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PREFACE 

 

The regulations of the University of Western Australia provide the option for candidates for the Degree 

of Doctor of Philosophy to present their thesis as a series of papers, which have been 

accepted/published in peer-reviewed journals or manuscripts that have been submitted to journals 

but not yet accepted. 

This thesis presents a review of current knowledge on role of respiratory viruses and bacteria in the 

field of childhood pneumonia followed by a series of published/accepted papers and submitted 

manuscripts describing the contribution of respiratory pathogens in childhood pneumonia and utility 

of clinical, microbiological and host immune response as diagnostic tool for childhood pneumonia. 

Each manuscript (accepted or submitted) is presented as a separate chapter. A general discussion is 

presented at the end to summarize the key findings of this thesis, contribution of knowledge to the 

field and future research priorities.   
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SUMMARY 

Globally, community-acquired pneumonia remains one of leading causes of hospitalisation and 

mortality, particularly among children aged under 5 years with an annual estimate of 120 million 

episodes and one million deaths. Although deaths are rare, pneumonia remains as leading cause of 

hospitalisation in high-income countries. In Australia, pneumonia results in 5-8 hospitalisations per 

1000 child-years among children <5 years old with Aboriginal children are disproportionately affected. 

Many of the respiratory pathogens causing pneumonia are also detected in healthy asymptomatic 

children, which confounds estimating their contribution to childhood pneumonia. Understanding their 

contribution to childhood pneumonia would be of benefit in rationalising treatment guidelines and 

prioritizing vaccine development efforts. The primary aim of this thesis was to assess the contribution 

of respiratory viruses and bacteria to childhood pneumonia by estimating the pathogen-specific 

population-attributable fraction of radiologically-proven pneumonia in highly vaccinated Western 

Australian children. Additionally, research was conducted to: a) determine the nasopharyngeal density 

for respiratory viruses and bacteria associated with childhood pneumonia and assess whether 

pathogen specific density can assist in  differentiating pneumonia cases from healthy controls; b) 

assess the diagnostic utility of clinical characteristics and biomarkers for distinguishing viral from 

bacterial pneumonia; and c) measure nasopharyngeal host immune responses and assess their utility 

for differentiating pneumonia cases from healthy controls and the probable aetiology. 

The thesis presents findings from a prospective case-control study in which pathogens detected in the 

nasopharyngeal specimens from children with radiologically-confirmed pneumonia were compared 

with those detected from contemporaneous age-matched healthy controls. A total of 230 cases and 

230 controls were enrolled. One or more respiratory viruses were detected in the nasopharynx of 57% 

of cases and 29% of controls (adjusted odds ratio (aOR): 4.7; 95% CI: 2.8, 7.8). At least one bacterial 

species was detected in the nasopharynx of 72% of cases and 80% of controls (aOR: 0.7; 0.4, 1.2). 

Respiratory syncytial virus (RSV) detection was most strongly associated with pneumonia (aOR: 58.4; 
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15.6, 217.5). Among bacteria, only nasopharyngeal Mycoplasma pneumoniae detection was more 

commonly detected in pneumonia cases than controls (aOR: 14.5; 2.2, 94.8). We estimated that RSV, 

human metapneumovirus (HMPV), influenza, adenovirus and Mycoplasma pneumoniae contributed 

for 20% (95% CI: 15, 26), 10% (6, 14), 6% (3, 10), 4% (1, 7) and 7% (4, 11) of childhood pneumonia, 

respectively. The median nasopharyngeal density for RSV, HMPV, influenza, Haemophilus influenzae 

and Staphylococcus aureus were higher in cases than controls, but no threshold density could reliably 

differentiate cases from controls. After adjusting for demographic factors and nasopharyngeal density 

of other pathogens, every log10 copies/mL increase in density for RSV, HMPV and influenza increased 

the probability of being a case (compared to control) by 6, 3 and 2 times, respectively. 

Elevated C-reactive protein (CRP) showed potential for discriminating definite bacterial cases from 

presumed viral and other pneumonia cases. Combining elevated CRP with the presence or absence of 

specific clinical symptoms improved the discrimination. The assessment of nasopharyngeal cytokine 

concentration showed higher local production of interleukin (IL)-6, IL-8 and induced protein (IP)-10 in 

the nasopharynx of cases than controls and the elevation were associated with severity of pneumonia. 

Raised IP-10 in the nasopharynx appeared to be a potential immune marker for viral pneumonia in our 

study population. 

This research has demonstrated that respiratory viruses contribute significantly to the pneumonia 

burden in Western Australian paediatric population. RSV is the leading contributor and should remain 

a key focus for future preventative and treatment strategies. HMPV and influenza are also important 

contributors to childhood pneumonia. Efforts to improve influenza vaccine uptake could appreciably 

reduce influenza-associated pneumonia burden. Assessment of pathogen density and local cytokine 

production in the nasopharynx, and combination of clinical signs and symptoms with biomarkers are 

promising for differentiating cases from controls and bacterial from viral pneumonia, but each of these 

parameters, in isolation, could not reliably differentiate cases from controls or the probable aetiology. 

Further research investigating the complex interactions between clinical, radiological, microbiological 
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and host immune parameters will be required to develop advanced point-of-care diagnostic tools to 

diagnose bacterial and viral pneumonia effectively, a critical step to inform the targeted use of 

antivirals and judicious use of antibiotics.   
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CHAPTER ONE: INTRODUCTION 

Pneumonia, a lower respiratory tract infection (LRTI), is a leading cause of morbidity and mortality among 

children. The burden is highest among the young children aged < 5 years with an estimated 120 million 

episodes and 1 million deaths each year globally (Walker, Rudan et al. 2013, Liu, Oza et al. 2016). More 

than 95% of pneumonia cases occur in low- and middle-income countries (LMICs), mostly in Africa and 

South-East Asia. Although deaths are rare, pneumonia remains an important reason for hospitalisation 

in young children in high-income countries (HICs) (Rudan, Boschi-Pinto et al. 2008, Prayle, Atkinson et al. 

2011, Jain, Williams et al. 2015).  

The detection of a pathogen associated with pneumonia is an important step towards selecting 

appropriate treatment. Isolating pathogens from lower respiratory tract samples would be most sensitive 

and specific, but specimen collection is invasive and rarely practiced. Although less specific, 

nasopharyngeal (NP) swabs are frequently used for assessing pneumonia aetiology because of ease of 

collection yet detection in the nasopharynx doesn’t not always equate with disease (Clark 2015). 

Historically, bacteria, particularly Streptococcus pneumoniae and Haemophilus influenzae, have been 

recognised as the leading cause of pneumonia (McIntosh 2002). More recently, respiratory viruses have 

been increasingly identified as a major cause of childhood pneumonia: respiratory viruses can be 

detected up to 92% of children with pneumonia (Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, 

Nascimento-Carvalho, Vilas-Boas et al. 2018). The increasing detection of respiratory viruses in children 

with pneumonia is likely to be multifactorial. As a result of widespread use of conjugate vaccines against 

H. influenzae type b (Hib vaccine) and S. pneumoinae (pneumococcal vaccine) in most of HICs and many 

LMICs, the burden of bacterial pneumonia has decreased. At the same time, the advent of sensitive 

molecular diagnostics has enabled identification of many previously undetectable viruses. It should be 

noted, in many LMICs where the pneumococcal vaccines have not been or recently been introduced, S. 
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pneumoniae and H. influenzae (both typeable and non-typeable), have remained as important 

contributor to childhood pneumonia (Hammitt, Kazungu et al. 2012).  

