma concentration-time coordinates (open circles) to-
gether with mean (solid line) and 95% confidence intervals (dashed
lines) for pharmacokinetic model estimates of plasma artemether
(A) and plasma DHA (B) over 24 h after a single intramuscular
injection of artemether.

TABLE 1. Baseline clinical and laboratory data

Characteristic Value

Sex (no. of male/no. of females)............................................ 19/13
Age (mo)...................................................................................39 (17–42)a

Wt (kg)......................................................................................13 (9–16)a

Blantyre coma score ................................................................ 4 (2–5)a

At least one convulsion (no. yes/no. no) .............................. 31/1
Severe malaria (no. yes/no. no) ............................................. 16/16
Cerebrospinal fluid white cell count �20/mm3

(no. yes/no. no) .................................................................... 7/25
Culture-positive bacterial meningitis (no. yes/no. no) ........ 4/28

a Data are medians (interquartile ranges).
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tions, and all but one had detectable concentrations during the
24 h after the first dose. In all 32 patients, the median plasma
artemether and DHA concentrations were 43.8 �g/liter (IQR,
21.6 to 97.0 �g/liter) and 6.3 �g/liter (IQR, 1.9 to 13.7 �g/liter),
respectively, and they correlated significantly (Spearman cor-
relation coefficient [rs] � 0.87, P � 0.001).

Cerebrospinal fluid artemether and dihydroartemisinin
concentrations. There were measurable CSF artemether and
DHA concentrations in 12 (38%) and 2 (6%) children, respec-
tively. In those with detectable CSF artemether, concentra-
tions ranged from 2.0 to 43.5 �g/liter (Fig. 2). The two children
with detectable CSF DHA (4.2 and 6.0 �g/liter) were those
with the highest CSF artemether concentrations (20.9 and 43.5
�g/liter, respectively). Both these children underwent LP
within 24 h of the first artemether dose. CSF and plasma
artemether correlated significantly (rs � 0.75, P � 0.001). In
the group of 32 children as a whole, the median CSF arte-
mether concentration/plasma artemether concentration ratio
was 0.0% (IQR, 0.0 to 3.3%) (Fig. 2). In those with measurable
CSF artemether, the CSF artemether concentration/plasma
artemether concentration ratios ranged from 1.1 to 38.1%.

Excluding the patient in this group with undetectable plasma
and CSF artemether/DHA, the children with meningeal in-
flammation had higher CSF artemether concentration/plasma
artemether concentration ratios than those without (6.7%
[IQR, 2.5 to 27.8%] versus 0.0% [IQR, 0.0 to 2.5%], P � 0.002;
Fig. 3). Five of the children with meningeal inflammation un-
derwent LP within the first 4 h of artemether administration, at
a time before peak plasma concentrations (Fig. 1). In children
without meningeal inflammation, CSF artemether was de-
tected only in those who underwent LP �6 h after artemether
dosing.

Pharmacokinetic modeling. The modeling process was de-
signed to allow an understanding of the population kinetics of
CSF artemether/DHA penetration and, in particular, the effect
of meningeal inflammation using individual patient concentra-
tion-time coordinates determined by clinical indication rather

than a prespecified sampling protocol. Data from the two chil-
dren with no detectable plasma or CSF artemether or DHA
(one of whom had CSF with �20 white cells/mm3) were ex-
cluded from modeling, primarily because their CSF artemether
concentration/plasma artemether concentration ratios were
uninformative.

Initial modeling of plasma artemether demonstrated that a
two-compartment model was not superior to a one-compart-
ment model and that absorption (absorption rate constant
[ka]) was best described by a first-order process. Once an ad-
ditional CSF compartment was added, the apparent volume of
distribution of artemether in plasma relative to bioavailability
(Vartemether/F) could no longer be estimated reliably, and it was
therefore fixed at its estimated value from plasma concentra-
tion modeling (245 liters/70 kg). It was then possible to esti-
mate BSV for absorption (ka) and clearance (CLartemether).
The only significant covariate was a raised CSF white cell count
(�20/mm3), which increased the CSF artemether concentra-
tion/plasma artemether concentration ratio (P � 0.001, �2 dis-
tribution, 1 degree of freedom).

After the addition of a plasma DHA compartment, the pop-
ulation estimates of the parameters related to artemether were
fixed to allow the modeling process to minimize successfully.
This strategy has been shown to be superior to other sequential
analysis methods (53). Final parameter estimates along with
results from the bootstrap procedure are summarized in Table
2, and post hoc Bayesian estimates defining individual pharma-
cokinetic parameters are presented in Table 3. Results from
the bootstrap procedure showed parameter estimates with bi-
ases of �10%. Visual predictive checks for the modeled
plasma artemether and DHA are shown in Fig. 1. These do not
suggest model misspecification. The NPC for the CSF com-
partment revealed that the number of BLQ concentrations in
the observed data was similar to the number in the simulated
data (61% versus 65% [IQR, 52 to 77%]). Sensitivity analysis
of the residual variability of the plasma compartments (value
range, 1% to 30%) demonstrated minimal changes in the fixed
parameter estimates (�15%). The impact of missing WT data
was also minimal, with no difference in CSF concentration/
plasma concentration ratios over the 1,000 simulations and
little difference in other parameters (�10% relative standard
deviation). The simulation study revealed that, despite the lack

FIG. 2. Cerebrospinal fluid concentrations of artemether (squares)
and dihydroartemisinin (circles) following intramuscular (i.m.) arte-
mether treatment in the presence (closed symbols) or absence (open
symbols) of meningeal inflammation. The dashed line denotes the
lower limit of quantification for CSF artemether (1 �g/liter).

FIG. 3. Cerebrospinal fluid artemether concentration/plasma arte-
mether concentration ratios after intramuscular artemether grouped
by presence or absence of meningeal inflammation.
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of a predefined sampling, pharmacokinetic parameters could
be estimated with biases of �11%. In particular, the median of
the difference in the CSF concentration/plasma concentration
ratio for children with and without meningeal inflammation,
set at 5.0 in the true model, was 5.3 (empirical 95% confidence
interval [CI], 2.8 to 10.5) in simulation models.

Using the final model, we simulated CSF artemether con-
centrations in children receiving an initial dose of 3.2 mg/kg
followed by six daily doses of 1.6 mg/kg (Fig. 4). Because the
absorption half-life of plasma artemether is close to the time
between doses, there will be initial CSF artemether accumu-
lation. On day 7, the peak predicted CSF artemether concen-
tration for children without meningeal inflammation has a 95%
prediction interval (PI) of 0.4 to 37 �g/liter. A doubling of the
dose at each time point increases this to 0.8 to 74 �g/liter. For
children with �20 white cells/mm3, conventional dosing gives a
peak predicted CSF artemether concentration 95% PI of 2 to
171 �g/liter (7% of children with �100 �g/liter), and double
dosing gives one of 4 to 343 �g/liter (15% of children with
�100 �g/liter).

DISCUSSION

The present study is the first to examine the CSF penetration
of artemether and its metabolite, DHA, after treatment with
recommended doses of intramuscular artemether. In most of
our young PNG children, CSF artemether concentrations were
�6% of those in plasma at the same time, while no CSF DHA
could be detected by sensitive liquid chromatography-mass
spectrometry assay. However, the CSF penetration of both
artemether and DHA was increased by meningeal inflamma-
tion. Population pharmacokinetic modeling showed that CSF
artemether concentration/plasma artemether concentration
ratios were 5-fold higher in children with �20 white cells/mm3

in the CSF. In addition, the two patients with the highest CSF
artemether concentrations (one with culture-positive bacterial
meningitis and the other with probable bacterial meningitis) were
the only two to have measurable CSF DHA concentrations.

It is difficult to relate these CSF data to the findings of in
vitro studies that have demonstrated artemisinin-associated
neurotoxicity. Drug exposure at concentrations in vitro of �1
�g/liter causes ATP depletion from and oxidative stress in
brain stem neurons after 24 h and both inhibition of the mi-
tochondrial membrane potential and degradation of cytoskel-
etal neurofilaments after longer periods (7 days) (42). How-
ever, more serious cytotoxicity and cell death occur with
prolonged exposure at much higher in vitro concentrations
(�100 �g/liter) (46). Animal studies, almost without exception,
have used higher mg/kg doses (up to 600 mg/kg) given for
periods (up to 30 days) usually longer than those recom-
mended in humans (46), and so their clinical relevance is
debated. Available in vitro and animal data, the present find-
ings, and a lack of convincing neurotoxicity in humans (10, 21,
25, 31, 40) suggest that CSF artemether and DHA concentra-
tions after conventional intramuscular artemether treatment
fall short of those that could produce clinically evident and
lasting neurotoxic effects in young children with well-defined
severe malaria and no other neurological illness.

One situation in which there may be persistent concern is,
however, when meningeal inflammation is present. In areas
where malaria is endemic, such as coastal PNG, and especially
where there are limited basic diagnostic facilities for bacterial
infections and even malaria itself, empirical antimalarial ther-
apy is commonly recommended for children who are hospital-
ized and have neurological features such as convulsions and
altered consciousness (38). Bacterial, cryptococcal, and tuber-
culous meningitis and viral encephalitis commonly occur in
PNG children in this situation (3, 26, 27). In addition, African
studies reveal that approximately one-quarter of children di-
agnosed with cerebral malaria have such alternative diagnoses
(45), and the proportion of adults with such alternative diag-
noses appears to be substantially higher (29). Although arte-
mether may improve the outcome from sepsis in the absence of
malaria (35), our predictive modeling suggests that repeated
recommended daily doses of intramuscular artemether will, in
the presence of meningeal inflammation, result in accumula-
tion to levels approaching and in some cases exceeding those

TABLE 3. Post hoc Bayesian modeled estimates of primary and
secondary pharmacokinetic parameters for individual study

subjects given intramuscular artemether

Parametera Median Interquartile range

ka (h�1) 0.031 0.017–0.043
t1/2, absorption (h) 22.2 16.2–42.1
Vartemether/F (liters) 42.0 24.9–51.0
CLartemether/F (liters/h) 17.9 12.4–23.0
t1/2, artemether (h) 1.5 1.3–1.7
VDHA/F (liters) 24.7 14.6–30.0
CLDHA/F (liters/h) 124 87–189
t1/2, DHA (min) 7.2 6.0–9.0

a Abbreviations: ka, absorption rate constant; t1/2, half-life; Vartemether/F, ap-
parent volume of distribution of artemether in plasma; CLartemether/F, apparent
clearance of artemether in plasma; VDHA/F, apparent volume of distribution of
DHA in plasma; CLDHA/F, apparent clearance of DHA in plasma.

TABLE 2. Final parameter estimates and nonparametric bootstrap
results of the pharmacokinetic model for artemether

and dihydroartemisinina

Drug and parameter Final mean
(% RSE)

Bootstrap median
(95% CI)

Artemether
Objective function value 37.768 30.808 (�1.125–45.513)
ka (h�1) 0.0321 (53) 0.0341 (0.0121–0.0597)
Vartemether/F (liters/70 kg) 245 Fixed
CLartemether/F (liters/h/70 kg) 71.8 (31) 70.5 (26.9–105.0)
CSF concentration/plasma

concentration ratio
CSF white cells � 20/mm3 0.0221 (20) 0.0225 (0.0144–0.0307)
CSF white cells � 20/mm3 0.102 (40) 0.103 (0.047–0.182)

% BSV (ka/F) 101 (12) 99 (76–124)
% BSV (CLartemether/F) 65 (30) 61 (20–91)
% RV (plasma) 10 Fixed
% RV (CSF) 81 (17) 79 (61–90)

Dihydroartemisinin
Objective function value 48.650 47.916 (21.685–73.763)
VDHA/F (liters/70 kg) 144 (5) 154 (37–1,230)
CLDHA/F (liters/h/70 kg) 501 (16) 478 (354–617)
% BSV (CLDHA/F) 68 (24) 67 (20–94)
% RV (plasma) 10 Fixed

a Abbreviations: ka, absorption rate constant; Vartemether/F, apparent volume
of distribution of artemether in plasma; CLartemether/F, apparent clearance of
artemether in plasma; VDHA/F, apparent volume of distribution of DHA in
plasma; CLDHA/F, apparent clearance of DHA in plasma; RSE, residual stan-
dard error.
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resulting in significant neuronal toxicity and death in vitro
(�100 �g/liter) (46).

There have been recent reports of artemisinin resistance in
southeast Asia (13, 41). Although there are no supportive data
(13) and evidence of potential harm (7) in the case of the arte-
misinin derivatives, the usual response to emerging parasite re-
sistance is to increase the doses of the drugs involved (4). Our
predictive modeling suggests that this would further increase the
risk of potential neurotoxicity in children with meningeal inflam-
mation. This applies even if only a few doses are given (Fig. 4). It
should, however, be borne in mind that this aspect of our predic-
tive modeling is a worst-case scenario. If a child responds to
antibiotic therapy and the integrity of the blood-brain barrier is
progressively restored as a result, this should mean that CSF
artemether concentrations will be lower than predicted. In addi-
tion, a change from intramuscular to oral dosing (which may
comprise a 3-day course of artemisinin combination therapy) (51)
and thus a change from prolonged to time-limited artemether
exposure would also attenuate potential neurotoxicity.

Our data show considerable between-patient variability in
the disposition of intramuscular artemether, with some chil-
dren having the minimal absorption that has been reported in
other studies (24, 33). Nevertheless, the present modeling gen-
erated pharmacokinetic parameters that were similar to those
in a previous study in severely ill PNG children (24). In the
only other human study of CSF penetration of an artemisinin
derivative, CSF DHA concentrations in Vietnamese adults
after intravenous artesunate were considerably higher than
those in our children (9). Although both artesunate and arte-
mether are DHA prodrugs, the plasma DHA concentrations
were also much higher in the adult study, consistent with the
comparative pharmacokinetics of intravenous artesunate and
intramuscular artemether (19). Although there was concern
that CSF DHA may accumulate with repeated intravenous
artesunate doses in adults (9), sampling was restricted to within
2 h of the first dose. Our modeling, based on a greater number
of samples and doses, does not suggest that this occurs with
artemisinin drugs.

The present analyses had limitations. Although WT was not
available for nine of the children, different values were simulated
for these missing covariate data, and there was no significant
effect on CSF artemether concentration/plasma artemether con-
centration ratios, the primary parameters of interest. In addition,
a number of CSF artemether concentrations were BLQ, and
consistent with conventional clinical management, only one CSF
sample was available for each patient. Using a simulation study,
we were able to show that reasonable estimates for the CSF
artemether concentration/plasma artemether concentration ra-
tios could still be obtained despite these limitations.