While the presence of respiratory viruses and bacteria are demonstrated in upper respiratory tract 

specimens from children with pneumonia, many of these pathogens are also detected in similar 

specimens from children without respiratory symptoms (Moore, Jacoby et al. 2010). The presence of 

microorganisms in asymptomatic children makes it challenging to ascertain the exact contribution of 

those pathogens to disease, particularly with uncontrolled pneumonia aetiological studies. There have 

been few case-control studies to assess whether the bacteria and/or viruses commonly identified in 

pneumonia are likely to have a real pathogenic contribution or whether they are more likely to be non-

pathogenic, i.e. coincidentally present without causing harm. The majority of these studies have been 

conducted in LMICs where the epidemiological pattern of the disease does not necessarily match with 

that in HICs and also where the childhood vaccination coverage is more variable (Fry, Lu et al. 2007, 

Berkley, Munywoki et al. 2010, Mathisen, Strand et al. 2010, Singleton, Bulkow et al. 2010). Recently, 

data from case-control studies among children in HICs, one in the US and the other in Sweden, were 

published. Findings of these studies were limited by the representativeness of comparative control 

population and/or small sample size leading to insufficient power to assess attribution of all but the many 

prevalent viral pathogens (Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015).  

Antibiotics are prescribed to the majority of children with pneumonia assuming that most of these 

infections are associated with bacteria. However, the high prevalence of respiratory viruses in childhood 

pneumonia in recent years suggests antibiotic may not be required or may provide little benefit in many 

cases. While sensitive molecular laboratory techniques have enabled us to detect more pathogens, the 

results of microbiological tests are rarely available when treatment decisions are taken nor are able to 

identify the true pathological impact of a detected pathogen. Timely identification of a probable 

pathogen (bacteria or virus or both) and exclusion of more severe pathology are important to inform an 

appropriate treatment plan including selecting whether or not antibiotics are required. In absence of 
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rapid and discriminatory diagnostics, clinical characteristics and non-specific blood markers have been 

explored to differentiate between bacterial and viral aetiology of pneumonia. Those studies were limited 

by small sample size and the use of less sensitive pathogen detection assays which has led to 

inappropriate categorization into aetiological group (Virkki, Juven et al. 2002, Korppi 2004, Elemraid, 

Rushton et al. 2014). Even studies that was able to differentiate the bacterial pneumonia from viral 

pneumonia, the relatively low diagnostic value limit their use in clinical settings (Flood, Badik et al. 2008).  

Determination of pathogen density could be useful in differentiating probable aetiology. To best of our 

knowledge, none of the previous studies from HICs have measured the absolute pathogen density in 

pneumonia cases and healthy controls to explore the contribution of these respiratory pathogens to 

childhood pneumonia. A large multisite case-control study in 7 LMICs, Pneumonia Etiology Research for 

Child Health (PERCH), recently reported density for respiratory viruses and bacteria from children with 

radiologically-confirmed pneumonia and healthy controls (Baggett, Watson et al. 2017, Feikin, Fu et al. 

2017, Park, Baggett et al. 2017). The PERCH study found that the mean density for some viruses were 

higher in cases than controls but a reliable density cut-off to distinguish the pneumonia cases from 

controls could not be measured. Density threshold for S. pneumoniae and H. influenzae could 

differentiate microbiologically-confirmed pneumonia cases from controls. The findings from the PERCH 

study are important but less relevant for HICs with high vaccine coverage for childhood vaccines including 

pneumococcal vaccine. Host immune response can be detected in patient samples at an early stage of 

infection and could be another useful avenue in diagnosing the pneumonia case effectively. Elevation of 

local inflammatory response in the nasopharynx has been correlated with the presence of specific 

aetiology in patients with acute respiratory infections (ARI) including pneumonia (Laham, Israele et al. 

2004, Breindahl, Rieneck et al. 2012, Ugonna, Douros et al. 2016). However, to our knowledge, none of 

previous pneumonia study has explored the utility of nasopharyngeal inflammatory response to 

distinguish pneumonia from asymptomatic controls and determine probable aetiology of infection.  
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Collectively, there is a clear knowledge gap regarding the relative contribution of respiratory viruses and 

bacteria to childhood pneumonia in countries with well-established childhood vaccination programs. In 

order to design and implement effective treatment and preventive strategies to reduce pneumonia 

related hospitalisations, it is important to have: i) a clear understanding of pneumonia aetiology at the 

population level, and ii) a reliable diagnostic tool that can effectively diagnose pneumonia cases with 

probable aetiology.  

Through this thesis we aimed to generate the data necessary to extend our understanding of the role of 

respiratory viruses and bacteria in the pathogenesis pneumonia in paediatric population with high 

childhood vaccine coverage and to explore way to improve pathogen-specific approaches to diagnosis. 

 

1.1 Aims 

The primary aim of this thesis was to assess the contribution of respiratory viruses and bacteria by 

estimating the pathogen-specific population-attributable fraction of radiologically-proven pneumonia in 

children. The secondary aims were: a) To determine the nasopharyngeal density for respiratory viruses 

and bacteria associated with childhood pneumonia and assess whether pathogen specific density can 

assist in differentiating pneumonia cases and healthy controls; b) To assess the diagnostic utility of clinical 

characteristics and blood biomarkers in distinguishing viral pneumonia from bacterial pneumonia; and c) 

To measure nasopharyngeal host immune profile (cytokines and chemokines) and assess their utility in 

differentiating pneumonia cases and healthy controls and probably aetiology.  

 

1.2 Research chapter outline 

The thesis is organized into nine chapters.  
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The first chapter provides an overview of pneumonia and its aetiology and the rationale for this research. 

Chapter two provides the background on what is currently known regarding the burden of childhood 

pneumonia, aetiology of pneumonia, pathogen density and its association with disease severity, immune 

response to pneumonia, and the diagnostic utility of pathogen density and host immune responses in 

pneumonia. Chapter three provides background on the contribution of respiratory virus to childhood 

pneumonia, finding from a systemic review and meta-analysis which was conducted as part of the thesis. 

Chapter four describes the general methods including study design, participant enrolment criteria and 

laboratory procedures of a prospective case-control study (PnuemoWA) upon which this thesis was 

based on. Each of the four study aims (outlined under Aims) has been described in chapter five to chapter 

eight. The research in chapter five describes the primary aim: how much do respiratory viruses and 

bacteria contribute to childhood pneumonia at a population level. Chapter six explains the work 

conducted to measure the density of respiratory pathogens in nasopharynx in cases and controls 

(secondary aim (a)). Chapter seven describes the utility of clinical symptoms and blood biomarkers to 

differentiate probable aetiology in pneumonia cases (secondary aim (b)). Chapter eight determines the 

host immune profile in nasopharynx and compares between cases and controls (secondary aim (c)). The 

final chapter, chapter nine, discusses the major findings of this research and the future research 

directions. 
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CHAPTER TWO: RESPIRATORY PATHOGENS ASSOCIATED WITH 

PNUEMONIA IN CHILDREN 

2.1 Chapter outline 

This chapter describes current knowledge on the burden of pneumonia in children, available preventive 

strategies, common aetiology of childhood pneumonia and outlines the challenges in determining 

attribution of respiratory pathogens to childhood pneumonia. Published literatures on pathogen density 

and host immune response in children with acute respiratory infections including pneumonia are 

reviewed and summarized. In the absence of rapid diagnostic tool to differentiate the symptomatic 

infection from asymptomatic colonization and to determine the probable aetiology in children with 

pneumonia, the potential utility of pathogen density and host immune response as diagnostic tool are 

described.   

  

2.2 Pneumonia – the disease 

Pneumonia is an acute respiratory infection 

affecting the lungs. In pneumonia, the alveoli 

of the lungs become filled with inflammatory 

fluid blocking oxygen absorption and 

resulting in breathing difficulty (Figure 2.1). 

Pneumonia occurs as a result of invasion and 

overgrowth of microorganisms in lung tissue 

although the exact pathophysiological steps 

that occur in the lungs of pneumonia cases 

remains poorly defined.  

 
Figure 2.1. Pathogenesis of pneumonia  
(Adapted from 
https://commons.wikimedia.org/wiki/File:New_Pneumonia_cartoon.png
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In 1990, based on available evidence and guidelines, the World Health Organization (WHO) developed a 

simple clinical algorithm to diagnose community-acquired pneumonia (CAP) – that is, the presence of 

cough and fast or difficulty breathing. The presence of other symptoms such as inability to feed, raised 

respiratory rate, lower chest wall indrawing, fever, and tachycardia provided further evidence of disease 

severity (World Health Organization (WHO) 1991, World Health Organization (WHO) 1994). The WHO 

definition has been highly sensitive and suitable for capturing most pneumonia cases, particularly in 

developing settings where resources are scarce and health infrastructures are inadequate. However, this 

definition has low specificity since a number of other childhood illnesses share similar signs and 

symptoms. While the WHO radiological definition (i.e. evidence of lobar pulmonary consolidation) has 

improved specificity for the two most important bacterial pathogens associated with pneumonia, 

Streptococcus pneumoniae and Haemophilus influenzae type b (Figure 2.2), but lacks sensitivity to 

identify cases caused by other pathogens including viral pathogens that are more associated with 

interstitial infiltrate (Figure 2.3) (Cherian, Mulholland et al. 2005). Though the radiological definition 

provides highly sensitive pneumonia case definition, many developing countries still practice WHO 

clinical case definition due to lack of appropriate radiological equipment in health facilities and also to 

 

Figure 2.2: Chest radiograph of lobar 
consolidation (Adapted from https: // 
radiopaedia.org/cases/right-upper-lobe-pneumonia-paediatric) 

 

Figure 2.3: Chest radiograph of interstitial 
infiltrate pneumonia  
(Adapted from https://www.medscape.com/viewarticle/840562) 
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capture of most of pneumonia cases with variable aetiology (Scott, Wonodi et al. 2012). A recent 

systematic review and meta-analysis on clinical features of pneumonia in children aged <5 years found 

no single clinical signs and symptoms could provide definitive diagnosis of pneumonia. The authors 

demonstrated that lower chest wall indrawing and fast breathing had been poor diagnostic predictors 

whereas nasal flaring, grunting, respiratory rate >50 breaths per minute and chest indrawing had the 

highest diagnostic value. As such, it has been suggested that a combination of factors, incorporated into 

an algorithm, could improve the diagnosis of pneumonia in children (Rambaud-Althaus, Althaus et al. 

2015). 

 

2.3 Global burden of pneumonia  

During the year 2000, the United Nations’ announced of the Millennium Development Goals (MDG) 

including to “Reduce by two-thirds, between 1990 and 2015, the under-five mortality”. This 

announcement drove interest in assessing the mortality caused by common childhood illness (United 

Nations 2000). An initial estimate of community-acquired pneumonia (CAP) burden in children for the 

year 2000 resulted in approximately 156 million new episodes of clinical pneumonia at an incidence of 

260 episodes per 1000 child-years. These data demonstrate that pneumonia is the one of the leading 

causes of morbidity among young children globally. Nearly 95% of the new episodes, which is equivalent 

to approximately 152 million episodes, occur in LMICs. The countries in South-East Asia suffer most from 

childhood pneumonia with an estimated 60 million of new episodes occurring at an incidence of 360 

episodes per 1000 children-year. This estimates are followed by estimates from African countries that 

account for nearly 35 million new episodes year. In contrast, the estimated burden of pneumonia in HICs 

is much lower, 4 million new episodes each year at incidence 50 cases per 1000 child-years. In addition 

to high morbidity, CAP has been the leading cause of death among young children, particularly in children 

<5 years, worldwide. In 2007, nearly 2 million deaths were attributable to pneumonia. African countries 
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accounted for half of the annual pneumonia deaths worldwide whereas countries in Europe and America 

contributed only 2-3% to pneumonia death (Rudan, Boschi-Pinto et al. 2008). The recent estimates 

among <5 years children with 120 million episodes in 2010 and nearly 1 million deaths in 2015 suggests 

pneumonia remains the leading cause of morbidity and mortality from infectious diseases in young 

children (Walker, Rudan et al. 2013, Liu, Oza et al. 2016).  

There are few studies that estimated pneumonia burden in children in HICs. The estimates of pneumonia 

burden in these countries vary because of differences in study design, in age groups of included children 

and in study settings (for instances, hospital-based or community-based or using data from general 

practitioners). From these studies, it is evident that the burden of pneumonia is more in young children 

and the incidence decreases with increasing age.  

During 1981-82, a prospective community-based study was conducted in a district in Finland to estimate 

the incidence of pneumonia. The study enrolled pneumonia cases, either radiologically confirmed or 

confirmed by autopsy, over one year from multiple health facilities in the district. The researchers 

reported that the incidence of pneumonia among young children aged <5years was higher than in 

children aged 5-18 years (36/1000 child-years vs 16/1000 child-years) (Jokinen, Heiskanen et al. 1993). 

There was only one death in a child with pneumonia: that child also had severe underlying conditions.  

Using data from general practitioners’ patient records, the rate of pneumonia was estimated at 15 

cases/1000 child-years aged 0-10 years in the Netherlands between  1997-2000 (Bos, Rumke et al. 2003) 

and  2/1000 child-years among children <5 years in the United Kingdom (UK) between 1991-2003 (Myles, 

McKeever et al. 2009).  

In Switzerland, a hospital-based study reported pneumonia incidence at 2cases/100,000 child-years in 

among children aged <5 years during 1985 to 1994 which was lower compared to other countries in 

Europe (Venetz, Schopfer et al. 1998). However, the study only enrolled hospitalized children with 

pneumonia which might underestimated the incidence as many children received care as outpatients.  
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Using parental recall, the estimated incidence of pneumonia ranged from 17-19/1000 child-years in 

children 0-1 year and from 14-17/1000 child-years among  0-5 years in Germany during 1999 – 2001 

(Weigl, Bader et al. 2003).  Recently, a population based surveillance for CAP in the United States (US) 

estimated the overall incidence of pneumonia was 2/1000 child-years among children younger than 18 

years with highest rate determined in children aged <2 years in the year 2010 – 2012 (6/1000 child-years) 

(Jain, Williams et al. 2015).  

In Australia, pneumonia is an important cause of hospitalisation of children and the incidence of 

pneumonia in children <5 years has been reported as 5 – 8 cases per 1000 child-years (Burgner and 

Richmond 2005, Strachan, Snelling et al. 2012). Aboriginal children have been observed to be at 14 times 

higher risk of hospitalisation for pneumonia than non-Aboriginal children (Moore, Burgner et al. 2007). 

Another study in Western Sydney estimated the incidence of pneumonia using telephone survey of 2020 

parents and reported the incidence as 8/1000 child-years among children aged  5 – 14 years (MacIntyre, 

McIntyre et al. 2003).  