Given that nonmalarial conditions causing meningeal inflam-
mation in tropical countries such as PNG can themselves lead to
neuropathology (3, 26, 27, 45), it would be difficult to identify the
contribution of empirical artemether/other artemisinin therapy to
chronic disability and death in this situation. For example, the two
children in our series with the highest CSF artemether and DHA
concentrations died or developed significant neurological disabil-
ity. In both cases, these outcomes could have reasonably been
ascribed to bacterial meningitis. Prominent brain stem involve-
ment might suggest at least a contribution from artemisinin treat-
ment in such cases, but the relevant signs can be difficult to elicit
in a severely ill child, and there may be cultural and logistic
difficulties in obtaining postmortem neurohistopathology. Since
comparative treatment trials are likely to exclude patients with
nonmalarial infections causing meningeal inflammation (12, 49),
enhanced pharmacovigilance in individual cases and analysis of
pooled observational data may offer the best hope of identifying
whether children with meningeal inflammation given artemisinin
derivatives develop drug-related neurological complications. In
the meantime, our data suggest that possible neurotoxicity should
be borne in mind in children with bacterial meningitis treated
with long courses of parenteral artemether.
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     INTRODUCTION 

 Reference intervals for common laboratory tests have been 
derived traditionally from samples of adults living in indus-
trialized countries. 1  However, these intervals can differ sub-
stantially from those in children from developing countries, 
such as those in Africa. 1–  4  Optimal cost-effective detection 
and management of common conditions such as malaria, ane-
mia, and malnutrition depends on the availability of appropri-
ate local age-specific reference ranges. 5  Although Melanesian 
children face many of the health issues prevalent in Africa, 
marked genetic and environmental differences mean that 
African pediatric reference intervals may not be applicable in 
countries such as Papua New Guinea (PNG). In this study, we 
have derived normal reference intervals for a number of labo-
ratory tests for apparently healthy Melanesian children and 
compared these to published reference intervals reported for 
children from Western countries and Africa. 

   SUBJECTS 

 This study was performed in Madang Province on the 
north coast of mainland PNG. The majority of the popula-
tion (450,000 people) is subsistence farmers living on lowland 
coastal plains, 6  and there is hyperendemic transmission of 
 Plasmodium falciparum  and  Plasmodium vivax  with an esti-
mated 50 infective bites per child per year. 7  Approximately 
90% of children have alpha thalassemia trait. 8  

 As part of a case-control study of the genetic determinants 
of severe malaria, we recruited 327 healthy PNG children 
12 months to 10 years of age. These children had been matched 
by age, sex and, where possible, village of residence, to chil-
dren with severe malaria presenting to Modilon Hospital, 
the provincial referral hospital, and were therefore repre-
sentative of the local population most vulnerable to malaria. 
Written informed consent was obtained from the parents or 

guardians before each child’s participation in the study that 
was approved by the PNG Institute of Medical Research’s 
Institutional Review Board and the PNG Medical Research 
Advisory Committee. The study was conducted according to 
the Helsinki Declaration. 

 The concept of normality in developing countries has been 
considered philosophical, 9  but can be defined as “not suffer-
ing significant illness” or being in “reasonable health.” 10  The 
present children conformed to this definition in that they did 
not have 1) a history of malaria within the previous fortnight, 
2) current fever (axillary temperature > 37.5°C), 3) respira-
tory distress (respiratory rate > 40/minute plus in-drawing of 
chest wall or dyspnea), 4) impaired consciousness (Blantyre 
Coma Score ≤ 4), 11  or 5) a hemoglobin (Hb) concentration 
< 50 g/L. In this part of PNG, malarial parasitemia without 
acute illness is common 7  and therefore children with asymp-
tomatic parasitemia were included. Similarly, although chil-
dren with mild to moderate anemia are not considered to be in 
optimal health, anemia represents part of the spectrum of nor-
mality in this epidemiologic situation. Nevertheless, to mini-
mize the effects of low Hb on hematinic indices, only children 
with Hb concentrations > 100 g/L were tested for plasma fer-
ritin, soluble transferrin receptor (sTFR), and vitamin B 12  (see 
Methods   ). 

   METHODS 

 Demographic data including the provincial origin of both 
parents were recorded. All children underwent a standardized 
clinical examination that was performed by trained research 
nursing officers. This examination included weight, height, axil-
lary temperature, pulse rate, respiratory rate, and spleen size. 
Anthropometric Z-scores for weight-for-age, height-for-age, 
and weight-for-height were obtained for children < 5 years of 
age using World Health Organization reference data. 12  

 Hemoglobin concentrations were measured using the 
Hb201 + system (Hemocue, Ängelholm, Sweden). Venous 
blood (5 mL) was collected into lithium heparin tubes (BD 
Vacutainer, Beckton Dickenson, Franklin Lakes, NJ). After 
gentle mixing and prompt centrifugation, separated plasma 
was stored at −70°C until analyzed. A Giemsa-stained thick 
blood film was prepared for all subjects regardless of disease 
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status and examined for malaria parasites by at least two expe-
rienced microscopists. 

 Plasma was assayed for concentrations of electrolytes, 
urea and creatinine, albumin and total protein, alanine ami-
notransferase (ALT), alkaline phosphatase (ALP), gamma 
glutamyl transferase (GGT), total bilirubin, calcium, phos-
phate, C-reactive protein (CRP), total cholesterol, triglycer-
ides, creatine kinase (CK), ferritin, sTFR, vitamin B 12 , vitamin 
D, and cystatin C. Other than vitamin B 12  (Elecsys 2010, Roche 
Diagnostics, Mannheim, Germany), vitamin D (Liaison 25-OH 
Vitamin D Total Assay, Diasorin Inc., Stillwater, MN), and cys-
tatin C (N Latex cystatin C kit, Siemens Healthcare Diagnostics, 
Newark, NJ), all assays were performed on the Cobas Integra 
800 platform (Roche Diagnostics) using reagents supplied by 
the manufacturer. Compensated plasma creatinine values are 
reported and were automatically calculated in accordance 
with the manufacturer’s instructions. The lower limit of detec-
tion for plasma creatinine was 18 μmol/L. Corrected plasma 
calcium concentrations were calculated using the formula 
Ca corrected  = Ca measured  + ([40-Albumin] × 0.02). 13  Assays were 
monitored for accuracy and imprecision using appropriate 
internal quality control procedures and, with the exception of 
cystatin C, through proficiency testing as part of the Quality 
Assurance Program of the Royal College of Pathologists of 
Australasia. The laboratories were accredited by the National 
Association of Testing Authorities as satisfying the require-
ments of ISO15089:2003. 

 Statistical methodologies from published guidelines were 
applied to development of PNG-specific reference inter-
vals, which were defined as from the 2.5th to 97.5th cen-
tile. 14,  15  Outlying values were removed using Dixon’s Outlier 
Statistic or the one-third rule. For each analyte, we applied the 
D’Agostino and Pearson method to test for a normal distribu-
tion for both raw data values and, when appropriate, log-trans-
formed values 16 ; however, because only four of 24 analytes 
tested were normally distributed after log-transformation, we 
used non-parametric methods to determine reference inter-
vals for all parameters. 15  

 Reference intervals for biochemical analytes change with 
age, particularly in the early years. 1,  2,  17  Because of the pres-
ent sample size, we were unable to test for more than two age 
partitions that included more than the recommended 120 chil-
dren in each group. As an alternative approach, we derived a 
number of clinically relevant partitions for age-specific refer-
ence intervals for our setting. The youngest 123 children (aged 
12–35 months) were partitioned from the remaining children 
aged 36–120 months. A second partition was applied to include 
children 1–5 years of age, primarily to enable an appropriate 
comparison with studies in African children but also because 
the majority of antimalarial efficacy and pharmacokinetic 
studies and associated safety monitoring performed in PNG 
involve this age group. 

 Reference intervals were determined separately by sex and 
the presence or absence of malaria parasites on microscopy. 
Partitioning tests to define a separate reference interval for 
each group were applied if the difference between the means 
or medians for each partition was > 25% of the calculated ref-
erence interval of the whole sample, 15,  18  and if the difference 
between medians was < 25%, a single reference interval was 
reported. Sample sizes for reference intervals were above the 
recommended numerical threshold of 120 for each individ-
ual test and within those intervals selected for partitioning 15,  19  

apart from vitamin D, ferritin, sTFR, vitamin B 12 , and cystatin 
C ( N  = 97, 115, 116, 100, and 98, respectively). 

 Pediatric reference intervals for industrialized coun-
tries 17,  20–  22  and, in the case of ALT, bilirubin, creatinine, sTFR, 
and CRP for African children, 1,  4,  23  were obtained from pub-
lished data. For the data that contained different age-specific 
reference intervals, 17  we selected comparable age ranges from 
the children in this study to allow direct comparison. This 
included those 1–5 years of age, an age range used commonly 
in African studies. The level of agreement between the calcu-
lated reference interval and African and Western pediatric 
reference intervals was evaluated with the Kappa statistic and 
interpreted using criteria proposed by Landis and Koch. 24  

   RESULTS 

 Details of the children recruited to this study are summa-
rized in  Table 1 ; only one child was screened for recruitment 
but subsequently excluded because of severe anemia. The 
majority (79%) had parents who were both from Madang 
Province. Most of the remainder had either both parents from 
neighboring Sepik Province or one parent from Madang and 
one from Sepik Province. Eight values were considered outli-
ers and were removed from further analysis: two plasma bicar-
bonate concentrations and one plasma urea, ALP, CK, ferritin, 
CRP, and vitamin D concentration. 

      Reference intervals for PNG children 12–35 months of age 
(the youngest 123 children), children 3–10 years of age, chil-
dren < 5 years of age, and all children in the present cohort are 
shown in  Table 2  together with comparative reference inter-
val data and kappa statistics for Western and African children. 
Compared with reference intervals from African children and 
children from Western countries, there were substantial dif-
ferences in Hb, sTFR, ferritin, calcium, phosphate, and CRP. 
Differences in the upper limits of reference intervals for bili-
rubin and ALT were also observed. For cystatin C, the kappa 
statistic was low despite close agreement between reference 
intervals because of the low prevalence of discordant results. 25  
After the partition testing, there were no significant differ-
ences between children with or without parasites detectable 
by thick film microscopy, nor was partitioning required by sex. 

        DISCUSSION 

 The present laboratory reference intervals are the first for 
healthy PNG children and for pediatric Melanesian popula-
tions in general. Because there were a number of substantial 

 Table 1 
  Characteristics of the 327 children studied *   

Age (months) 43 (25–50)
Males (%) 57
Anthropometric measures (Z score):
 Weight-for-age −1.28 (−2.05 to −0.72)
 Height-for-age −2.24 (−3.3 to −1.24)
 Weight-for-height −0.03 (−1.12 to +0.98)
Palpable spleen (%) 13
Malarial parasitemia (%):
  Plasmodium vivax 14.1
  Plasmodium falciparum 8.2
  Plasmodium malariae 1.4
Hemoglobin (g/dL) 106 (96–119)

  *   Data are percentages or median and (interquartile range).  
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 Table 2 
  Reference intervals for the current cohort of PNG children, and for Western and African children *   

Analyte (units)

PNG reference interval 2.5th-97.5th centile Western reference interval African reference interval

12–35 mths 
( N  = 123)

3–10 yrs 
( N  = 204)

< 5 yrs 
( N  = 246)

1–10 yrs 
( N  = 327)

2.5th–97.5th 
centile

Kappa 
statistic Landis and Koch

2.5th–97.5th 
centile

Kappa 
statistic

Landis and 
Koch

 Hematology 
Haemoglobin (g/L) 65–133 72–130 67–131 71–131 107–138 0.01 Slight 1–2 y 68–124 0.65 Substantial

2–3 y 7.2–12.5
3–4 y 79–132
4–5 y 80–135 (1)

Ferritin (mg/L) 12–166 † 36–84 0.08 Slight
sTFR (mg/L) 3.6–10.9 ‡ 1.1–3.1 (20) 0.00 None 3.9–9.5 (4) 0.73 Substantial
Vitamin B12 

(pmol/L)
160–830 § 197–897 0.65 Substantial

 Electrolytes 
Sodium (mmol/L) 124–141 129–141 127–141 127.5–141 134–143 0.23 Fair
Potassium (mmol/L) 3.2–5.2 3.1–4.8 3.2–5.0 3.2–4.9 3.7–5.0 0.14 Slight
Bicarbonate 

(mmol/L)
11.5–19.1 13.0–20.5 12.4–19.8 12.2–20.7 13–29 0.70 Substantial

Calcium (mmol/L) 2.00–2.71 1.95–2.51 1.99–2.67 1.97–2.65 1–3 y 2.17–2.44 0.20 Fair
4–6 y 2.19–2.51
7–9 y 2.19–2.51

Corrected Calcium 
(mmol/L)

2.08–2.64 2.05–2.46 2.07–2.61 2.06–2.58 2.19–2.64 0.06 Slight

Phosphate (mmol/L) 1.32–2.48 1.24–2.22 1.28–2.35 1.27–2.29 1–3 y 1.25–2.10 0.16 Slight
4–6 y 1.30–1.75
7–9 y 1.20–1.80

 Kidney function 
Creatinine 18–38 18–44 18–37 18–45 18–62 0.54 Moderate 1–2 y 25–43 0.00 None

2–3 y 25–46
3–4 y 27–49
4–5 y 27–49 (1)

Urea (mmol/L) 0.9–4.5 1.3–5.5 1.0–5.2 1.0–5.1 1–3 y 1.8–6.0 0.18 Slight
4–6 y 2.5–6.0
7–9 y 2.5–6.0

Cystatin C (mg/L) 0.56–0.90 (21) ¶ 0.51–0.95 0.00 None ̂  

 Liver Function 
ALT (IU/L) 5–43 5–52 5–43 5–45 1–3 y 5–45 0.30 Fair 1–2 y 11–68 0.05 Slight

4–6 y 10–25 2–3 y 11.9–66
7–9 y 10–35 3–4 y 11.9–56.3

4–5 y 12.9–56.3 (1)
ALP (IU/L) 104–307 103–246 106–267 104–259 1–3 y 104–345 0.56 Moderate

4–6 y 93–309
7–9 y 86–315

GGT (IU/L) 6–32 6–18 6–23 6–19 1–3 y 5–16 0.19 Slight
4–6 y 8–18
7–9 y 11–21

Bilirubin (μmol/L) 1.7–8.3 1.4–7.8 1.6–7.9 1.5–7.8 0–17 0.20 Fair 1.7–18.9 (1) 0.61 Substantial

 Plasma proteins 
Total Protein (g/L) 58–88 60–91 60–89 60–89 1–3 y 59–70 0.05 Slight

4–6 y 59–78
7–9 y 62–81

Albumin (g/L) 32–47 33–46 32–46 32.5–46 1–3 y 34–42 0.26 Fair
4–6 y 35–52
7–9 y 37–56

CRP (mg/L) 0–48 0–35 0–50 0–32 0–8.2 0.32 Fair 0–122 (23) 0.21 Fair

 Other 
Cholesterol (mmol/L) 1.8–5.4 1.7–4.5 1.8–5.0 2.2–4.7 1–3 y 1.15–4.7 0.25 Fair

4–6 y 2.8–4.8
7–9 y 2.9–6.4

Triglycerides 
(mmol/L)

0.42–2.7 0.36–2.7 0.37–2.7 0.37–2.7 1–3 y 0.31–1.41 0.21 Fair
4–6 y 0.36–1.31
7–9 y 0.32–6.4

Vitamin D (nmol/L) 44–138 ** 30–150 0.66 Substantial
Creatine kinase 

(IU/L)
11–234 15–210 14–233 15–215 1–3 y 2–163 0.63 Substantial

4–6 y 18–158
7–9 y 2–177

  *   Unless indicated in parentheses, comparator reference intervals are from Reference 17. All children in the cohort are included when comparing Western PNG reference intervals, whereas only 
children < 5 years of age are included when comparing reference intervals between African and PNG children.  