Although the disease burden is low and deaths are rare in HICs, pneumonia remains an important public 

health concern for two main reasons: (a) emerging resistance of bacteria to antibiotics that are used to 

treat pneumonia and other common paediatric infections and, (b) emergence of new pathogens and 

evidence of replacement of vaccine-preventable strains with non-vaccine strains (Pai, Moore et al. 2005, 

Lehmann, Willis et al. 2010, Prayle, Atkinson et al. 2011, Strachan, Snelling et al. 2012). More recently, 

there has been increasing recognition of severe form of pneumonia including necrotizing pneumonia, a 

severe complicated pneumonia, that affecting up to 7% of all cases of childhood CAP in HICs (Masters, 

Isles et al. 2017).   

2.4 Current preventive strategies against pneumonia in children 

In most HICs including Australia, routine immunisation with pneumococcal conjugate vaccine and Hib 

conjugate vaccine to protect young children against two major bacterial pathogens, Streptococcus 
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pneumoniae, also known as pneumococcus, and Haemophilus influenzae type b (Hib), appears to have 

reduced the incidence of pneumonia in children (Isaacman, McIntosh et al. 2010, Koshy, Murray et al. 

2010, Li and Tancredi 2010, Weil-Olivier, van der Linden et al. 2012, Chiu and McIntyre 2013, Griffin, 

Mitchel et al. 2014). In Australia, nationwide vaccination with the 7-valent pneumococcal conjugate 

vaccine (7vPCV) at 2, 4 and 6 months of age was introduced in January 2005. A reduction of 

hospitalisation rates with all cause pneumonia within two years following introduction of 7vPCV on 

Australia’s routine immunisation schedule was observed in young children aged <4 years – 

hospitalisation rates were 38/100,000 children aged < 2years and 28/100,000 children aged 2-4 years 

(Jardine, Menzies et al. 2010). Despite the significant reduction of pneumococcal disease burden by 

7vPCV, emergence of non-vaccine serotypes, such as serotype 19A, with potential to cause severe and 

complicated pneumonia, and empyema had been reported following 7vPCV implementation (Pai, 

Moore et al. 2005, Strachan, Snelling et al. 2012). In July 2011, the 7vPCV vaccine was superseded by 

13-valent PCV (13vPCV) in Australia providing additional cover for the emerging serotypes including 

serotype 1, 3 and 19A. Children those are at higher risk of invasive pneumococcal disease are 

recommended to receive a fourth dose of 13vPCV at the age of two years (Chiu and McIntyre 2013).  

While substantial reductions of bacterial pneumonia burden in children have been achieved by 

available conjugate vaccines , the increased detection of respiratory viruses associated pneumonia 

during the early age of life in recent years suggests that the current immunisation strategies against 

bacterial pathogens may have only a modest impact on overall pneumonia case reduction (Juven, 

Mertsola et al. 2000, Cilla, Onate et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Hammitt, 

Kazungu et al. 2012, Jain, Williams et al. 2015, Nascimento-Carvalho, Vilas-Boas et al. 2018). Identifying 

alternative vaccination strategies targeting other pathogens are critical next step. Except for influenza 

viruses, there is no other vaccines currently available against viral respiratory illness. Influenza 

vaccination is recommended for all children of age 6 months to 5 years and is provided free to Western 

Australian children. The vaccine has been found effective in preventing up to 65% of influenza cases, 
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however, the uptake of the vaccine has been as low, ranged from 15 – 20% in preschool children in 

Australia (Blyth, Jacoby et al. 2014, Blyth, Macartney et al. 2018). Respiratory syncytial virus (RSV) is 

associated with the majority of pneumonia among very young children globally (Nair, Nokes et al. 

2010), but there is no commercially available vaccine against RSV. A monoclonal antibody, palivizumab 

has demonstrated to reduce RSV-complications by 40% in several randomised controlled trials among 

high risk children with immunodeficiencies, congenital heart disease or chronic lung disease (Wegzyn, 

Toh et al. 2014). However, the high cost of palivizumab has limited its use to only high-risk paediatric 

populations in HICs. 

 

2.5 Respiratory pathogens in children with pneumonia 

There are many reasons why it is important of understanding aetiology of childhood pneumonia: the 

pathogens associated with pneumonia guide the treatment plan particularly in terms of antimicrobials. 

Accurate pathogen data is essential to inform which vaccines should be prioritised for development. Yet, 

identification of causative microorganisms in childhood pneumonia has been challenging and influenced 

by the type of clinical specimens obtained and which testing methods were used.  

2.5.1 Frequently used laboratory methods 

The ideal specimen for detection of pathogens in pneumonia is alveolar lung fluid; however, collecting 

adequate specimens is difficult because: a) children cannot reliably produce sputum and b) lung 

aspiration is invasive and is associate with potential morbidity (McIntosh 2002, Clark 2015). Different 

studies have used a variety of alternative specimens to detect the causative pathogen for childhood 

pneumonia, including blood, nasopharyngeal aspirates (NPA), nasopharyngeal swabs (NPS) and pleural 

fluid (PF) (for severe and complicated cases). Appropriate specimen collection is encouraged, followed 
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by appropriate laboratory testing. To identify pathogens associated with pneumonia, frequently 

performed microbiological tests include: 

1) Microscopy, Gram staining and culture of lower respiratory tract specimens including sputum, 

endotracheal aspirates or bronchioalveolar lavage (BAL): 

Sputum, the most frequently obtained lower respiratory tract specimen, is often used for diagnosis of 

community-acquired pneumonia in adults. Identification of pathogens by Gram staining and culture of 

sputum is often difficult in paediatric population because children struggle to produce good quality 

sputum specimen. The other challenges with sputum testing include low sensitivity because of low yield 

and low specificity due to likely contamination by the upper respiratory tract microorganisms during 

collection (Clark 2015). Alternative modes of collection (endotracheal aspirates or bronchioalveolar 

lavage) are invasive and require sedation or anaesthetic. 

The PERCH study demonstrated good-quality induced sputum specimens could be achieved in children. 

However, PERCH study could not show association between sputum culture result and radiologic 

pneumonia and thus concluded limited utility of sputum specimen as diagnostic tool for pneumonia 

(Murdoch, Morpeth et al. 2017a, Murdoch, Morpeth et al. 2017b). Pneumococcus was detected in 

sputum from 50% of children with CAP in Finland (Honkinen, Lahti et al. 2011). Musher et al. determined 

80% sensitivity of culture from good-quality sputum for detection of S. pneumoniae in children and adult 

pneumonia cases who had blood cultures positive for S. pneumoniae. The sensitivity for Gram staining 

of sputum was 57% in this population. The study found the sensitivity of culture and Gram staining for 

sputum were inversely effected by the duration of antibiotic – the sensitivity for culture increased to 86% 

and Gram staining to 63% if sputum specimen had been collected within 24 hours of antibiotic 

administration (Musher, Montoya et al. 2004).  

 

2) Blood culture and bacterial detection through polymerase chain reaction of whole blood:  
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Blood cultures have been considered as the “gold standard” for identification of bacterial pneumonia but 

the investigation has a low yield in children (Falade, Mulholland et al. 1997). In addition, false negativity 

as a result of antibiotic pre-treatment before blood collection and delay in getting the results (at least 24 

hours), collectively limited utility of blood cultures and are not recommended for all pneumonia patients 

(Hickey, Bowman et al. 1996, Mandell 2015). Polymerase chain reaction (PCR) is a molecular laboratory 

technique that amplifies the nucleic acid (NA) of a specific pathogen in samples and is capable of 

identifying more pathogens than other diagnostic tests. The benefit of PCR over culture is availability of 

test outcomes in few hours. However, detection of pathogens in PCR does not necessarily indicate the 

infectious state and thus the specificity of blood PCR is lesser than blood culture. The PERCH study found 

that sensitivity of blood PCR for Streptococcus pneumoniae among pneumonia cases with blood-culture 

positive S. pneumoniae was 68%. The sensitivity reduced to 64% when compared with all patients with 

detectable S. pneumoniae either by culture in blood or by culture or PCR in pleural fluid or lung aspirate, 

suggesting pneumococcal PCR might has limited utility for diagnosing pneumococcal pneumonia in 

children (Morpeth, Deloria Knoll et al. 2017). 