  †   Plasma ferritin measured in 115 children.  
  ‡   Plasma soluble transferrin receptor measured in 116 children.  
  §   Plasma vitamin B12 measured in 97 children.  
  ¶   Plasma cystatin measured in 98 children.  
  ̂    The kappa statistic was low despite tight agreement between reference intervals caused by the low prevalence of discordant results. See Reference 25 for detailed explanation.  
  **   Plasma vitamin D measured in 98 children.  
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differences between these intervals and those published for 
children from Western and African countries, we recommend 
that they be adopted in clinical practice and epidemiologic 
and intervention studies in PNG. In the absence of reliable 
local data, we also recommend that they be used in other 
Melanesian countries. The present data also add to the grow-
ing literature that underscores the need for local reference 
ranges for common laboratory tests. 5  

 The reference intervals for many of the variables in this study 
imply that not all the children selected were in optimal health 
despite appearing healthy and being drawn from the commu-
nity. Plasma CRP and variables such as creatinine, Hb, sTFR, 
and ferritin may be related to undernutrition, 26  malaria, 1  and 
other subclinical infections. 27  Approximately 20% of enrolled 
children had asymptomatic malarial parasitemia by micros-
copy, 13% had enlarged spleens, and many were anemic. 
However, the most recent Clinical and Laboratory Standards 
Institute guidelines for establishing reference intervals note 
that “health is a relative condition lacking a universal defi-
nition.” 15  The guidelines also recommend that the “designa-
tion for good health for a candidate reference individual may 
involve a variety of examinations such as history and physi-
cal and/or certain clinical laboratory tests.” 15  The present chil-
dren fulfilled the principles and definitions outlined in this 
document and were selected as controls in the parent study of 
the genetic determinants of severe malaria. Similar principles 
have been applied to other studies of reference intervals in 
developing countries. 1–  4  

 We measured all analytes in an Australian nationally accred-
ited laboratory under optimal conditions with strict calibration 
and quality control measures. Although the assays are all in 
common contemporary use, methodological differences might 
contribute to the differences between our reference intervals 
and those of others. For example, in the case of plasma crea-
tinine, the Cobas Integra 800 platform (Roche Diagnostics) 
uses a compensated picric acid assay, whereas samples in the 
study from Africa were assayed on the Vitros DT60 II ana-
lyzer (Orthoclinical Diagnostics, Rochester, NY) that uses an 
enzymatic reaction. Without assaying the same samples on 
both systems, methodology-dependent differences are diffi-
cult to assess, but it is very likely that reference interval dif-
ferences between those for PNG children and their African or 
Western counterparts are real. 

 Children in PNG have high rates of anemia due mainly to 
recurrent malaria, intestinal helminthic infection, and red cell 
polymorphisms including alpha thalassemia trait. 8  This was 
reflected in the lower Hb and ferritin, and increased sTFR 
ranges relative to those in Western children. African children 
are also exposed to malaria and helminths, 1  and there was 
good agreement between African and PNG reference inter-
vals for both Hb and sTFR. 

 Among the electrolytes measured in our pediatric sample, 
serum calcium, corrected calcium, and phosphate reference 
intervals were different from published Western ranges. The 
relatively low serum calcium concentrations in PNG children 
were not caused by a lower serum vitamin D as the refer-
ence interval for this analyte was similar to that in Western 
children, whereas none of our subjects had severe deficiency 
(< 27.5 nmol/L). This probably reflects frequent sun exposure 
which, by contrast, may not be adequate in urbanized Pacific 
Island children living in New Zealand, 24% of whom are vita-
min D deficient. 28  A lower set point for parathyroid hormone 

regulation of calcium homoeostasis may be a characteristic of 
Melanesians, consistent with ethnic differences in European 
studies. 29  The serum phosphate reference range was higher for 
PNG compared with Western children, perhaps reflecting a 
high phosphate diet including seafood. 

 Although renal function reference intervals were similar, 
plasma creatinine levels in PNG children appeared lower 
than those in children from Western countries. This reflects 
the present anthropometric data showing that although they 
have a median weight to height Z-score close to zero, PNG 
children have lower body weights, are shorter, and have less 
muscle mass than children from Western countries, 12  a situ-
ation that also applies to African children. 26  Serum cysta-
tin C is another analyte used to assess glomerular filtration 
rate (GFR) in adults and children. 21  The cystatin C refer-
ence intervals for PNG and children from Western countries 
showed tight agreement, suggesting similar GFR despite vari-
ability in serum creatinine caused by differences in muscle 
mass. 

 Plasma CRP is an acute phase reactant that reflects tissue 
inflammation. 30  Although the level of agreement between 
PNG, Western, and African pediatric reference ranges was fair, 
the upper limit was 8.2 mg/L in Western children in compari-
son with 32 and 122 mg/L, respectively, in PNG and African 
children. This difference is likely to be caused by the presence 
of malaria parasites, 31  intestinal helminthes, and skin infec-
tions 27  that frequently occur in apparently healthy children 
from Africa and Melanesia. 

 The PNG reference intervals for serum bilirubin showed 
some agreement with children from Western countries, and 
substantial agreement with those from African children. 
However, the upper limits were much lower in PNG chil-
dren (7.8 versus 17 μmol/L and 18.9 μmol/L, respectively). For 
ALT, the upper limit of reference intervals for PNG children 
was similar in to Western children in the younger age groups 
(43 versus 45 IU/L), but higher than that for Western children 
> 3 years of age (52 versus 25–35 IU/L). The PNG children also 
had upper limits of reference intervals for ALT across all age 
groups that were lower than in their African counterparts. In 
addition to clinical practice, these data have potential implica-
tions for trials of drugs and vaccines conducted in countries 
such as PNG. Entry into such trials is usually restricted to sub-
jects with a serum bilirubin less than twice the upper limit of 
normal (ULN) because of the risk of liver injury with poten-
tially hepatotoxic interventions, 32  whereas the intervention 
should be discontinued if the ALT is > 5 times the ULN for 
more than 2 weeks or > 3 times the ULN in combination with a 
serum bilirubin > 2 times the ULN. 32  Therefore, the availability 
of a locally derived ULN is an important component of safety 
and monitoring. 

 The present reference intervals are likely to be valid for 
Melanesian children living in coastal provinces of PNG and 
perhaps other ethno-geographically similar regions of Oceania, 
but they may not be applicable to children from highland 
areas of the country where there is no malaria transmission. In 
addition, poor health infrastructure and limited accessibility 
to laboratory investigations outside major centers may hinder 
their broad clinical application. Nevertheless, their availability 
should facilitate ongoing and future trials of new drugs and 
vaccines, and should assist in the implementation of improved 
standards of laboratory diagnosis should these be provided by 
government or other sources. 
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Plasma Plasmodium falciparum Histidine-Rich
Protein-2 Concentrations Do Not Reflect Severity
of Malaria in Papua New Guinean Children
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Background. In areas of unstable malaria transmission, plasma Plasmodium falciparum histidine-rich protein 2

(PfHRP-2) concentrations parallel total parasite biomass and thus infection severity. However, where transmission

is more intense, plasma PfHRP-2 might not reliably predict complications and mortality.

Methods. As part of a prospective case-control study of severe pediatric illness in Madang, Papua New Guinea,

we recruited 220 children aged 6 months to 10 years with severe falciparummalaria, 48 with uncomplicated malaria,

and 139 healthy controls. Groups were matched by age, sex, and province of parental birth. Plasma PfHRP-2 levels

were quantified by validated immunoassay.

Results. Detectable plasma PfHRP-2 concentrations were present in 21 healthy controls (15.1%). Although

plasma PfHRP-2 levels were higher in the children with clinical malaria (P, .001), there was no difference between

those with uncomplicated and severe infections (median, 584 and 456 ng/mL, respectively [interquartile range, 77–

1114 and 113–1113 ng/mL, respectively]; P 5 .43). Log parasitemia, hemoglobin, log plasma bilirubin, and plasma

creatinine levels were independently associated with plasma PfHRP-2 levels in multiple regression analysis

(P < .014), but coma, blood lactate level, and plasma bicarbonate level were not. The 1 severely ill child who died

had a plasma PfHRP-2 concentration of 483 ng/mL, close to the group median.

Conclusions. The clinical and prognostic utility of plasma PfHRP-2 concentrations depends on the

epidemiologic circumstances. In areas of intense malaria transmission, plasma PfHRP-2 reflects recent as well as

present infections.

Plasmodium falciparum histidine-rich protein-2 (PfHRP-

2) is a water-soluble protein that is synthesized by both

asexual and early sexual stages of the parasite. Its pro-

duction increases as the asexual parasite matures such

that most (�90%) is released at schizogony [1, 2]. Cir-

culating PfHRP-2 may be unbound in plasma, antibody-

bound in plasma, inside infected erythrocytes, bound to

uninfected erythrocytes as part of immune complexes,

and/or bound to other cells such as leukocytes [3]. Its

presence in plasma has allowed the development of in-

expensive point-of-care rapid detection tests (RDTs) [4].

These have a primary diagnostic role where reliable mi-

croscopy is unavailable or in situations in which the

densities of circulating young non-cytoadherent parasite

forms are below those detectable by microscopy, such as

in highly synchronous infections [5] or pregnancy [6].

PfHRP-2 can be more accurately quantified in plasma

using conventional techniques including enzyme-linked

immunosorbent assay (ELISA) [1, 3, 7]. Because of the

stage-dependency of its release into the circulation,

plasma PfHRP-2 concentrations have been suggested as

a clinically useful marker of the sequestered biomass of

cytoadherent mature parasites and thus the presence of
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complications such as coma and renal failure. In studies of Asian

adults, plasma PfHRP-2 concentrations at presentation have

been associated with severe falciparum malaria [1, 7] and sub-

sequent mortality [7, 8]. However, in another relatively small

study involving 22 African children, no such association was

found [9].

The role of quantitative plasma PfHRP-2 as a marker of the

severity and outcomemay depend on the epidemiologic context.

PfHRP-2 can be detected in blood for up to 4 weeks after suc-

cessful treatment of falciparum malaria [10, 11] including in

children [12]. In areas of unstable transmission with no or

limited immunity to malaria, in adults with no recent infection

and a relatively early symptomatic presentation, plasma PfHRP-

2 concentrations at admission may parallel prior parasite rep-

lication and thus reflect the probability of complications and

mortality [1, 7]. However, in children from areas with hyper-

endemic transmission who are likely to have experienced recent

asymptomatic or symptomatic infections, who have a degree of

immunity including to PfHRP-2 itself [13], and who may thus

present relatively late, plasma PfHRP-2 quantified by immu-

noassay may not reliably identify those with severe infections

and those at risk of death [9].

We hypothesized, therefore, that plasma PfHRP-2 concen-

trations in Melanesian children from a hyperendemic area of

Papua New Guinea (PNG) would not reliably distinguish those

with uncomplicated from those with severe falciparum malaria.

PATIENTS AND METHODS

Study Site and Participants
Madang Province on the north coast of PNG has an estimated

population of �450,000, 54% of whom are ,20 years old [14].

Transmission of Plasmodium falciparum and P. vivax is hol-

oendemic [15] with an estimated entomologic inoculation rate

of 50–150 infective bites per year [16]. Modilon Hospital is the

provincial hospital and the health care facility to which the

majority children with severe illness are referred.

The children with severe malaria in the present substudy

comprised all those aged 6 months to 10 years admitted to

Modilon Hospital between October 2006 and August 2009 for

whom stored frozen plasma was available. The healthy controls

(children without acute illness or a history of malaria within the

previous 2 weeks) were recruited from community immuniza-

tion clinics surrounding Madang Town and were matched with

severe cases by age, sex, and province of parental birth. The

children with uncomplicated malaria were recruited from the

immunization clinics, the Modilon Hospital Pediatric Out-

patient Clinic, and the nearby Alexishafen Health Centre and

were alsomatched with the severe cases by age, sex, and province

of parents’ birth. The healthy controls and uncomplicated

malaria cases were selected to be of an age that was within

12 months of the index severe malaria case. Written informed

consent was obtained from parent/guardian(s). The present

substudy was approved by the PNG Institute of Medical Re-

search Institutional Review Board and the Medical Research

Advisory Committee of the PNG Health Department and con-

ducted in accordance with the Declaration of Helsinki.

Clinical Assessment and Management
After recruitment, a standardized case report form was com-

pleted that included demographic information, medical history,

and details of the current illness. Venous blood was taken for

preparation of Giemsa-stained blood smears, rapid antigen

testing (ICT Malaria Combo Cassette Test ML02; ICT Diag-

nostics), and measurement of hemoglobin and glucose levels

using Glucose 2011 and Hb 2011 analyzers, respectively,

(HemoCue). Blood lactate level was measured enzymatically

using Lactate Pro (Arkray). Remaining plasma was stored at

280�C for subsequent assay. Blood cultures were performed as

part of the standard assessment to exclude concomitant bac-

teremia. Lumbar punctures were performed when there was

clinical suspicion of bacterial meningitis, in accordance with

national management protocols [17].

Children were classified as having severe malaria if they

had.1000 asexual forms of P. falciparum per microliter of whole

blood in the presence of 1 or more of the following: (1) impaired

consciousness or coma (Blantyre Coma Score of ,5 [18]),

(2) prostration (an inability to sit or stand unaided), (3) multiple

seizures, (4) hyperlactatemia (blood lactate level of.5 mmol/L),

(5) severe anemia (hemoglobin level of,50 g/L), (6) dark urine,

(7) hypoglycemia (blood glucose level of ,2.2 mmol/L), (8)

jaundice, or (9) respiratory distress. These criteria are consistent

with the World Health Organization definition [19]. Severely ill

children in whom P. vivax was subsequently identified by poly-

merase chain reaction (PCR) with or without P. falciparum were

excluded. Children with a P. falciparum density of .1000 para-

sites per microliter and no signs of severity were classified as

having uncomplicated malaria. The healthy controls had no

current or recent history of malaria, irrespective of the presence

or absence of P. falciparum on microscopy. Antimalarial therapy

was administered and complications managed by hospital staff

according to national protocols [17].

Laboratory Methods
Microscopy was performed independently by at least 2 experi-

enced microscopists. The P. falciparum parasitemia was de-

termined from counting the number of parasites per 200

leucocytes and an assumed white cell count of 8000 cells/lL.

Plasmodium species was confirmed by PCR. Biochemical tests

including plasma bilirubin, alanine aminotransferase, and

creatinine were performed on stored frozen plasma using a

Cobas Integra 800 analyzer (Roche Diagnostics). Diagnostic
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microbiology procedures including blood culture and analysis of

cerebrospinal fluid have been reported elsewhere [20].

PfHRP-2 Assay
The PfHRP-2 level was quantified in plasma using a commer-

cially available malaria antigen test kit incorporating an ELISA

(Celisa; Cellabs). The manufacturer’s recommendations were

followed with minor modifications [7]. Samples were read

spectrophotometrically at a wavelength of 450 nm, and the

optical density was corrected for the background by subtracting

blank values. Each assay run included a standard curve of du-

plicate dilutions of recombinant PfHRP-2 protein of known

concentration (r2 > .99 vs optical density at 450 nm), duplicate

phosphate-buffered saline–Tween diluent blanks, and at least

triplicate dilutions of plasma samples. A lower limit of detection

was estimated by assaying plasma from 10 expatriate Cauca-

sian adults and 3 Melanesian clinicians who had never had

malaria. The mean optical density plus 3 standard deviations for

these samples corresponded to a PfHRP-2 concentration of

.15 ng/mL, which was on the linear part of the standard curve.

Values of,.15 ng/mL were considered negative. When patients

with clinical and microscopic evidence of malaria had plasma

PfHRP-2 concentrations of,.15 ng/mL, the assay was repeated.

The interassay coefficient of variation was 10.3%.

Statistical Analysis
The computer package SPSS for Windows (version 15.0; SPSS)

was used for statistical analysis. Data are presented as pro-

portions, mean (6 SD), geometric mean (SD range), or, in the

case of variables that did not conform to a normal or log-normal

distribution, median (interquartile range [IQR]). Comparisons

of variables between groups were by parametric or non-

parametric tests as appropriate. Multivariate analysis was by

forward stepwise linear regression with choice of independent

variables based on biological plausibility and/or P , .10 on

bivariate regression analysis. A 2-tailed significance level of P ,

.05 was used throughout.

RESULTS

Subject Characteristics
We recruited 139 healthy controls, 48 children with un-

complicated malaria, and 220 children with severe malaria. The

baseline clinical and laboratory characteristics of subjects in these

three groups are summarized in Table 1. There were no signif-

icant differences between groups in age, sex, or body weight.

Children with either severe or uncomplicated malaria had higher

axillary temperatures, parasite densities, and plasma creatinine

concentrations and lower hemoglobin concentrations did than

the healthy controls, and higher proportions had a palpable

spleen. The respiratory rate was higher in children with severe

malaria when compared with those children with uncomplicated

malaria. Concomitant bacteremia or acute bacterial meningitis

was not identified in any child with severe malaria.

Plasma PfHRP-2 Concentrations
Plasma PfHRP-2 concentrations in the 3 groups of subjects are

summarized in Figure 1. The median concentrations in the

uncomplicated and severe malaria groups (584 and 456 ng/mL,

respectively [IQR, 77–1,114 and 113–1,113 ng/mL, re-

spectively]) were not significantly different (P 5 .48) but were

higher than those of the healthy controls (0 ng/mL [IQR, 0–0 ng/

mL]; P , .001). Twenty-one of the healthy children (15.1%),

including 16 (11.5%) with a positive blood smear for malaria,

had detectable plasma PfHRP-2 concentrations that ranged be-

tween .2 and 121 ng/mL. The remaining 118 had an undetectable

plasma PfHRP-2 concentration and were aparasitemic. There

were 5 children in the other 2 groups who were parasitemic at

presentation but had a negative PfHRP-2 assay (see Figure 1).

When the 268 children in the uncomplicated and severe

groups were considered together, there were significant bivariate

correlations between the log plasma PfHRP-2 concentration and

log parasite density, hemoglobin level, and log plasma bilirubin

level (P , .001 in each case) (Figure 2). No significant corre-

lation was seen for other variables associated with severity of

malaria in children, including Blantyre Coma Score (Figure 3)

and, for the severe cases only, blood lactate level (P. .08 in each

case). The 3 significant variables were entered into a multiple

linear regression model that included plasma creatinine and

alanine aminotransferase level in view of the possibility that

PfHRP-2 is renally excreted and/or hepatically metabolized even

though neither of these variables was bivariately associated with

plasma PfHRP-2 concentration (P. .37). The final multivariate

model is shown in Table 2. The log parasite density, hemoglobin

level, log plasma bilirubin level, and plasma creatinine level were

each independently associated with plasma PfHRP-2 concen-

tration (P < .014). The adjusted r2 value was .25, with the

greatest changes in this parameter (Dr2 5 .16) seen with the

addition of log plasma bilirubin level to the model.

One child in the severe malaria group who presented with

multiple convulsions and prostration died. The parasite density

at presentation was 154,750 per microliter, and the plasma

PfHRP-2 concentration was 483 ng/mL, a value close to the

group median. A postmortem brain smear revealed numerous

late-stage parasites sequestered within the microvasculature. All

other children responded to treatment and were discharged well.

DISCUSSION

The present study provides strong evidence that plasma PfHRP-2

concentrations are of limited use in assessing complications

and prognosis in pediatric malaria in PNG. Our severely ill
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children did not have significantly higher plasma PfHRP-2

concentrations than those with uncomplicated infections at

presentation, with individual values in a wide range from ,.15

to 27,338 ng/mL. In addition, there was no association between

plasma PfHRP-2 concentration and the recognized phenotypic

expression of severe malaria, including altered consciousness,

raised blood lactate level, and low plasma bicarbonate level.

Multivariate analysis of the present data suggests that peripheral

parasitemia and associated acute hemolysis are predictors of

plasma PfHRP-2 concentrations in PNG children, but significant

associations with hemoglobin and plasma creatinine levels could

also mean that prior episodes of malaria and renal clearance are

also important determinants in this epidemiologic setting.

There have been 3 previous studies of PfHRP-2 in severe

malaria. In the first [7], a sample of 337 Thai adults with malaria

had a mean plasma PfHRP-2 concentration of 840 ng/mL. Al-

though separate PfHRP-2 data for the 170 patients with un-

complicated malaria and 167 patients with severe malaria were

not provided, the implications of a mathematical model of

parasite biomass based on PfHRP-2 concentrations suggest that

they were substantially higher in the severe group and highest in

fatal cases [7]. PfHRP-2-based estimates of parasite burden were

also associated with coma, renal failure, hyperlactatemia, and

hyperbilirubinemia. Hematocrit level was not associated with

estimated biomass but was a key variable in its derivation [7]. In

the second study [8], plasma PfHRP-2 concentrations in 51

Indonesian adults with severe malaria (mean, 1,863 ng/mL)

were higher than in 77 with moderately severe malaria (mean,

314 ng/mL), with an implied association with mortality [8].

In the only study to have assessed the utility of quantitative

PfHRP-2 measurements in pediatric malaria [9], 22 Kenyan

Table 1. Demographic, Anthropometric, Clinical, and Laboratory Characteristics of Children in the 3 Groups

Characteristic

Healthy controls

(n5139)

Uncomplicated

malaria (n548)

Severe malaria

(n5220) P

Age, months 40 (27.8–56) 47 (29–59) 40 (29–45) .53

Male sex, no. (%) 81 (58.0) 29 (60.4) 125 (56.8) .74

Body weight, kg 12.5 (10–15) 13 (10.5–16) 12 (10–15) .30

Axillary temperature, �C 36.5 (36.0–36.6) 37.5 (36.8–39) 38.0 (37.2–38.8) ,.001

Respiratory rate, breaths/min 28 (24–32) 28 (24–36) 36 (28–40) ,.001

Blantyre Coma Score, no. (%)

5 139 (100) 48 (100) 151 (68.6) ,.001

3–4 0 0 48 (20.4) ,.001

<2 0 0 24 (10.9) ,.001

Multiple convulsions, no. (%) 0 0 51 (23.1) ,.001

Palpable spleen, no. (%) 14.4 38.3 139 (63.0) ,.001

Plasmodium falciparum parasite density, 3103/lL 0 (0–2) 47.3 (12.8–87.5) 78.1 (20.9–180.6) ,.001

Blood glucose level, mmol/L . 6.7 (6.1–7.9) 7.3 (6.3–9.5) .01

Blood lactate level, mmol/L . . 3.0 (2.0–4.2) .

Plasma bicarbonate level, mmol/L 16.5 (15–17.4) 15.6 (14.2–17.4) 16.2 (13.8–18.0) .68

Hemoglobin level, g/L 104 (92–113) 87 (72–100) 79 (53–96) ,.001

Plasma creatinine level, lmol/L 22 (18–26) 25 (19–31) 25 (20–32) ,.001

Plasma bilirubin level, lmol/L 3.4 (2.7–4.5) 9.5 (5.4–14.5) 12.2 (7.6–23.6) ,.001

NOTE. Data are median (interquartile range), unless otherwise indicated.

Figure 1. Box plot showing the median, interquartile range, maximum,
and minimum for plasma PfHRP-2 concentrations in the 3 groups of
children. The threshold for assay positivity (.15 ng/mL) is shown as
a horizontal dashed line. The numbers in parentheses above each box are
the total in each group; those beneath refer to the numbers of children in
each group with plasma PfHRP-2 concentrations of ,.15 ng/mL. *P ,

.001 vs healthy controls.
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children with severe infections had a median plasma PfHRP-2

concentration of only 63 ng/mL. Plasma PfHRP-2 concentration

was significantly associated with the peripheral parasitemia but

not with sequestered parasite load derived mathematically from

serial measurements of parasitemia after treatment. The median

plasma PfHRP-2 concentrations in our 2 groups of children

with malaria appear similar to those in Thai and Indonesian

adults with uncomplicated or moderately severe falciparum

malaria [7, 8], lower than those in Asian adults with severe

malaria [7, 8], and higher than those in African children with

severe malaria [9]. These discrepancies may reflect differences in

assay methodology, demography, and/or malaria epidemiology.

Although the present study and 2 previously published adult

studies [7, 8] have used the same ELISA system, no laboratory

methods were provided for the Kenyan study [9], and it is

therefore possible that its relatively low median value was

a function of the assay used. An alternative explanation of the

discrepancy between the present and Kenyan studies is that the

production of PfHRP-2-specific blocking antibodies that form

part of the development of functional immunity to malaria in

areas of high transmission could interfere with the PfHRP-2

assay. High-titer antibodies can lead to negative PfHRP-2-based

RDTs despite a high parasite density [13], and it is possible that

the low quantitative plasma PfHRP-2 concentrations in African

children result from this form of assay interference [9]. Never-

theless, the intensity of transmission in coastal PNG parallels

Figure 2. Scatterplots of plasma PfHRP-2 concentration against
parasite density, hemoglobin level, and plasma bilirubin level for the
268 children with either uncomplicated or severe malaria. The filled
circles represent children with uncomplicated malaria and the open
circles those with severe malaria.

Figure 3. Box plot showing the median, interquartile range, maximum,
and minimum for plasma PfHRP-2 concentrations in the children with
uncomplicated malaria and, by Blantyre Coma Score, for those with
severe infections. The threshold for assay positivity (.15 ng/mL) is shown
as a horizontal dashed line. The numbers in parentheses are the total in
each group. There were no significant between-group differences.
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that of sub-Saharan Africa. In the same way, the lack of a dif-

ference in plasma PfHRP-2 concentration between un-

complicated and severe malaria in our children could reflect

antibody effects, but it is likely that the children with se-

vere malaria had less established immunity than those with

uncomplicated infections. Nevertheless, 11 of our children

with severe malaria had low plasma PfHRP-2 concentrations

(,5.0 ng/mL), including 4 with undetectable levels, despite

relatively high parasite densities. All these 11 children had pos-

itive RDTs. This apparent discrepancy may result from cross-

reactivity between other antigens such as PfHRP-3 and the

monoclonal antibody embedded in the RDT [21].

In studies of PfHRP-2-based RDTs, false negative results have

also been attributed to an excess of antigen, as well as antibodies

that block the detection antibody target site. This prozone

phenomenon can be mitigated by sample dilution [22]. Because

all our samples were assayed in multiple dilutions from neat to

1:256, this effect is unlikely to have influenced our plasma

concentration data, but whether it might have had an effect in

the Kenyan study [9] is unknown. Geographic strain variation in

PfHRP-2 could also account for apparent discrepancies between

the present study and published data. Variation in the number

and combination of histidine-rich repeat regions has been

shown to influence the performance of PfHRP-2 RDTs [23, 24],

reflecting the fact that the capture monoclonal antibody is epi-

tope specific [21]. Such variability is also likely to affect quan-

titative PfHRP-2 assays.

Potential demographic effects on plasma PfHRP-2 concen-

trations relate to age and race. The mathematical model of

parasite biomass developed by Dondorp et al [7] was based on

PfHRP-2 assays over 28 d in 13 Thai adults. There was no effect

of renal impairment on PfHRP-2 kinetics, and amean first-order

3.7-d elimination half-life was derived. By contrast, we found

a significant positive independent association between plasma

creatinine and PfHRP-2 levels, whereas in the Kenyan study by

Ochola et al [9], mean plasma PfHRP-2 concentrations did not

change during the first 2 d after treatment. These data suggest

that PfHRP-2 clearance is slower and more dependent on renal

function in children than in adults. In any case, persistence of

PfHRP-2 for up to 4 weeks (almost 8 half-lives based on the

estimate provided by Dondorp et al [7]) has been documented in

adults using RDTs [10, 11], implying significant between-subject

variability in elimination half-life. It would be interesting to

know whether this was also observed in the initial kinetic study

carried out by Dondorp et al [7]. Slow PfHRP-2 clearance during

a single episode of malaria could increase plasma concentrations

at presentation but could also contribute when the time between

recurrences of malaria is short, as is a characteristic of intense

transmission in areas such as coastal PNG and sub-Saharan

Africa. The association between plasma creatinine and PfHRP-2

levels we observed might simply suggest that both are measures

of parasite biomass, but the lack of association between PfHRP-2

level and other complications makes this unlikely.

The combination of independent associations between

plasma PfHRP-2 concentration and plasma bilirubin level,

parasite density, and hemoglobin level we observed is consistent

with the obligatory hemolysis of parasitized red cells with lib-

eration of PfHRP-2, metabolism of free hemoglobin, and an

acute decrease in hemoglobin level. A positive association with

hyperbiliruinemia has also been observed in adults [7]. How-

ever, the degree of anemia in our severely ill children and the

presence of intense transmission of both P. falciparum and

P. vivax suggest that the association with hemoglobin may also

reflect, in part, other recent episodes of malaria and subsequent

persistence of PfHRP-2 [10, 11]. This would help explain the

similarity between plasma PfHRP-2 concentrations in the 2

groups of children with malaria and the presence of detectable

PfHRP-2 in 15% of our healthy controls. Other potential bio-

markers of parasite burden such as quantitative parasite DNA or

plasmodium lactate dehydrogenase may be more reliable than

PfHRP-2 because they do not persist for as long after treatment

but were not measured in the present study.

Although modeling of baseline plasma PfHRP-2 data to

generate estimates of parasite biomass may be valid in areas of

low and unstable transmission [7], the present data suggest that

this is inappropriate in hyperendemic and holoendemic areas

such as in Africa and PNG. In addition, the clinical value of

PfHRP-2 as an index of severity and a guide to prognosis,

whether available as a simple plasma concentration or as part of

a mathematically derived parasite load, appears limited in

countries such as PNG.
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Abstract

Background: Although rapid diagnostic tests (RDTs) have practical advantages over light microscopy (LM) and good
sensitivity in severe falciparum malaria in Africa, their utility where severe non-falciparum malaria occurs is unknown. LM,
RDTs and polymerase chain reaction (PCR)-based methods have limitations, and thus conventional comparative malaria
diagnostic studies employ imperfect gold standards. We assessed whether, using Bayesian latent class models (LCMs) which
do not require a reference method, RDTs could safely direct initial anti-infective therapy in severe ill children from an area of
hyperendemic transmission of both Plasmodium falciparum and P. vivax.

Methods and Findings: We studied 797 Papua New Guinean children hospitalized with well-characterized severe illness for
whom LM, RDT and nested PCR (nPCR) results were available. For any severe malaria, the estimated prevalence was 47.5%
with RDTs exhibiting similar sensitivity and negative predictive value (NPV) to nPCR ($96.0%). LM was the least sensitive test
(87.4%) and had the lowest NPV (89.7%), but had the highest specificity (99.1%) and positive predictive value (98.9%). For
severe falciparum malaria (prevalence 42.9%), the findings were similar. For non-falciparum severe malaria (prevalence
6.9%), no test had the WHO-recommended sensitivity and specificity of .95% and .90%, respectively. RDTs were the least
sensitive (69.6%) and had the lowest NPV (96.7%).