 

3) Antigen detection and Polymerase chain reaction (PCR) on respiratory specimens:  

Bacterial, viral and other pathogens are also detected directly in upper and lower tract respiratory 

specimens through antigen and/or nucleic acid detection methods. The ease of collection of upper 

respiratory tract specimens such as NPA, NPS, nasal wash, nasal secretion, throat swab and 

oropharyngeal swabs have made this form of diagnostic test popular for detecting respiratory pathogens 

from children with ARI. Similar assays can be used to detect pathogens in lower respiratory tract samples. 

Direct or indirect Immunofluorescence techniques have previously been used for detecting respiratory 

pathogens from respiratory specimens. This assay utilises fluorescent-conjugated antibodies that binds 

to the pathogen specific antigens in clinical specimens directly or indirectly. The final outcome of test 

assay is examined under fluorescent microscope. Antigen assays are rapid and least expensive compared 
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to other diagnostic assays and were used in many healthcare settings for the diagnosis of common 

respiratory viruses (Landry 2009, Ginocchio and McAdam 2011). 

With the advent of molecular detection technologist including PCR, the number of pathogens detectable 

in respiratory specimens has increased. Multiple in-house and commercial, single target or multi-target 

NA assays have been developed to identify common bacterial and viral respiratory pathogens.  Currently, 

commercial PCR kits are available to detect various viral pathogens and atypical bacteria (Pillet, Lardeux 

et al. 2013). While PCR has improved the sensitivity and specificity of diagnosis of respiratory pathogens, 

the detection of pathogens from asymptomatic children makes interpretation of positive results difficult 

(Mahony 2008, Mandell 2015).  

 

4) Urine antigen tests:  

Antigen detection using samples from other sites can be used to diagnose respiratory infection. Rapid 

test for detection of antigens from urine samples exists for three common respiratory pathogens, S. 

pneumoniae, Legionella pnuemophila serogroup 1 and Histoplasma capsulatum, who secrete antigens in 

kidneys are detectable in urine.  This test can be used to detect antigen in patients with ongoing antibiotic 

treatment and offers relatively high sensitivity (>80%) and specificity (>90%) in adult population and 

(Murdoch, O'Brien et al. 2009, Sorde, Falco et al. 2011, Mandell 2015). However, the sensitivity and 

specificity of urine antigen for detecting pneumococcal pneumonia in paediatric population varied in 

studies (Murdoch, O'Brien et al. 2009). Dowell et al. found the assay had low sensitivity to differentiate 

the pneumonia patients from healthy controls and the test results were influenced by nasopharyngeal 

pneumococcal carriage (Dowell, Garman et al. 2001). While Esposito et al. found the urine antigen assay 

identified all invasive pneumococcal cases but positive results were also observed in healthy control’s 

group and the positive urine test was related with nasopharyngeal carriage of pneumococcus in both 

groups (Esposito, Bosis et al. 2004). In contrast, Michelow et al. found 88% sensitivity of the urine test in 

children with culture-confirmed pneumococcal infection and found no association with pneumococcal 

nasopharyngeal colonization. However, the assay was not performed in control population (Michelow, 
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Lozano et al. 2002). Recently, pneumococcal serotype specific urinary antigen detection assay has been 

developed and validated in adult population (Albrich, Pride et al. 2017).   

 

5) Serum Biomarkers:  

Levels of blood biomarkers, including procalcitonin (PCT) and C-reactive protein (CRP), are frequently 

used to guide whether the disease is of bacterial or viral origin on the assumption that bacterial infection 

releases higher levels of both markers compared to viral infections. A study among children with severe 

pneumonia in Mozambique found CRP and PCT concentration were lower in viral pneumonia cases than 

invasive bacterial cases and both CRP and PCT were effective to differentiate viral and invasive bacterial 

pneumonia (Diez-Padrisa, Bassat et al. 2010). A Cochrane review reported PCT was more specific and 

sensitive than CRP to distinguish bacterial from viral infection (Simon et al. 2004). A recent study among 

Italian children with community-acquired pneumonia revealed that serum CRP had better predicting 

capacity to detect severe form of disease such as lobar consolidation and pleural effusion compared to 

PCT (Agnello, Bellia et al. 2016), whereas serum PCT level was found to be a better marker for detecting 

lobar pneumonia than CRP among Korean children (Lee, Hwang et al. 2010). However, in Finland no 

significant relationship between CRP concentration and aetiology of CAP was observed (Heiskanen-

Kosma and Korppi 2000). 

 

2.5.2 Viruses and bacteria detected in cases with pneumonia 

The viruses and bacteria frequently associated with childhood pneumonia are summarized in Table 2.1. 

Some fungal species including Histoplasma capsulatum, Blastomyces dermatitidis rarely cause 

pneumonia, mostly in immunocompetent children (McIntosh 2002) and are infrequent pathogens overall 

in the Australian context. 
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2.5.2.1 Prevalence of respiratory viruses  

There is increasing recognition that respiratory viruses can cause pneumonia. Respiratory viruses have 

been identified in respiratory specimens from up to 92% of young children with CAP; RSV is the most 

frequently detected, ranging from 7- 48% of cases (Juven, Mertsola et al. 2000, Cilla, Onate et al. 2008, 

Nascimento-Carvalho, Ribeiro et al. 2008, Cardinale, Cappiello et al. 2013, Jain, Williams et al. 2015, 

Rhedin, Lindstrand et al. 2015, Nascimento-Carvalho, Vilas-Boas et al. 2018). Advancement of molecular 

laboratory techniques enabled new respiratory viruses including HMPV, novel human coronaviruses 

(HCoV), human bocavirus (HBoV), and emerging strains of influenza virus been detected in respiratory 

specimens from children with ARI (Hui, Chan et al. 2004, Ruuskanen, Lahti et al. 2011, Dawood, Iuliano 

et al. 2012, To, Ng et al. 2012). The prominent role of respiratory viruses in ARI has been demonstrated 

during the last two decades with evidence of several outbreaks by emerging viral pathogens, such as 

novel HCoV, avian H5N1 and H9N2 influenza A strains and the 2009 pandemic caused by a novel H1N1 

influenza A strain (Hui, Chan et al. 2004, Dawood, Iuliano et al. 2012, To, Ng et al. 2012).  

Table 2.1: Common respiratory viruses and bacteria in community-acquired pneumonia in children 

Virus Bacteria 

Respiratory syncytial virus (RSV) Streptococcus pneumoniae 

Influenza A virus and subtypes: H3N2, H1N1  Haemophilus influenzae  

Influenza B virus Nontypable Haemophilus influenzae 

Human rhinovirus (HRV) Staphylococcus aureus 

Human parainfluenza virus (HPIV) type 1,2 and 3 Streptococcus pyogenes 

Human metapneumovirus (HMPV) Moraxella catarrhalis 

Human bocavirus (HBoV) Mycoplasma pneumoniae 

Human coronavirus (HCoV) subtypes: 229E, NL63, 
HKU1, OC43 

Chlamydia pneumoniae 

Enterovirus type 68 Mycobacteria species 

Adenovirus (AdV)  
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Published aetiological studies and reviews have demonstrated substantial variation in the prevalence of 

respiratory virus-associated CAP in children from HICs and LMICs. Variations in prevalence of respiratory 

viruses in childhood pneumonia could be partly explained by the variation in diagnostic assays with 

variable sensitivity and specificity and type of specimen used for pathogen detection. As part of this 

thesis, I have conducted a systematic review and meta-analysis of published studies to summarise the 

prevalence of each common respiratory virus in children aged <18 years with community-acquired 

pneumonia. This systematic review, a core body of work addressing objective one, has been submitted 

for publication. This is presented as a standalone chapter (Chapter 3). 