Conclusions: RDTs appear a valuable point-of-care test that is at least equivalent to LM in diagnosing severe falciparum
malaria in this epidemiologic situation. None of the tests had the required sensitivity/specificity for severe non-falciparum
malaria but the number of false-negative RDTs in this group was small.
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Introduction

The World Health Organization (WHO) advocates treatment of

malaria based on universal access to light microscopy of blood

smears (LM) and/or antigen-based rapid diagnostic tests (RDTs)

[1]. LM has been the conventional reference method but requires

trained technicians and good quality smears, and has limited

sensitivity for low parasite densities and mixed Plasmodium species

[2]. RDTs can be performed efficiently and accurately with

minimal training. Most RDTs have sensitivities and specificities of

85% to 95% for P. falciparum in a variety of settings [3,4], but lower

detection rates and sensitivities for non-falciparum malaria [4]. A

limitation of such studies has been the shortcomings of LM as a

reference method [5]. When LM and RDTs have been compared

with more sensitive polymerase chain reaction (PCR)-based

methods, RDTs often outperform LM for the detection of P.

falciparum [6,7] but not P. vivax [8]. However, the nucleic acids

detected by PCR may be from non-viable parasites or gameto-

cytes. Therefore, in studies of malaria diagnostic modalities, the

comparators can only ever be as good as, but never better than, an

imperfect gold standard.

The currently recommended application of malaria diagnostic

tests depends on the clinical situation. PCR-based methods are not

yet in routine field use. Quality-assured LM and RDTs are

considered equivalent in uncomplicated malaria [5,9]. In suspect-

ed severe malaria, a presumptive course of antimalarial and

antibiotic treatment is recommended regardless of the results of

diagnostic tests which are commonly performed or reported after

initiation of management [10]. LM is preferred over RDTs in this
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situation because parasite density can guide adjunctive therapy

and facilitate monitoring of the response to treatment [1].

Although universal antimalarial therapy avoids the potentially

dire consequences of a false negative result, inappropriate use of

artemisinin-based therapy may promote parasite resistance [11],

while there may be adverse outcomes when artemisinin therapy is

given to children with meningeal inflammation [12]. Over-

reliance on empiric therapy may also delay diagnosis and

treatment of other life-threatening infections with consequently

increased mortality [13]. In addition, an accurate initial diagnosis

and rational treatment reduces costs associated with broad-

spectrum presumptive anti-infective therapy, a particular benefit

in resource-poor settings.

There have been few studies comparing diagnostic modalities in

severe malaria and these have been conducted in sub-Saharan

Africa where falciparum malaria is predominant [14,15]. In

Oceania, Asia and South America, P. vivax and mixed-species

infections are increasingly recognized as important causes of severe

disease [16–18]. A recent study of pediatric uncomplicated

malaria in Papua New Guinea (PNG) showed that RDTs can

guide treatment safely in an area of intense transmission of

multiple Plasmodium species [19]. There are no equivalent data for

severe malaria in this epidemiologic setting.

The application of Bayesian latent class models (LCM) is one

approach to addressing the limitations of LM as a gold standard in

studies of RDTs. LCM assume no gold standard and the true

disease state (disease or no disease) for each individual is unknown.

Bayesian approaches to LCM are increasingly used to validate

diagnostic tests for infectious diseases without assuming a gold

standard [20,21], including as an epidemiological tool in the

estimation of malaria prevalence [22] and in the evaluation of

RDTs and other malaria diagnostic methods including LM for

pooled data [5] and in children with and without fever [23]. In the

latter study, the results of LCM analysis appeared robust,

regardless of the choice of model and priors used [23].

As part of a prospective study conducted in an area of PNG with

hyperendemic transmission of both P. falciparum and P. vivax, we

performed LM, RDTs and nested PCR (nPCR) to diagnose

malarial illness in the setting of severely unwell, hospitalised

children. Rather than assume that either LM or PCR was the gold

standard, we developed a Bayesian LCM to determine the

diagnostic performance of each test in the absence of a gold

standard. The primary aim of the study was to determine whether

the overall diagnostic performance of RDTs was equivalent to, or

better than other diagnostic methods for severely ill children in an

epidemiological setting where multiple Plasmodium species are

transmitted. We also aimed to assess the diagnostic performance of

RDTs according to infecting Plasmodium species and presenting

clinical features.

Methods

Study Site and Approvals
The present study was performed at Modilon Hospital in

Madang Province on the north coast of mainland PNG, an area

hyperendemic for both P. falciparum and P. vivax malaria [24].

Ethical approval for the study was obtained from the PNG

Institute of Medical Research Institutional Review Board and the

Medical Research Advisory Committee of the PNG Health

Department. Written informed consent for participation was

obtained from parent(s) or guardian(s) before recruitment.

Patients
Between October 2006 and December 2009, all children aged

0.5–10 years admitted to Modilon Hospital, the provincial hospital

to which the majority of children with severe illness are referred,

were assessed for recruitment to an observational study of severe

pediatric illness. Inclusion criteria included i) impaired conscious-

ness (Blantyre Coma Score (BCS) #4, or #2 at 0.5, 1 or 6 hours

after correction of hypoglycemia, a seizure or parenteral

anticonvulsant therapy, respectively), ii) prostration (inability to

sit/stand unaided), iii) multiple seizures, iv) hyperlactatemia (blood

lactate .5.0 mmol/L), v) severe anemia (hemoglobin ,50 g/L),

vi) dark urine, vii) hypoglycemia (blood glucose #2.2 mmol/L),

viii) jaundice, ix) respiratory distress (deep breathing, inter-costal

in-drawing, sub-costal recession, persistent alar flaring, tracheal

tug, and/or respiratory rate .60/minute), x) persistent vomiting,

xi) abnormal bleeding, and/or xii) signs of shock. These criteria

reflect the World Health Organization (WHO) definition of severe

malarial illness [25]. Metabolic acidosis was defined as a plasma

bicarbonate #12.2 mmol/L.

Laboratory Procedures
A baseline venous blood sample was taken for LM and an ICT

Malaria Combo Cassette Test MR2 (ICT Diagnostics, Brookvale,

Australia). This RDT detects P. falciparum histidine-rich protein-2

(PfHRP-2) and aldolase from P. falciparum and non-falciparum

malaria species, respectively. All RDTs were read by trained

research nurses according to the manufacturer’s instructions. The

presence of a single PfHRP-2 and aldolase line was considered

diagnostic of mono-infection with P. falciparum and P. vivax,

respectively. A positive test for both antigens indicated either P.

falciparum alone or mixed infection. Giemsa-stained thick blood

smears were examined independently by two skilled microscopists

who were blinded to the RDT and nPCR results, with

discrepancies adjudicated by a third microscopist. The peripheral

blood parasitemia was quantified by counting the number of

malaria parasites per 200 leucocytes assuming a peripheral blood

leucocyte count of 8,000/mL. After parasite DNA extraction

(QIAamp 96 DNA Blood Mini Kit, QIAGEN, Valencia, CA), we

performed nPCR [26] to detect the presence of Plasmodium DNA

and species.

Additional on-site tests comprised whole blood glucose

(Hemocue, Ängelholm, Sweden) and lactate (Lactate Pro, Arkray,

Japan), a full blood count (Coulter Ac?T diff, Beckman Coulter,

Brea, USA) and blood culture. We also subsequently assayed

plasma creatinine and bicarbonate (COBAS INTEGRA 800,

Roche Diagnostics, Mannheim, Germany).

Clinical Management
After recruitment, a standardized case report form that

recorded demographic and medical data was completed. This

included details of immunizations, past medical history and recent

treatment with antimalarial drugs and antibiotics, as documented

in each child’s hand-held medical record book. Clinical examina-

tion, inpatient management and follow-up were as described

previously [18]. All severely ill children were treated with a course

of intramuscular artemether, irrespective of parasitologic status

[10,18].

Data Analysis
We generated LCMs using the statistical analysis package R

[27] and the program JAGS [28]. In brief, all three diagnostic tests

were incorporated into a multinomial model incorporating eight

(23) possible response profiles. These are denoted in the text and
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figures by a positive (+) or negative (–) result for each test.

Outcomes of the diagnostic tests were assumed to be independent

conditionally on the latent classes (disease or no disease). Formal

model fitting was performed using Markov-Chain-Monte-Carlo

(MCMC) simulations using a Gibb’s Sampler (R package rjags;

code available on request) [28]. Non-informative priors were used

and we used three chains. Each chain used a burn-in period of

10,000 iterations and was then run for another 20,000 iterations.

Statistical inferences were based on the iterations after burn-in

and, after 30,000 iterations, adequate convergence for the MCMC

simulation was assessed visually using a Gelman-Rubin-Brooks

plot (see Figure 1) and the Gelman diagnostic test. In addition,

overall LCM fit was assessed using a Bayesian P-value comparing

observed and calculated frequencies together with graphical

representations for each response profile (see Figure 1).

Results

Patients
Of 4,360 children admitted to Modilon Hospital during the

study period, 843 (19.3%) fulfilled the criteria for severe illness and

were recruited. The median [IQR] age of this sub-group was 37

[18.3–45.2] months and 56.6% were males. All were of

Melanesian racial background. There were 797 children (94.5%)

with nPCR, LM and RDT results available and who were

included in the present analyses (see Figure 2).

The clinical features of deep coma, metabolic acidosis,

hyperlactatemia, severe anemia and respiratory distress were

present in 104 (13.0%), 90 (11.3%), 109 (13.6%), 120 (15.1%) and

210 (26.3%) of children, respectively. The median [inter-quartile

range] parasite density in the 299 children with P. falciparum by

LM was 45,540 [4,266–125,215]/mL whole blood and that in the

44 children with P. vivax was 1,125 [171–5,451]/mL. Fifty-seven

(7.2%) children died.

Diagnostic Accuracy of RDTs, LM and nPCR
The observed and predicted frequencies for different response

profiles along with MCMC estimations of 95% credible intervals

(95% CI) for any malarial infection are shown in Table 1. The

Bayesian P-value was 0.46, indicating good overall LCM fit and

consistent with the assumption that the three diagnostic tests were

independent conditional on the patient’s true disease status. The

prevalence of malaria, and sensitivity, specificity, PPV and NPV’s

for RDT (either test line positive), quality-assured LM (any species)

and nPCR (any species positive) using a two-class LCM in which

the true disease state for each individual was unknown are shown

in Table 2.

Based on the LCM model, the estimated overall prevalence of

any severe malaria was 47.5%. RDTs had a similar sensitivity

(96.0%) and NPV (96.1%) to nPCR (97.6% and 97.2%,

respectively). LM was the least sensitive test and had the lowest

NPV (,90% in each case), but it had a higher specificity and PPV

than the other two modalities ($98.0% in each case). The

diagnostic performances of all three tests for severe falciparum

malaria were similar to those obtained for any severe malaria,

consistent with the former group providing most of the cases (see

Table 2). For non-falciparum severe malaria, RDTs were the least

sensitive test (#77.5%), especially for P. vivax mono-infections.

RDTs also had the lowest NPVs in these two situations but the

estimates were still .96%.

In some settings, both RDT and LM may be routinely and

promptly available. To explore the diagnostic implications of this

scenario, a further LCM was generated using RDT and LM

results pooled as a single diagnostic modality with either test

positive considered an overall positive result. The RDT/LM

combination was compared to nPCR in a multinomial model with

22 (four) response profiles for any severe malaria. The model-

derived disease prevalence (56% [51–61%]) was higher than that

in the LCM involving all three diagnostic modalities, while the

sensitivity and NPV of nPCR increased to 99.8% [99.1–100] and

Figure 1. Results of Markov-Chain-Monte-Carlo (MCMC) simulations for the response profile ‘+++’. The estimated frequency is shown in
the upper panel with the vertical dashed line representing the observed frequency. The associated Gelman-Rubin-Brooks plot demonstrating
convergence during MCMC simulation is shown in the lower panel together with median (—) and 97.5% credible interval (----).
doi:10.1371/journal.pone.0048701.g001

Figure 2. Consort diagram summarizing patient disposition after recruitment.
doi:10.1371/journal.pone.0048701.g002

RDTs in Severe Pediatric Malaria in PNG

PLOS ONE | www.plosone.org 4 November 2012 | Volume 7 | Issue 11 | e48701



99.8 [98.8–100]), respectively. For the RDT/LM combination,

sensitivity (94.4% [88.0–99.7]) and NPV (93.3% [85.0–99.7]) were

between the values obtained for RDT and LM when they were

considered as individual diagnostic modalities.

Diagnostic Accuracy of RDTs, LM and nPCR by Presenting
Clinical Features

The main presenting clinical features of the patients were deep

coma (BCS#2), metabolic acidosis (plasma bicarbonate

,12.2 mmol/L), hyperlactatemia (blood lactate .5 mmol/L),

severe anemia (hemoglobin ,50 g/L) and respiratory distress

(deep breathing, inter-costal in-drawing, sub-costal recession,

persistent alar flaring, tracheal tug, and/or respiratory rate

.60/minute). The sensitivity, specificity, NPV and PPV for each

of these clinical features by diagnostic test using LCMs is shown in

Table 3. LM had the lowest sensitivity and NPV for each clinical

feature apart from respiratory distress. LM also had the lowest

sensitivity for mortality.

Discussion

The ideal diagnostic test is one that is easy to perform and

interpret, can be widely deployed, and has high sensitivity and

specificity. RDTs for malaria have the potential to provide

valuable diagnostic information promptly and cost-effectively

when a detailed initial clinical and laboratory assessment of a

severely ill child is problematic, such as in a rural setting in a

developing tropical country. There is increasing evidence that

PfHRP-2-based RDTs are useful alternatives to LM for diagnosing

Table 1. The observed and estimated frequencies with 95% credible intervals using MCMC for each response profile for all severe
cases.

Response profiles of nPCR/LM/RDT
results Observed frequency

Median estimated frequency
from MCMC Credible Intervals (2.5th –97.5th centile)

– – – 279 276 240–314

– – + 35 35 21–53

– + – 2 3 0–9

– + + 7 7 2–17

+ – – 96 96 72–123

+ – + 54 54 36–75

+ + – 14 14 6–27

+ + + 310 308 270–346

doi:10.1371/journal.pone.0048701.t001

Table 2. Diagnostic utility of nested PCR, light microscopy and malaria rapid diagnostic tests according to infecting Plasmodium
species using a Bayesian latent class model that assumes no gold standard.

Plasmodium species

Model-derived
malaria
prevalence

Diagnostic
modality Sensitivity Specificity

Negative predictive
value

Positive predictive
value

Anya 47.5 (43.7–51.3) nPCR 97.6 (95.6–99.0) 74.8 (70.1–79.2) 97.2 (94.7–98.8) 77.8 (73.3–82.0)

LM 87.4 (83.1–91.3) 99.1 (97.5–99.9) 89.7 (86.0–93.0) 98.9 (96.8–99.9)

RDT 96.0 (93.4–97.9) 89.5 (85.6–92.7) 96.1 (93.5–98.0) 89.2 (85.1–92.6)

P. falciparum onlyb 42.9 (39.3–46.5) nPCR 97.1 (94.8–98.8) 83.1 (79.1–86.6) 97.6 (95.4–98.9) 81.2 (76.7–85.2)

LM 85.9 (81.4–89.8) 98.7 (97.0–99.6) 90.3 (87.0–93.2) 98.0 (95.6–99.4)

RDT 98.0 (95.8–99.4) 89.2 (85.8–92.7) 98.4 (96.5–99.5) 87.8 (82.9–90.8)

Mixed P. falciparum/
P. vivax or P. vivax
infectionsc

6.9 (4.5–11.2) nPCR 91.8 (80.6–99.0) 89.7 (86.7–93.4) 99.3 (98.1–99.9) 39.4 (26.4–61.9)

LM 77.5 (48.5–98.7) 99.8 (98.9–100) 98.4 (94.3–99.9) 96.2 (83.0–99.9)

RDT 69.6 (55.8–81.8) 63.4 (60.0–67.0) 96.7 (93.1–98.3) 12.4 (7.8–19.3)

P. vivax onlyd 4.0 (2.6–6.2) nPCR 89.8 (70.5–99.0) 95.4 (93.6–96.9) 99.6 (98.4–100) 44.4 (30.4–61.6)

LM 80.9 (58.2–96.1) 99.0 (98.0–99.8) 99.2 (97.6–99.9) 77.4 (58.4–94.8)

RDT 48.9 (30.9–67.8) 99.0 (98.1–99.6) 97.9 (96.1–98.9) 67.2 (45.7–85.8)

nPCR, nested polymerase chain reaction for Plasmodium species; LM, reference light microscopy of Giemsa-stained thick blood films; RDT, malaria rapid diagnostic test.
aAny Plasmodium species by nPCR, LM and either or both test lines positive by RDT.
bP. falciparum only by nPCR and LM; either PfHRP-2 line or both test lines positive by RDT.
cMixed P. falciparum/P. vivax infection or single P. vivax infection by nPCR and LM; either aldolase line or both test lines positive by RDT.
dP. vivax only by PCR and LM; aldolase test line positive by RDT.
Data are shown as percentages and (95% credible intervals).
doi:10.1371/journal.pone.0048701.t002
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severe falciparum malaria in African children, with sensitivities

and NPVs relative to LM between 91–94% and 85–91%,

respectively [14,15]. The present data for a combined PfHRP-2-

aldolase RDT extend this evaluation to a non-African area in

which P. falciparum is the major cause of severe malarial illness but

P. vivax is also a significant contributor.

The sensitivity and specificity of a malaria diagnostic test should

be at least 95% and 90%, respectively, compared with expert LM

[29]. The present LCM analyses show that the sensitivity of RDTs

for any severe malaria and severe falciparum malaria in our PNG

children was better than LM ($96% compared with ,90%) and

that the relative specificities of RDTs were .90% those of LM. In

the management of severely-ill children, a false negative result of a

diagnostic test is the primary concern and an appropriate test thus

requires high sensitivity and NPV. RDTs fulfilled these criteria for

all severe malaria and severe falciparum malaria and were as good

as nPCR in these two situations. Combining the RDT and LM test

results attenuated the sensitivity and NPV of RDTs alone.

In the case of severe non-falciparum malaria, the type of RDT

assessed in the present study did not perform as well as either

nPCR or LM. The ICT MR2 test was selected prior to the

publication of the first WHO testing rounds that are now in their

fourth iteration and which demonstrated recently that the ICT

MR2 had comparatively low sensitivity at P. vivax parasite densities

,200/mL in uncomplicated cases [4]. Some newer RDTs have

shown sensitivities of up to 100% for P. vivax under controlled

conditions and would be better alternatives in future similar

comparative diagnostic studies. However, it is important to note

that, although the ICT MR2 RDT had the lowest sensitivity for

non-falciparum malaria in our study, neither LM nor PCR had a

sensitivity .95% in LCM models for mixed-species/P. vivax

mono-infections or P. vivax mono-infections alone. Although these

two groups contained a relatively small number of children, they

have a mortality rate at least that of severe P. falciparum malaria

[18]. Indeed, RDTs and especially LM had relatively low

sensitivity for identifying children who were to die despite

antimalarial therapy. RDTs had good sensitivity ($95%) for the

major presenting clinical features except respiratory distress, which

is a more frequent feature of severe P. vivax and mixed-species

infections than severe falciparum malaria in PNG children [18].

We did not find any differences in diagnostic performance by age

(data not shown).

Extrapolating from the LCM model in the 797 children enrolled

in which the malaria prevalence was 47.5% and the overall RDT

sensitivity was 96%, there was a relatively small number of false

negative RDT results (n = 16) that would include children infected

with either or both Plasmodium species. In the case of P. falciparum, a

false negative RDT could be due to either the prozone effect [30]

or the deletion of PfHRP-2 and PfHRP-3 genes as found in South

American isolates [31]. The prozone effect occurs when excess

antigen blocks all sites for the colour change reaction and, in an

African study, occurred in 1% of children with P. falciparum

parasitemias .100,000/mL [14]. A false negative RDT in a child

with P. vivax may reflect limited antigen availability and low test

sensitivity at parasitemias ,200/mL. The generally lower speci-

ficities of both RDTs and nPCR relative to LM are consistent with

persistence of PfHRP-2 and nucleic acids in the absence of viable

forms after successful prior treatment.

Although the present data show that none of the three

diagnostic modalities assessed have optimal performance charac-

teristics in the setting of hyperendemic mixed-species malaria

transmission such as found in PNG and other parts of Oceania, as

Table 3. Diagnostic utility according to presenting clinical features for nested PCR, light microscopy and malaria rapid diagnostic
tests using a Bayesian latent class model that assumes no gold standard.

Presenting clinical
features

Model-derived
malarial disease
prevalence

Diagnostic
modality Sensitivity Specificity

Negative
predictive value

Positive predictive
value

Deep coma 51.2 (38.7–63.0) nPCR 89.6 (78.1–97.1) 66.8 (52.2–79.9) 86.7 (70.2–96.5) 73.0 (56.6–84.9)

LM 77.4 (62.1–93.3) 96.4 (88.0–99.7) 81.0 (64.8–95.4) 95.6 (84.7–99.6)

RDT 98.1 (90.9–99.9) 81.2 (64.5–95.2) 97.8 (88.8–99.9) 83.4 (65.3–96.4)

Metabolic acidosis 42.5 (30.8–54.6) nPCR 95.2 (84.4–99.7) 82.4 (69.7–91.9) 95.9 (85.3–99.8) 79.9 (65.5–91.1)

LM 94.2 (82.2–99.7) 88.4 (65.6–99.4) 95.4 (84.7–99.7) 86.0 (58.6–99.3)

RDT 95.0 (84.1–99.7) 80.5 (67.6–90.5) 95.6 (84.9–99.8) 78.2 (63.6–89.6)

Hyperlactatemia 61.7 (50.6–71.5) nPCR 97.4 (91.2–99.8) 60.5 (44.2–75.6) 93.6 (78.7–99.4) 80.0 (67.5–88.9)

LM 84.8 (73.6–95.1) 97.2 (87.4–99.9) 79.6 (64.1–94.5) 98.0 (90.5–99.9)

RDT 96.4 (89.3–99.7) 86.6 (69.5–97.1) 93.7 (81.2–99.4) 92.1 (79.3–98.4)

Severe anemia 73.4 (62.8–81.8) nPCR 98.2 (93.6–99.9) 75.6 (54.4–92.5) 94.0 (78.4–99.6) 91.8 (80.8–97.9)

LM 83.4 (73.9–92.9) 96.5 (84.5–99.9) 67.5 (49.7–87.1) 98.5 (92.8–99.9)

RDT 97.0 (91.6–99.6) 63.4 (43.7–80.7) 88.4 (68.9–98.4) 88.1 (77.2–94.7)

Respiratory distress 22.8 (17.0–29.2) nPCR 96.4 (88.4–99.6) 80.3 (73.4–86.2) 98.7 (95.6–99.9) 59.0 (46.6–70.5)

LM 89.2 (75.9–98.3) 99.4 (96.9–100) 96.9 (92.5–99.6) 97.8 (88.6–99.9)

RDT 88.1 (76.4–95.8) 94.2 (89.4–97.5) 96.4 (92.4–98.9) 81.7 (67.6–92.0)

Mortality 40.3 (26.7–54.5) nPCR 90.2 (72.5–99.1) 95.5 (81.8–99.8) 93.6 (79.9–99.4) 93.2 (71.2–99.7)

LM 47.3 (28.7–67.3) 97.4 (87.5–99.9) 73.3 (58.0–85.8) 92.6 (65.3–99.7)

RDT 76.6 (57.3–91.5) 93.8 (80.5–99.6) 85.6 (71.0–95.3) 89.3 (66.4–99.3)

nPCR, nested polymerase chain reaction for Plasmodium species; LM, reference light microscopy of Giemsa-stained thick blood films; RDT, malaria rapid diagnostic test.
Data are shown as percentages and (95% credible intervals).
doi:10.1371/journal.pone.0048701.t003
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well as in Asia and South America, there appears a clear role for

RDTs as a valuable point-of-care test that is at least equivalent to

LM in diagnosing severe falciparum malaria. On-site field LM is

often not as reliable as the expert LM used as a comparator in the

present study, making a further argument for the use of RDTs as

part of the initial evaluation of a severely ill child. However,

diagnostic tests should only be part of this evaluation. Two

important considerations are the prior probability of severe

malaria and the presenting clinical features. In areas such as

PNG and sub-Saharan Africa where falciparum malaria is the true

diagnosis in up to 60% of severely ill children [14,18], withholding

empiric antimalarial therapy on the basis of a negative RDT

would be inadvisable due to even a small risk of a false negative

result. However, in a setting in which severe falciparum malaria

accounted for ,10% of hospitalizations, a negative RDT would

give a ,1% post-test probability that malaria was missed. If

adequate clinical and laboratory monitoring were available, a

decision not to give initial antimalarial therapy and pursue other

diagnoses may be justifiable. A pertinent example of the value of

adequate clinical assessment guiding treatment is respiratory

distress which should signal the possibility of P. vivax malaria in

an RDT-negative child.

With declining malaria mortality and hospitalizations in Africa

[32] and beyond, and with the prospect of further improvements

in the diagnostic sensitivity of RDTs, the utility and safety of

RDT-based diagnostics algorithms as part of the management of

severely ill children should be re-evaluated. In children with who

have a negative RDT and a clear alternative diagnosis such as

lobar pneumonia, measles or acute bacterial meningitis, withhold-

ing antimalarial therapy may be appropriate. Those with a

positive RDT should be treated with antimalarial drugs but other

diagnoses should still be considered. Until further evaluative

studies are performed, severely ill children with a negative RDT

and an indeterminate diagnosis should receive empiric antimalar-

ial therapy as is usually recommended by local guidelines.
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Abstract

Background: There are few detailed etiologic studies of severe anemia in children from malaria-endemic areas and none in
those countries with holoendemic transmission of multiple Plasmodium species.

Methodology/Principal Findings: We examined associates of severe anemia in 143 well-characterized Papua New Guinean
(PNG) children aged 0.5–10 years with hemoglobin concentration ,50 g/L (median [inter-quartile range] 39 [33–44] g/L)
and 120 matched healthy children (113 [107–119] g/L) in a case-control cross-sectional study. A range of socio-
demographic, behavioural, anthropometric, clinical and laboratory (including genetic) variables were incorporated in
multivariate models with severe anemia as dependent variable. Consistent with a likely trophic effect of chloroquine or
amodiaquine on parvovirus B19 (B19V) replication, B19V PCR/IgM positivity had the highest odds ratio (95% confidence
interval) of 75.8 (15.4–526), followed by P. falciparum infection (19.4 (6.7–62.6)), vitamin A deficiency (13.5 (5.4–37.7)), body
mass index-for-age z-score ,2.0 (8.4 (2.7–27.0)) and incomplete vaccination (2.94 (1.3–7.2)). P. vivax infection was inversely
associated (0.12 (0.02–0.47), reflecting early acquisition of immunity and/or a lack of reticulocytes for parasite invasion. After
imputation of missing data, iron deficiency was a weak positive predictor (6.4% of population attributable risk).

Conclusions/Significance: These data show that severe anemia is multifactorial in PNG children, strongly associated with
under-nutrition and certain common infections, and potentially preventable through vitamin A supplementation and
improved nutrition, completion of vaccination schedules, and intermittent preventive antimalarial treatment using non-
chloroquine/amodiaquine-based regimens.
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Introduction

Severe anemia is a common reason for pediatric hospitalization

in developing countries [1–4]. Plasmodium falciparum is the major

cause in malaria-endemic areas [2,5,6], but nutritional deficiencies

[7,8], non-malarial infections [9,10], and genetic conditions such as

glucose-6-phosphate dehydrogenase deficiency (G6PD) [10] and

other red cell polymorphisms [11] are also common and may

contribute. Although the World Health Organization (WHO) has

acknowledged the multifactorial nature of anemia [7], only one

study has systematically examined the relative impact of, and

interactions between, etiologic factors in a malaria-endemic country

[1]. In this African case-control study [1], bacteremia, hookworm

infestation, human immunodeficiency virus (HIV) infection, G6PD

genotype, and deficiencies in vitamins A and B12 were significantly

associated with severe anemia. Iron deficiency, considered the most

common cause of anemia worldwide [8], was inversely associated,

perhaps through protection against infection. In contrast to other

studies performed in Africa [8], P. falciparum was only associated

with severe anemia in children in urban areas with seasonal

transmission but not in surrounding holoendemic rural sites [1].

Infections other than P. falciparum have varying effects on the

prevalence of severe anemia. There have been inconsistent reports

of associations between parvovirus B19 (B19V) and severe anemia

[9,12,13] that might reflect differences in the intensity of use of

chloroquine, a drug which has a trophic effect on B19V replication

in bone marrow [14]. In tropical countries outside Africa, severe P.

vivax infections most commonly present as severe anemia in West

Papua [15] and yet P. vivax parasitemia appears to attenuate the

post-treatment nadir in hemoglobin in Thai adults with co-existent

P. falciparum infections [16].

Since available data suggest that specific epidemiologic

settings will have their own hierarchy of causes underlying

severe anemia, we carried out an etiologic study in Papua New

Guinean (PNG) children with a high incidence of red cell

polymorphisms such as alpha-thalassemia, exposure to infec-
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tions with P. falciparum, P. vivax and B19V, and a high risk of

micronutrient deficiencies.

Methods

Study site and local epidemiology
The study was performed in Madang Province on the north

coast of mainland PNG. Most of the population of 450,000 are

subsistence farmers and their families who live on lowland coastal

plains. There is hyperendemic transmission of P. falciparum and P.

vivax with approximately 50 infective bites per child per year

[17,18]. The countrywide HIV seroprevalence is 0.9% [19].

Ethics approval
Approval for the study was obtained from the PNG Institute of

Medical Research Institutional Review Board and the Medical

Research Advisory Committee of the PNG Health Department.

Written informed consent for participation was obtained from

parent(s)/guardian(s) and, where possible, children gave assent to

study procedures.

Patients and controls
Children with severe anemia (hemoglobin concentration ,50 g/L)

were identified as part of an observational study of all children aged

0.5–10 years admitted to the pediatric ward of Modilon Hospital, the

tertiary referral hospital for Madang Province, between October 2006

and November 2009 [20,21]. Healthy non-anemic children (hemo-

globin concentration .100 g/L), matched where possible by age and

sex, were recruited as controls from community-based immunization

clinics. They were asymptomatic and did not have i) a history of

malaria within the previous fortnight, ii) current fever (axillary

temperature .37.5uC), iii) respiratory distress (respiratory rate .40/

minute plus in-drawing of chest wall or dyspnea), or iv) impaired

consciousness (Blantyre Coma Score #4). The hemoglobin cut-points

for severe anemia and non-anemic controls were selected on the basis

of WHO-endorsed thresholds and those adopted in similar studies in

other epidemiologic contexts [1,2,12,22].

Clinical procedures
A standardized case report form was completed by trained

clinical research nurses who detailed each child’s demographic

details, history of current and/or past illness, examination findings,

results of laboratory investigations, treatment and outcome.