2.5.2.2 Prevalence of respiratory bacteria 

Bacteria have been considered as the major microbial cause of pneumonia in children for years. 

Numerous bacteria are implicated as causing pneumonia in children, most notably Streptococcus 

pneumoniae (pneumococcus), both encapsulated and nontypeable Haemophilus influenzae, 

Streptococcus pyogenes, Moraxella catarrhalis and Staphylococcus aureus (McIntosh 2002, Mandell 

2015). Atypical bacteria, for example, Mycoplasma pneumoniae and Chlamydia pneumoniae have been 

reported to cause pneumonia in HICs (Grayston, Aldous et al. 1993, McIntosh 2002, Numazaki, Chiba et 

al. 2004, Don, Fasoli et al. 2005). Mycoplasma pneumoniae has been identified more commonly among 

school age children (Foy 1993, Korppi, Heiskanen-Kosma et al. 2004).  

The prevalence of bacteria in children with pneumonia in studies from HICs varied from 3% to 91%, with 

a higher prevalence was observed before the introduction of conjugate vaccines, PCV and HiB   (Juven, 

Mertsola et al. 2000, Michelow, Olsen et al. 2004, Tsolia, Psarras et al. 2004, Don, Fasoli et al. 2005, 

Tajima, Nakayama et al. 2006, Cevey-Macherel, Galetto-Lacour et al. 2009, Singleton, Bulkow et al. 2010, 

Honkinen, Lahti et al. 2011, Spuesens, Fraaij et al. 2013, Jain, Williams et al. 2015). Globally, 

pneumococcus is the leading bacterial pathogen causing invasive pneumococcal diseases (IPD) including 

meningitis, pneumonia and complicated pneumonia in children. In 2000, pneumococcus accounted for 
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approximately 14 million cases, 8.6% of all clinical pneumonia cases, and 740,000 pneumonia related 

deaths among young children <5 years globally (O'Brien, Wolfson et al. 2009, van der Poll and Opal 2009). 

There are approximately 95 serotypes of pneumococcus strains known to exist and the current 

pneumococcal vaccine provides protection against 13-virulent strains of pneumococcus.  

Literatures from Europe and North America have shown that prior to a country’s introduction of 

pneumococcal conjugate vaccine, pneumococcus contributed substantially to pneumonia burden 

despite of the heterogeneity of studies in participant’s demographics, climate, specimens and testing 

methods (Michelow, Olsen et al. 2004, Don, Fasoli et al. 2005, Honkinen, Lahti et al. 2011). In 1999-2000, 

during pre-pneumococcal conjugate vaccine era in the US, 60% of 154 children aged 6 weeks-18 years 

hospitalized with radiologically confirmed pneumonia had bacterial infection detected by blood or 

pleural fluid cultures or pneumococcal specific PCR – pneumococcus  was the most common pathogen 

(44%), followed by M. pneumoniae (14%) and C. pneumoniae (9%) (Michelow, Olsen et al. 2004)  

Similarly in Finland, S. pneumoniae was identified in 50% of sputum specimens from 76 children 

hospitalized with pneumonia, followed by H. influenzae in 38% in 2006-2007 (Honkinen, Lahti et al. 2011).  

During 2001-2002, a study in Italy, using serum antibody assay, found nearly 44% of 101 children with 

radiologically confirmed pneumonia had bacterial infection ; M. pneumoniae (27%),  S. pneumoniae ( 

18%) and H. influenzae (3%) (Don, Fasoli et al. 2005).  

Tajima et al. (2001) used blood and NPS culture to identify pathogens among Japanese children with 

pneumonia and reported 12% cases were positive for S. pneumoniae only, and another 24% co-infected 

with S. pneumoniae and viruses (Tajima, Nakayama et al. 2006). In 2000, another study from Japan that 

used serology and NPS culture found that M. pneumoniae (44%) was the most common pathogen 

associated with childhood pneumonia followed by S. pneumoniae (16%) and H. influenzae (14%) 

(Numazaki, Chiba et al. 2004). In the US, Jain et al. found 8% children with pneumonia had detectable 
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bacteria in blood culture or PCR from blood, BAL fluid or pleural fluid – 4% had pneumococcus (Jain, 

Williams et al. 2015) 

Although studies reported a significant reduction of the burden of pneumococcal pneumonia following 

widespread use of pneumococcal vaccine (Jardine, Menzies et al. 2010, Fathima, Blyth et al. 2017), 

pneumococcus remains as an important cause of invasive disease in Australia because of emergence of 

new-virulent strains to cause complicated pneumonia (Strachan, Snelling et al. 2012). 

2.5.2.3 Prevalence of bacterial and viral co-infection  

Bacteria and virus both can be present in a single pneumonia episode. Bacterial-viral co-infection has 

been reported to cause up to 45 % of paediatric community acquired pneumonia (Juven, Mertsola et al. 

2000, Tsolia, Psarras et al. 2004, Cilla, Onate et al. 2008, Nascimento-Carvalho, Ribeiro et al. 2008, Cevey-

Macherel, Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009). The importance of viral-bacterial co-

infection has been particularly highlighted during influenza pandemics: by examining post-mortem 

samples, Morens et al. (2008) found that the majority deaths were likely to be associated with bacterial 

infection (Morens, Taubenberger et al. 2008). A commonly accepted hypothesis is that viruses facilitate 

bacterial colonisation by damaging the respiratory epithelium and altering host defence mechanisms 

which allows bacterial invasion.  The host inflammatory response to viral infection upregulates 

expression of several receptors that help bacterial attachment and invasion, and the modification of 

mucous property in nasopharynx favours bacterial colonization (McCullers 2006, Diavatopoulos, Short et 

al. 2010, Marom, Nokso-Koivisto et al. 2012, Kash and Taubenberger 2015). Coexistence of S. 

pneumoniae and respiratory viruses such as RSV, influenza have been the most commonly described 

mixed infection, represented 13% to 35% cases of childhood pneumonia (Juven, Mertsola et al. 2000, 

Don, Fasoli et al. 2005, Hamano-Hasegawa, Morozumi et al. 2008, Lahti, Peltola et al. 2009, Chappell, 

Brealey et al. 2013). The sequential nature of this may hinder assessing the attribution to respiratory 

viruses particularly since respiratory viral testing may be negative at the time of presentation. 
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There are several studies that reported association between bacterial-viral co-infection and severe illness 

compared with infection with either pathogen. Virus-bacterial co-infection was associated with 

treatment failure in children with pneumonia (Lahti, Peltola et al. 2009, Honkinen, Lahti et al. 2011). In 

Australia, S.aureus, S. pneumoniae, and H. influenzae were identified in respiratory specimens from 25% 

of patients admitted with severe influenza A infection. It was suspected that co-infection could have 

contributed to intensive care admission of those patients and thus prescription of antibiotics to prevent 

bacterial infection in patients with severe influenza A illness was recommended (Blyth, Webb et al. 2013). 

In the US, an increased mortality rate in children with influenza infection was observed in that season 

with concomitant high S.aureus detection. Researchers could not confirm but suspected that many of 

these deaths could be attributable to influenza- S.aureus co-infection (Finelli, Fiore et al. 2008). The 

reduction of virus-associated pneumonia following implementation of pneumococcal conjugate vaccine 

in some paediatric population also suggest a synergistic interaction between respiratory viruses and 

pneumococcus in causing childhood pneumonia (Madhi and Klugman 2004, Fathima, Blyth et al. 2017). 