Vaccination history was identified from the health record book

when this was available. It was assumed children without a

documented vaccination history were unvaccinated. The expand-

ed programme of immunization in PNG recommends two doses of

vitamin A at 6 and 12 months [23]. Anthropometric z-scores for

weight-for-age, height-for-age and body mass index (BMI)-for-age

were calculated using WHO software [24], with a BMI-for-age z-

score (BAZ) ,2.0 considered indicative of wasting [24].

In the children with severe anemia, between 5 and 10 mL of

venous blood were drawn if the clinical situation allowed, and 4–

6 mL blood were collected from the healthy control children.

Initial hemoglobin concentrations for cases and controls were

measured using HemoCue (Angelholm, Sweden). Two skilled

microscopists independently examined thick blood smears. Para-

site density was calculated per 200 leukocytes using an assumed

peripheral blood leukocyte count of 8000/mL. A senior micros-

copist adjudicated discrepant findings. Additional on-site tests in

children with severe anemia comprised i) whole blood glucose

(HemoCue, Ängelholm, Sweden) and lactate (Lactate Pro, Arkray,

Japan) assay, ii) a full blood count (Coulter Ac?T diff, Beckman

Coulter, Brea, USA), and iii) blood culture (BACTEC PEDS

PLUS/F, Becton, Dickinson, Sparks, USA). Light-protected

aliquots of plasma from all children were stored at 270uC prior

to routine biochemical testing, B19V IgM and DNA assay, and

measurement of serum vitamin A concentrations. Cell pellets were

stored at 220uC for red cell folate assay, and host and parasite

DNA extraction. Serologic testing for HIV, assays for G6PD

enzyme activity and genotyping, and stool microscopy for

intestinal parasites, were not performed.

Children found to have severe anemia were treated in

accordance with PNG treatment guidelines [23,25]. In addition

to the routine use of iron/folate supplementation, and both

antimalarial and antihelminthic treatment, transfusion of HIV-

negative blood was available and recommended for all children

with hemoglobin ,40 g/L and for children with hemoglobin 40–

50 g/L and signs of hemodynamic compromise [23,25].

Laboratory analyses
Plasma was assayed for concentrations of electrolytes, urea and

creatinine, albumin and total protein, alanine aminotransferase

(ALT), alkaline phosphatase (ALP), gamma glutamyl transferase

(GGT), total bilirubin, calcium, phosphate, C-reactive protein

(CRP), total cholesterol, triglycerides, creatine kinase, ferritin,

soluble transferrin receptor (sTFR), vitamin B12. Other than

vitamin B12 (Elecsys 2010, Roche Diagnostics, Mannheim,

Germany) all biochemistry assays were performed on the COBAS

INTEGRA 800 platform (Roche Diagnostics, Mannheim, Ger-

many) using reagents supplied by the manufacturer. Red cell folate

concentrations were measured using a 20 mL red cell pellet

(Immulite 2000, Siemens Healthcare Diagnostic Ltd, Llanberis,

United Kingdom). Vitamin A concentrations were measured by

high performance liquid chromatography with UV detection

(wavelength 325 nm) following protein precipitation and liquid-

liquid extraction. An internal standard (retinol acetate) was used to

correct for extraction recovery. All biochemical assays were

monitored for accuracy and imprecision using appropriate internal

quality control procedures as under the Quality Assurance

Programme of the Royal College of Pathologists of Australasia

and satisfying the requirements of external standards

(ISO15089:2003). Vitamin B12, folate, vitamin A deficiencies were

considered present if concentrations were ,150 pmol/L,

Author Summary

Severe anemia is associated with increased morbidity and
mortality, and it is relatively common in developing
countries. To establish the causes of severe anemia in a
part of the world in which infection (especially malaria),
malnutrition and genetic predisposition are prevalent, we
studied children from Papua New Guinea who were
hospitalized with severe anemia and healthy non-anemic
community-based controls. Factors associated with severe
anemia were parvovirus B19 infection, falciparum malaria,
vitamin A deficiency, low body mass index for age and
incomplete vaccination. Vivax malaria was inversely asso-
ciated reflecting early acquisition of immunity or perhaps
lack of circulating red blood cells for parasite invasion. Iron
deficiency was only a weak positive predictor. These data
show that severe anemia is multifactorial in Papua New
Guinean children, strongly associated with under-nutrition
and certain infections, and potentially preventable
through vitamin A supplementation and improved nutri-
tion, completion of vaccination schedules, and prevention
or active treatment of malaria.
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,260 pmol/L and ,0.7 mmol/L, respectively. Iron deficiency

was defined as a ratio of sTFR to the log10 of ferritin .5.6 [1].

Parvovirus assays
Plasma was assayed for B19V IgM by EIA kit (Biotrin

International) and for viral DNA using two specific oligonucleotide

primers [9]. The presence of either detectable parvovirus B19-

specific IgM or DNA was considered indicative evidence of recent

infection [14].

Genetic testing
DNA was extracted from 200 mL venous whole blood collected

into EDTA anti-coagulant using QIAamp 96 DNA Blood Mini

Kit (QIAGEN, Valencia, CA) and eluted in a final volume of

200 mL dH2O according to the supplier’s instructions. We

performed genotypic tests for red cell polymorphisms that are

common in coastal Melanesian populations. These included 3.7-

Kb and 4.2-Kb a-globin deletions associated with a+-thalassemia,

a 27 bp deletion associated with South Asian Ovalocytosis (SAO), a

3 bp deletion in glycophorin C (GLYC) and genotyping of

complement receptor-1 (CR1). The methods for the genotypic

assays are detailed elsewhere [26–29].

Data analysis
We used the statistical package R for all analyses [30]. Data

were considered normally distributed if they passed the D’Agos-

tino-Pearson test for normality. Bivariate comparisons between

cases and controls were performed using the Student t-test or

Mann-Whitney test for parametric and non-parametric continu-

ous variables, respectively, or the Chi-squared test for dichoto-

mous or nominal data. Associates of severe anemia were assessed

using backward stepwise logistic regression analysis. Variables

other than age were included based on biologic plausibility and

P,0.10 on bivariate regression analysis and the most parsimoni-

ous model chosen based on Aikake’s Information Criterion (AIC).

In conventional logistic regression, a missing value for a single

variable means that other valid data for an individual are lost. Ad

hoc methods such as replacing a missing value with a sample mean

or median creates potential for bias. An alternative approach is

multiple imputation (MI) in which each missing value is imputed a

number of times (commonly five) using informative prior

knowledge of the distribution (categorical, nominal or continuous)

of each variable. MI generates a number of complete datasets that

facilitate refinement of logistic regression models through

comparisons of AIC and statistical testing [31]. Although data

were available from .90% of participants for most variables, some

datasets were incomplete due to factors such as difficulty with

venesection or assay failure. We imputed these data using the

program AMELIA [32]. Briefly, each variable was defined as

categorical, nominal or continuous. Non-parametric, continuous

variables were log-transformed and intuitive constraints placed on

the possible output data. For example, values for measured

analytes could not be ,0. Following imputation, AMELIA

provides visual and statistical diagnostics that ensures that the

imputed data are representative of measured data. Missing data

for cases and controls were imputed separately. Logistic regression

modelling was performed on each of the five completed imputed

datasets and the final adjusted odds ratios (ORs) determined by

calculating the mean from each model [31]. After combination of

the five imputed datasets, the partial attributable risks for multiple

exposure factors and confounders were estimated using the R

package pARccs with confidence intervals estimated using a non-

parametric bootstrapping procedure [33,34].

Results

Patients and controls
One hundred and forty three children with severe anemia were

recruited (see Figure 1). In the period from October 2006 to the

end of 2009, 135 of 3019 (4.5%) children admitted to Modilon

Hospital had severe anemia. Five further severely anemic children

were recruited between January and May 2010 using passive

surveillance after the larger study of severe illness had been

completed, and three additional severely anemic children were

opportunistically identified at immunization clinics where the 120

non-anemic healthy controls were enrolled. The median [inter-

quartile range] (IQR) hemoglobin in the severe anemia group was

39 [33–44] g/L compared with 113 [107–119] g/L in the control

group.

The demographic and anthropometric features of cases and

controls are summarized in Table 1. There were no significant

differences in age, sex distribution, ethnicity or adoption between

cases and controls. The controls were significantly more likely to

use bednets and to have completed vaccinations, consistent with

better maternal education. Although height was similar in the two

groups of children, those with severe anemia had significantly

lower body weights, mid upper arm circumference and BAZ than

the non-anemic controls.

The laboratory features of cases and controls are summarized in

Table 2. The severely anemic children were more likely to have

falciparum malaria and with a parasite density greater than that of

parasitemic controls. Serum vitamin B12, folate and vitamin A

concentrations were all significantly lower in the severe anemia

group and more of these children were deficient in each case.

Serum vitamin A concentrations were higher in those children

who had received both doses of vitamin A when compared to one

or no doses (0.68 mmol/L [IQR 0.42–0.89] vs 0.57 [0.37–0.79],

P = 0.06). Serum ferritin concentrations were, consistent with

serum CRP concentrations and the clinical features, higher in the

severe anemia group.

Due to difficulty with venesection, occasional parenteral

concerns about the amount of blood to be taken from an unwell

child, and prioritisation of on site and other tests requiring

relatively small volumes, there was sufficient blood for culture in

only 100 children in the severe anemia group (70%). In one of

these children, an isolate identified as a Klebsiella spp. was cultured

after 5 days of hospitalization and was associated with dissem-

inated ascariasis. A second child with severe anemia had acute

bacterial meningitis with Hemophilus influenzae type b isolated from

CSF. No other invasive bacterial infections were identified.

Independent risk factors for severe anemia
The summary of the most parsimonious logistic regression

model is shown in Table 3. The presence of B19V had the highest

OR of 75.8, and P. falciparum, vitamin A deficiency, wasting and

incomplete vaccination were also independently associated with

severe anemia. The presence of P. vivax was negatively associated

with severe anemia. Although included in the initial backward

stepwise logistic regression model, maternal education, mosquito

bednet use, red cell folate deficiency, vitamin B12 deficiency and

alpha-thalassemia genotype did not prove to be independent

associates of severe anemia. Iron deficiency was also not

significantly associated with severe anemia. When this variable

was forced into the most parsimonious model, there was a trend to

significance (OR 2.7 [0.9–8.5], P = 0.07).

Severe anemia was multifactorial in the majority of children.

Only three of 112 severely anemic children with complete datasets

did not have at least one independent risk factor compared with 34

Severe Anemia in PNG Children
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of 113 in the control group, whilst 88.3% and 15.1% of cases had

at least two and four risk factors for severe anemia, respectively.

After performing MI, logistic regression modelling was performed

on each of the five complete datasets. The ORs for each of the

variables in each model and the mean values across all 5 models

are presented in Table 4. The mean ORs and 95% CI across the

five datasets were of similar magnitude to those of the logistic

regression in Table 3 for B19V, P. falciparum infection, P. vivax

infection, vitamin A deficiency, wasting, and incomplete vaccina-

tion. Additionally, all logistic regression models using imputed data

included iron deficiency as an independent associate.

The significant independent risk factors accounted for 96.0% of

population attributable risk. The partial attributable risks for

B19V, P. falciparum, vitamin A deficiency, wasting and incomplete

vaccination were calculated using the R package ‘pARccs’ with P.

vivax included as a confounder. In this analysis, nutritional deficits

accounted for 51.3% of attributable risk, specifically vitamin A

deficiency (36.0%), wasting (8.9%) and iron deficiency (6.4%). P.

falciparum and B19V accounted for 24.5% and 10.4%, respectively.

Incomplete vaccination had a partial attributable risk of 9.8%.

Features of severe anemia in falciparum vs non-
falciparum malaria

The demographic, clinical, laboratory and genetic features of

the 84 severely anemic children with falciparum malaria (58.7%)

and those without are shown in Table 5. Vitamin A deficiency was

more common in the children with falciparum malaria, a group in

which almost all were deficient (96.0% vs 59.2%, P,0.0001). Iron

deficiency (8.2% vs 42.5%, P = 0.0006) and B19V (15.5% vs

33.9%, P = 0.014) were less common. The median red cell

distribution width (RDW) was lower in children with falciparum

malaria (median [IQR] 19 [17–24] vs 26 [21–30], P,0.0001).

Figure 1. Consort diagram describing the recruitment process of children with severe anemia.
doi:10.1371/journal.pntd.0001972.g001
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Serum bilirubin and CRP concentrations were also higher in this

group. Of the red cell polymorphisms tested, those with a

homozygote genotype for the GLYCDex3bp deletion were under-

represented amongst the severely anemic children with falciparum

malaria (5.6% vs 22.5%, P = 0.02).

Clinical course
Four (2.8%) children with severe anemia died. Two were

comatose on admission and had cerebral malaria in addition to

severe anemia. One had acute renal failure and metabolic acidosis

due to P. vivax. The fourth child died following a prolonged illness

accompanied by wasting, lymphadenopathy and hepatospleno-

megaly. After failing empiric therapy for tuberculosis, a presump-

tive clinical diagnosis of lymphoma was made.

Discussion

The present study shows that severe anemia is common and

multifactorial in PNG children. Parvovirus B19 infection,

falciparum malaria, vitamin A deficiency, wasting and incomplete

vaccination were the main etiologic factors, while P. vivax infection

was negatively associated with severe anemia. The presence of iron

deficiency was predictive in our children only after imputation of

missing data, with a relatively small overall contribution to total

attributable risk. Although vitamin B12 and folate deficiency were

present in 9.0% and 9.5%, respectively, of our severely anemic

children, neither was independently associated with severe

anemia, which was also the case for adoption, ethnicity, maternal

education, bednet use and all of the red cell polymorphisms

assessed. The causes of severe anemia in PNG children can,

therefore, be considered as comprising two main categories,

namely under-nutrition (vitamin A deficiency and wasting) and

infection (falciparum malaria, B19V infection and perhaps

incomplete vaccination), which are both associated with a mainly

hypoproliferative anemia [35,36].

Epidemiologic studies have shown an association between low

serum vitamin A and anemia in different populations [37,38].

While the hematologic phenotype of vitamin A deficiency-

associated anemia is incompletely characterized, impaired eryth-

ropoiesis, reduced immunity to infection, and modulation of iron

metabolism are potential underlying mechanisms [38]. Wasting

may be a surrogate for deficiencies in other nutrients that are

important for normal bone marrow function. Although there were

no independent associations between iron, vitamin B12 and folate

deficiency and severe anemia in the present study, it is possible

that these might act in concert with deficiencies in vitamins B6 and

E, riboflavin, zinc and copper to substantially reduce erythropoi-

esis in our under-nourished children [36].

In contrast to the African case-control study [1], we did not find

that iron deficiency protected against severe anemia in our

children. Indeed there was the suggestion that it was a minor

positive contributor. The authors of the African study used a

multivariate structural model to implicate reduced infection as a

major consequence of iron deficiency that helped prevent severe

anemia [1]. Although blood cultures were only available for 70%

of our children with severe anemia and were not taken from any

healthy controls, we found only two children with evidence of

invasive bacterial infection. This is contrast to the 15% of cases

and 4% of controls with confirmed infection in the Malawian

study [1]. This difference in the risk of bacterial infection

emphasises the need for caution in extrapolating the results of

observational studies from a particular epidemiologic situation.