 

2.6 Asymptomatic carriage of respiratory pathogens in children 

Several studies from HICs have detected respiratory viruses in the nasopharynx of asymptomatic and 

healthy children. In the US, 42% of children without respiratory symptoms had at least one detectable 

respiratory virus in NPA by PCR assay (Advani, Sengupta et al. 2012). In the Netherlands, nasal washes 

were collected from healthy children aged up to 6 years and tested for 14 respiratory viruses by PCR. 

While at least one respiratory viruses was detected in 28% of all children, the detection rate was higher 

in children aged <1 year (44%) (Jansen, Wieringa et al. 2011). HRV was the most commonly identified 

virus in the US and Dutch studies followed by HCoV and HBoV. In an Australian study, NPA from aboriginal 

and non-aboriginal children was tested for the presence of seven respiratory viruses by PCR. At least one 

respiratory virus was detected in 42% of Aboriginal and 32% of non-Aboriginal asymptomatic children 
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(Moore, Jacoby et al. 2010). HRV (20%) was the most commonly identified virus followed by AdV (6%), 

HCoV (4%) and HMPV (2%). In another Australian study, nucleic acid of at least one respiratory virus was 

detected in 71% of NPS from healthy children: HRV (42%), HBoV (20%) and RSV (9%) (Wiertsema, Chidlow 

et al. 2011).  

Nasopharyngeal colonization respiratory bacteria are common as well. These bacteria are often present 

in the nasopharynx as the normal microbiota without causing much harm (de Steenhuijsen Piters, 

Sanders et al. 2015). In Japan, S. pneumoniae in NPS was identified by PCR from 43% of children aged <6 

years in day-care centre (Hashida, Shiomori et al. 2011). A study in Poland with 226 asymptomatic 

children aged < 5 years found nasopharyngeal carriage rate for S. pneumoniae was higher in orphanage 

children (50%) than children in day-care centre (26%) and at home (7%); H. influenzae colonization was 

detected in 46% children in orphanage compared to 11% children in day-care centre and 3% children at 

home; and M. catarrhalis colonization were identified 22% children in orphanage, 17% in day-care centre 

and 3% at home (Sulikowska, Grzesiowski et al. 2004). A longitudinal study over three winters among 

344 pre-school healthy children found at least one event of nasopharyngeal colonization of 

pneumococcus in 72% of children in Poland (Korona-Glowniak, Niedzielski et al. 2011). In Netherlands, 

M. pneumoniae DNA was identified in respiratory specimens from 21% of asymptomatic children 

(Spuesens, Fraaij et al. 2013). Among Western Australian children, pneumococcus is detected in 26% of 

healthy children <5 years old attending immunisation clinics (Blyth, unpublished data, 2015). These data 

collectively suggest nasopharyngeal colonization of several respiratory pathogens that are known to 

cause pneumonia are also commonly detected in asymptomatic healthy children. 

 

2.7 Density of respiratory pathogens in children with pneumonia  

In addition to the qualitative detection of respiratory pathogens (presence or absence), current 

technologies enable quantification of pathogen density. Whether this helps to differentiate symptomatic 
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cases from asymptomatic infection and distinguishes severely ill patients from those with mild disease 

remains uncertain. Pathogen density, in previous studies, has been measured through semi-quantitative 

culture-based method, generated through PCR cycle threshold value (CT value) or more recently used 

quantitative PCR (qPCR) assay. Of these assays, qPCR provides a more accurate density estimate of the 

pathogen by comparing qPCR results against a standard concentration curve (Dhanasekaran, Doherty et 

al. 2010). The potential advantage of qPCR over other methods are several: it allows the detection of 

pathogens with low density that are often missed in other assays, and detection of multiple serotypes 

and their relative contribution from the same sample (Gritzfeld, Cremers et al. 2014, Olwagen, Adrian et 

al. 2017). The density of respiratory pathogens detected in patients with ARI highly varied between the 

studies. The variation is likely due to differences in specimen tested, in assay used with varying sensitivity 

and specificity and also the severity of illness of study participants (e.g. upper respiratory tract infection 

(URTI) or lower respiratory tract infection (LRTI)). Thus, it is difficult to compare the pathogen densities 

reported between studies. In the following section, current knowledge on the density for respiratory 

viruses and bacteria measured using upper respiratory tract specimens by PCR assay have been 

summarized. Additionally, the association of pathogen density with the severity of disease and factors 

affecting the pathogen density have been discussed.  

 

2.7.1 Density of respiratory viruses and associated severity of illness 

Density of respiratory viruses has been assessed by PCR in several studies in children with ARI. Influence 

of demographic factors like race and age had been little on the density of respiratory viruses. Two studies 

from the US explored the association between race of children and the pathogen density but the finding 

was inconsistent; one study found non-Caucasian children had higher density than Caucasian children 

(Buckingham, Bush et al. 2000), while other study found no association (DeVincenzo, Saleeby et al. 2005). 

Previous studies found no association between age of study participants and the density for respiratory 
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viruses such as RSV, HMPV, HRV, HPIV and influenza A including influenza A (H1N1) 2009 (Buckingham, 

Bush et al. 2000, Wright, Gruber et al. 2002, DeVincenzo, Saleeby et al. 2005, Li, Wang et al. 2010, Fuller, 

Njenga et al. 2013, Feikin, Fu et al. 2017). Some studies assessed the relationship between density of a 

specific virus and single or co-presence with other viruses. Higher density for RSV was detected when 

RSV was present as single pathogen compared to as co-pathogen with other viruses in Dutch and German 

children with acute upper or lower tract respiratory infections (Houben, Coenjaerts et al. 2010), (Franz, 

Adams et al. 2010). A consistent inverse relationship between viral density and the duration of illness has 

been observed in most of the studies – all respiratory viruses showed a declining trend of density with 

increasing hospital stay (Wright, Gruber et al. 2002, DeVincenzo, Saleeby et al. 2005, Gerna, Campanini 

et al. 2008, Martin, Kuypers et al. 2008, Franz, Adams et al. 2010, Li, Wang et al. 2010, El Saleeby, Bush 

et al. 2011, Lee, Lee et al. 2011). The researchers concluded that the persistent reduction of density 

during hospitalisation could be associated with the clinical improvement. 

Findings from previous studies evaluating the relationship between viral density and development of 

severe infection are inconsistent. There are studies that found the higher nasopharyngeal density in 

children with severe illness whereas some studies did not observe any variation in nasopharyngeal 

density in severe and mild or asymptomatic children.  

In a study among children <2 years in Canada, the overall viral density in children with LRTI was higher 

than non-LRTI children (6.5 log copies/mL versus 4.7 log copies/mL) and density for RSV, HRV, HPIV was 

higher in LRTI-group compared to non-LRTI group (Utokaparch, Marchant et al. 2011). In Italy, a study 

that included older age-group children (<15 years) found nasopharyngeal density for HMPV was 

substantially higher in hospitalized children with LRTI compared to HMPV positive mild URTI cases 

managed at outpatient clinics (4.8x106 copies/mL versus 7.4x104 copies/mL) (Bosis, Esposito et al. 2008). 