We found opposing associations between P. falciparum and P. vivax

parasitemias and severe anemia. As in most studies conducted in

sub-Saharan Africa [2,5,6], there was a strong positive association

with concurrent P. falciparum infection in our PNG children. This

reflects the increase in incidence of falciparum malaria during first

three years of life in PNG children living in holoendemic areas [39]

together with a significant subsequent risk of infection in later

childhood [17]. By contrast, acquisition of immunity to P. vivax in

this epidemiologic situation is rapid, such that children have almost

complete clinical immunity by the age of 5 years [17]. Although

asymptomatic P. vivax infections are common in PNG children aged

2–10 years, they are associated with only small decreases in

Table 1. Demographic and anthropometric characteristics of severely anemic children and healthy non-anemic controls.

Cases Controls P-value

Number 143 120

Sex (males) 50.3 47.5 0.65

Age (months) 38 [24–61] 42 [29–57] 0.26

Maternal education

None/elementary 36.7 20.9

Primary 53.9 63.5 0.027

Secondary or tertiary 9.4 15.7

Ethnicity (Madang or Sepik) 84.6 90.0 0.27

Adopted 8.4 5.8 0.48

Bednet use 82.6 94.0 0.007

Incomplete vaccination 49.0 30.0 0.001

Height (cm) 87 [77–100] 90 [80–101] 0.19

Weight (kg) 11 [9.0–14.5] 12.5 [11.0–15.7] ,0.001

Mid upper arm circumference (cm) 14 [13–15] 15 [14–15.5] ,0.001

Body mass index to age Z-score (BAZ) 20.58 [21.99–0.55] 0.01 [21.12–1.22] 0.009

Wasting (BAZ ,2) 25.9 12.3 0.01

Data are percentages or median and [inter-quartile range].
doi:10.1371/journal.pntd.0001972.t001
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hemoglobin [40] that are unlikely to contribute significantly to the

risk of severe anemia in this age group. In neighbouring West

Papua, Indonesia, P. vivax is an important cause of severe anemia in

very young infants with an excess risk over that associated with P.

falciparum [41]. However, while the present study limited enrolment

children aged .6 months, only five of the children with severe

anemia (3.5%) were aged ,12 months (four with falciparum

malaria and one with vivax malaria), implying that we were unlikely

to have missed significant numbers of infants with severe anemia

outside the first few months of life.

An alternative explanation for the inverse relationship between

severe anemia and P. vivax reflects the fact that this parasite

invades young red cells, especially reticulocytes, which are absent

or present in low numbers in established severe hypoproliferative

anemias [35,36,42,43]. This means that vivax malaria cannot

readily develop in severely anemic children irrespective of the

cause, with or without a contribution of P. vivax itself to the

hypoproliferative state [44]. Although severe anemia in our

children may not support a P. vivax parasitemia detectable by

light microscopy, it does not exclude a significant prior contribu-

Table 2. Biochemical, hematologic and genetic characteristics of severely anemic children and non-anemic controls.

Number (%) with
available data Cases Controls P-value

n = 143 n = 120

Plasmodium falciparum parasitemia 263 (100) 58.7 5.8 ,0.001

.1,000/mL (% of P. falciparum positives) 77.8 0.8 ,0.001

Plasmodium vivax parasitemia 263 (100) 4.2 19.2 0.001

.500/mL (% of P. vivax positives) 33.3 43.5 1.00

Serum vitamin B12 (pmol/L) 242 (92) 298 [207–406] 375 [301–455] ,0.001

Vitamin B12 deficiency (,150 pmol/L) 9.0 0.8 0.005

Serum folate (pmol/L) 212 (81) 542 [369–716] 634 [469–863] 0.01

Folate deficiency (,260 pmol/L) 9.5 1.7 0.01

Serum vitamin A (mmol/L) 244 (93) 0.40 [0.28–0.58] 0.82 [0.66–0.94] ,0.001

Vitamin A deficiency (,0.7 mmol/L) 73.7 21.5 ,0.001

Serum ferritin (mg/L) 243 (92) 369 [239–802] 49 [34–71] ,0.001

Low ferritin (,10 mg/L) 4.8 0.8 0.12

Soluble transferrin receptor (mg/L) 243 (92) 7.5 [5.0–12.6] 6.1 [5.0–7.1] 0.001

Soluble transferrin receptor/log ferritin 243 (92) 2.9 [1.8–5.0] 3.6 [2.9–4.3] 0.009

Iron deficiency (sTFR/log ferritin .5.6) 18.7 10.9 0.089

Serum bicarbonate (mmol/L) 248 (94) 16.3 [15.0–18.2] 16.4 [15.0–17.4] 0.606

Blood lactate (mmol/L) 132 (92) 3.1 [2.1–4.6] - -

Serum creatinine (mmol/L) 252 (96) 24 [19–31] 24 [20–26] 0.657

Serum bilirubin (mmol/L) 253 (96) 11.2 [6.5–21.6] 3.4 [2.7–4.1] ,0.0001

Serum alanine aminotransferase (IU/L) 250 (95) 13 [10–19] 12 [9–17] 0.053

Serum C-reactive protein (mg/L) 248 (94) 42 [14–114] 1.4 [3.6–2.7] ,0.0001

Parvovirus B19 PCR positive 263 (100) 15.4 1.7 ,0.0001

Parvovirus B19 positive IgM 263 (100) 14.8 1.7 ,0.0001

Parvovirus B19 PCR or IgM positive 263 (100) 23.8 2.5 ,0.0001

South Asian Ovalocytosis (D27bp deletion) 239 (91) 7.4 3.4 0.256

Glycophorin C Dex3bp deletion 223 (85)

Deletion/deletion 12.7 5.4

Deletion/wildtype 36.3 38.7 0.220

Wildtype/wildtype 60.8 55.9

Complement receptor 1 polymorphism 230 (87)

AA 13.4 8.1

AG 36.1 35.1 0.368

GG 50.4 56.8

Alpha-thalassemia (3.7 or 4.2 kb deletions) 171 (65)

Wildtype/wildtype 24.7 22.9

Deletion/wildtype 25.8 40.5 0.104

Deletion/deletion 49.4 35.1

Data are percentages or median and [inter-quartile range].
doi:10.1371/journal.pntd.0001972.t002
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tion. The importance of antecedent parasitemia as an independent

determinant of anemia has been highlighted in an African study of

falciparum malaria and acute and relapsing vivax malaria might

be an even greater cause of a subsequent presentation with severe

anemia [45].

Cross-sectional and longitudinal surveys in PNG and neigh-

bouring Vanuatu have shown negative correlations between

different Plasmodium species [46,47], and mixed species infection

tend to be substantially less common among symptomatic

compared to asymptomatic infections [47]. Epidemiologic

evidence from Thailand has also shown that the rate of severe

malarial disease, but not mortality, is lower in patients with P.

falciparum when there is a mixed infection with P. vivax [48]. In

addition, co-infection with P. vivax appears to abrogate the nadir

hemoglobin resulting from malaria due to P. falciparum [16]. This

has been interpreted as indicating that P. vivax provides

protection against P. falciparum clinical disease [48,49]. The

observed negative association between species could, however,

equally be the result of P. vivax being suppressed in severe P.

falciparum malaria, either directly by P. falciparum [50] or by the

innate host response [51].

The children with severe anemia and falciparum malaria were

more likely to be vitamin A deficient than the severely anemic

aparasitemic children, but it is unclear whether this represents a

cause or consequence of malaria infection [37]. Children with

severe anemia due to P. falciparum also had a lower median RDW,

a measure that has been associated with erythropoietic activity

where reticulocyte data are unavailable [52]. This finding is

consistent with an attenuated erythropoietic response in severe

anemia due P. falciparum [53]. The only significant finding relating

to red cell polymorphisms in the present study was an under-

representation of the homozygote genotype for the GLYCDex3bp

deletion in the severely anemic P. falciparum group, but this

association has not be observed consistently in other studies from

PNG [28].

Our data confirm and extend the body of evidence implicating

B19V as a cause of severe anemia in PNG. Although it had the

highest OR (75.8) for an individual, it accounted for only 10% of

the population attributable risk. In a previous study of severe

anemia in PNG children, B19V and the effects of malaria were the

only etiologic factors considered [9]. One explanation for the

variable association between B19V and severe anemia in reports

to date [9,12,13] is the trophic effects of chloroquine and

amodiaquine on the replication of B19V in bone marrow [14].

Associations between severe anemia and B19V have been shown

in countries such as PNG where these drugs have been deployed

widely and not where alternatives such as sulfadoxine-pyrimeth-

amine have been used [14]. It is possible that the association

between B19V and severe anemia may disappear as artemisinin

combination therapy (ACT) replaces chloroquine/amodiaquine-

based regimens.

Our study had limitations. Due to socio-cultural barriers to

testing, HIV serology was not performed. Despite being a risk

factor for severe anemia in African children [1], PNG has a

relatively low prevalence of HIV seropositivity (0.9%) that would

be unlikely to contribute to severe anemia at a population level

[19]. Stool examination for intestinal helminths was not performed

for logistic reasons, but the contribution of heavy worm burden to

severe anemia is likely to be via nutrient deficiencies and/or

malnutrition, both of which we incorporated in our analyses. The

choice of appropriate controls in such studies can be difficult. We

aimed to identify the most important etiologic factors in severe

anemia by comparing the severe anemia cases with children with

an optimal hemoglobin concentration for this epidemiologic

setting. The concept of ‘optimal’, ‘normality’ or ‘healthy’ in

developing countries has been considered philosophical but can be

defined as ‘not suffering significant illness’ or being in ‘reasonable

health’ [54]. Our controls conformed to this definition. Converse-

ly, the inclusion of children with non-optimal, intermediate

hemoglobin concentrations of 50–100 g/L (as was done in the

Malawian study [1]) could also be a source of bias, potentially

obscuring clinically relevant contributors to severe anemia.

Nevertheless, by utilizing a non-anemic, hemoglobin threshold of

.100 g/L, the independent associations identified may have been

different to those reported in other studies in which healthy

community controls have had median hemoglobin concentrations

,100 g/L [1,2,9].

Table 3. Summary of logistic regression model for severe
anemia.

Odds ratio (95%
CI) P-value

Parvovirus B19 infection 75.8 (15.4–526) ,0.0001

Plasmodium falciparum infection 19.4 (6.7–62.6) ,0.0001

Plasmodium vivax infection 0.12 (0.02–0.47) 0.0055

Vitamin A deficiency 13.5 (5.4–37.7) ,0.0001

Wasting (BAZ ,2) 8.4 (2.7–27.0) 0.0003

Incomplete vaccination 2.94 (1.3–7.2) 0.0151

doi:10.1371/journal.pntd.0001972.t003

Table 4. Odds ratios from logistic regression of imputed datasets.

Imputed dataset 1 2 3 4 5 MI Average
Partial attributable risk (% (95%
CI))

Parvovirus B19 60.7 63.3 60.1 52.3 56.2 58.5 (53.1–63.9) 10.4 (8.2–12.8)

Plasmodium falciparum 19.1 16.1 18.0 17.7 19.7 18.1 (16.4–19.9) 24.5 (22.1–26.8)

Plasmodium vivax 0.13 0.11 0.11 0.11 0.10 0.11 (0.10–0.13)

Vitamin A deficiency 10.8 12.8 10.7 10.7 13.1 11.6 (10.1–13.1) 36.0 (31.2–39.2)

Wasting (BAZ ,2) 5.55 6.99 6.74 5.41 5.81 6.1 (5.2–7.0) 8.9 (6.5–11.2)

Incomplete vaccination 2.20 2.22 1.89* 1.99* 2.2* 2.1 (1.9–2.3) 9.8 (4.6–13.1)

Iron deficiency 3.68 2.91 3.92 3.92 4.13 3.7 (3.1–4.3) 6.4 (4.7–8.0)

Multiple imputation (MI) averages and 95% confidence intervals (CI) are given, together with partial attributable risks and boot strap 95% CI.
doi:10.1371/journal.pntd.0001972.t004

Severe Anemia in PNG Children

PLOS Neglected Tropical Diseases | www.plosntds.org 7 December 2012 | Volume 6 | Issue 12 | e1972



The present study confirms that severe anemia in PNG children

is multi-factorial and suggests that vitamin A deficiency and P.

falciparum infection are the most important contributors. Vitamin A

supplementation has been shown to reduce malaria infection

[55,56] but may have other beneficial effects on hematopoiesis [38]

that contribute to reduced all-cause mortality [57,58]. Currently,

vitamin A is given as part of the expanded program of immunization

in PNG at 6 and 12 months of age. Incomplete vaccination was an

independent predictor of severe anemia in our children and so

current efforts to up-scale supplementary immunization every 2–3

years should have benefits for the incidence of anemia, especially if

vitamin A supplementation were included. Other strategies to

improve childhood nutrition would also be beneficial in PNG

children. Implementation of intermittent preventive treatment in

infancy could reduce the burden of anemia [59], especially if ACT

replaces chloroquine/amodiaquine-based regimens [14].

Supporting Information

Checklist S1 STROBE checklist of items that should be
included in reports of cross-sectional case-control
observational studies with detailed referencing of re-
quirements to the text of the paper.

(DOC)

Table 5. Clinical, laboratory and genetic features of children with severe anemia by Plasmodium falciparum infection status.

P. falciparum Non-P. falciparum P-value

(n = 84) (n = 59)

Sex (males) 45.2 57.6 0.18

Age (months) 36 [25–52] 41 [24–80] 0.11

Maternal education

None/elementary 30.8 42.6

Primary 57.7 44.4 0.25

Secondary or tertiary 9.0 13.0

Ethnicity (Madang or Sepik) 84.5 84.7 0.93

Adopted 11.4 5.6 0.30

Bednet use 83.8 81.0 0.82

Incomplete vaccination 51.2 50.8 1.00

Wasting (BAZ ,2) 21.3 32.1 0.17

Vitamin B12 deficiency (,150 pmol/L) 11.0 6.1 0.52

Folate deficiency (,260 pmol/L) 13.0 4.9 0.29

Vitamin A deficiency (,0.7 mmol/L) 96.0 59.2 ,0.0001

Iron deficiency (sTFR/log ferritin .5.6) 8.2 42.5 0.0006

Parvovirus B19 PCR/IgM positive 15.5 33.9 0.014

Red cell distribution width 19 [17–24] 26 [21–30] ,0.0001

Serum bicarbonate (mmol/L) 16.2 [15.0–17.9] 16.5 [15–18.5] 0.48

Blood lactate (mmol/L) 3.3 [2.2–5.1] 3.1 [2.1–4.2] 0.14

Serum creatinine (mmol/L) 24 [19–31] 25 [18–32] 0.81

Serum bilirubin (mmol/L) 15.1 [8.6–24.9] 7.4 [4.4–12.7] 0.0002

Serum alanine aminotransferase (IU/L) 14 [11–19] 11 [8–19] 0.02

Serum C-reactive protein (mg/L) 93 [36–151] 15 [5–42] ,0.0001

Southeast Asian ovalocytosis (D27bp deletion) 5.3 11.1 0.29

Glycophorin C Dex3bp deletion

Deletion/deletion 5.6 22.5

Deletion/wildtype 33.3 32.5 0.02

Wildtype/wildtype 61.1 45.0

Complement receptor 1 polymorphism

AA 9.5 20.0

AG 37.8 33.3 0.27

GG 52.7 47.7

Alpha-thalassemia (3.7 or 4.2 kb deletion)

Wildtype/wild type 21.9 30.3

Deletion/wild type 25.0 27.3 0.56

Deletion/deletion 53.1 42.4

Data are percentages or median and [inter-quartile range].
doi:10.1371/journal.pntd.0001972.t005
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