During 2009 influenza pandemic, patients with severe pneumonia had higher density of influenza A 

(H1N1) 2009 (4.9 log copies/mL) than patients with bronchiolitis (3.7 log copies/mL) or URTI (3.7 log 

copies/mL) in Taiwan (Li, Wang et al. 2010). Elevated nasopharyngeal RSV density was associated with 
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increased clinical severity score among Dutch infants during the first respiratory infection in life (Houben, 

Coenjaerts et al. 2010). In a low-income setting in Kenya, a population-based infectious disease 

surveillance reported higher nasopharyngeal densities for RSV in hospitalized children with respiratory 

infections than children with mild respiratory infections presented in hospital out-patients (Fuller, Njenga 

et al. 2013).     

In contrast, in the Netherlands, a study among children aged <6 years found increased viral density was 

not associated with development of ARI although higher density for influenza A and HRV was detected 

in nasal specimens from children with suspected ARI than children with no ARI (Jansen, Wieringa et al. 

2011). In the PERCH study, there was no difference in density for RSV, HPIV, AdV and HMPV between 

severe pneumonia cases and very severe pneumonia cases (Feikin, Fu et al. 2017). No relationship 

between influenza density and respiratory illness severity has been reported in other studies (Lee, Lee et 

al. 2011, Utokaparch, Marchant et al. 2011, Feikin, Fu et al. 2017). In Singapore, influenza A (H1N1) 2009 

density were not higher in severe cases who required intensive care support or high-dependency care 

(5.9 log copies/mL) compared with other hospitalized (6.4 log copies/mL) or outpatient cases (6.2 log 

copies/mL) (Lee, Lee et al. 2011). Similar to Lee et al. influenza density was found to be lower in 

hospitalized children with severe acute respiratory infections than outpatients with mild influenza-like-

illness in Kenya (Fuller, Njenga et al. 2013) 

Increased RSV and HMPV viral density had been associated with increased hospital stay in some studies 

(DeVincenzo, Saleeby et al. 2005, Martin, Kuypers et al. 2008) but not all (Fodha, Vabret et al. 2007, 

Franz, Adams et al. 2010). Increased RSV density was also associated with severe respiratory illness 

requiring mechanical ventilation, intensive care unit (ICU) admission or respiratory failure in US children 

<2 years (Buckingham, Bush et al. 2000, DeVincenzo, Saleeby et al. 2005, El Saleeby, Bush et al. 2011) 

while other studies did not find any relationship between nasopharyngeal HMPV or RSV density and 

disease severity (Wright, Gruber et al. 2002, Martin, Kuypers et al. 2008, Franz, Adams et al. 2010), 

suggesting the relationship between viral density and severity of respiratory infections yet to be clear.  



26 
 

There are only a handful of studies that compared the viral density between children with ARI including 

pneumonia and healthy children. These studies found significantly higher density in children with 

pneumonia compared with healthy controls. In Sweden, substantially higher densities for RSV, HMPV 

and HRV were identified in nasopharyngeal aspirated from children aged <5 years with radiologically-

confirmed pneumonia compared to age-matched healthy controls (Rhedin, Lindstrand et al. 2015). Fuller 

et al. found children hospitalized with RSV-associated severe ARI had higher density than afebrile children 

with no respiratory symptoms in Kenya (Fuller, Njenga et al. 2013). The PERCH study also found that the 

probability for being a pneumonia case (compare to control) increased with increased density for RSV, 

HPIV, AdV, HMPV, HRV and HBoV in several LMICs (Feikin, Fu et al. 2017).     

2.7.2 Density of respiratory bacteria and associated severity of illness 

The density of different bacterial pathogens from nasopharyngeal specimens using PCR had been 

assessed in a few studies. The majority of studies that previously reported bacterial density in 

nasopharyngeal specimens from children with ARI have been from the LMICs (Vu, Yoshida et al. 2011, 

Wolter, Tempia et al. 2014, Chochua, D'Acremont et al. 2016, Baggett, Watson et al. 2017, Park, Baggett 

et al. 2017) with paucity of data from HICs. Collectively, data from those studies have demonstrated a 

relatively high nasopharyngeal density (> 5 log copies/mL) of S. pneumoniae, H. influenzae, M. catarrhalis 

and S. aureus in CAP cases. However, it is well recognized that these bacteria are also commensal of the 

nasopharynx. Thus, without having comparisons from healthy controls, it is difficult to interpret the 

relationship between nasopharyngeal density in cases and disease status. Of those previous studies, only 

the PERCH study and Vu et al. compared nasopharyngeal bacterial density between cases and controls 

(Vu, Yoshida et al. 2011, Baggett, Watson et al. 2017, Park, Baggett et al. 2017). Data from the PERCH 

study has provided a robust density assessment with > 1500 radiologically confirmed CAP cases and > 

4900 community controls from several LMIC settings where the disease burden in the highest (Baggett, 

Watson et al. 2017, Park, Baggett et al. 2017). Among microbiologically confirmed pneumonia cases 

(defined as detection of a relevant pathogenic bacteria by culture in blood or by culture or PCR in pleural 
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fluid or lung aspirate) and comparative controls, the median density was substantially higher in cases 

than controls for pneumococcus (7.2 versus 5.7 log copies/mL, p<0.001) and H. influenzae (6.7 versus 5.7 

log copies/mL, p<0.001) but  not for M. catarrhalis (6.0 versus 5.9 log copies/mL, p=0.07)  and S. aureus 

(4.8 versus 4.3 log copies/mL, p=0.05) (Baggett, Watson et al. 2017, Park, Baggett et al. 2017). In Vietnam, 

Vu et al. found that a similar proportion of children with radiologically-confirmed CAP and healthy 

controls had detectable pneumococcus, H. influenzae and M. catarrhalis in the nasopharynx but the 

nasopharyngeal density for pneumococcus was significantly higher in radiologically-confirmed CAP cases 

than healthy controls (6.8 versus 5.8 log copies/mL, p<0.001). However, the nasopharyngeal density for 

H. influenzae and M. catarrhalis did not vary between CAP cases and controls (Vu, Yoshida et al. 2011).  

There are evidences that bacterial carriage is highest during the early age and the carriage rate decreases 

in increasing age (Hill, Akisanya et al. 2006, Abdullahi, Nyiro et al. 2008, Mackenzie, Leach et al. 2010), 

however, the relationship between the age of participants and the density been reported in previous 

studies are inconsistent. Wolter et al. showed the pneumococcal density was inversely correlated with 

the age among South African population: 50 % of children <2 years of age had a density of ≥ 105 genomic 

copies/mL compared to 12% for age group 2-4 years, 5% for age group 5-14 years (Wolter, Tempia et al. 

2014). In contrast, pneumococcal density was not different among Vietnamese < 5 years children, 6.4 log 

copies/mL among <2 years compared to 6.2 log copies/mL among ≥ 2 years children (p=0.46) (Vu, Yoshida 

et al. 2011). Although inconsistent, decreased density with increasing age could be explained by the 

continuous development of immunity due to pneumococcal exposure (Lu, Gross et al. 2008).  

There are emerging evidences that bacterial density in the nasopharynx is greater in presence of 

respiratory viruses in the nasopharynx. Among the Vietnamese children, the pneumococcal density was 

15 times higher in 81 pneumonia children who had been co-detected with viruses compared to 25 

pneumonia children without viral co-detection (7.14 log copies/mL versus 5.9 copies/mL, p<0.001). 

However, the pneumococcal density did not vary with the increasing number of viruses detected in the 

nasopharynx or presence of any specific virus. In contrast to pneumococcus, the densities for H. 
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influenzae or M. catarrhalis did not vary in children with and without virus in the nasopharynx (Vu, 

Yoshida et al. 2011). Similar to Vietnam, in a South African hospital-based ARI surveillance, more than 

70% of pneumonia cases with viral co-detection had higher pneumococcal density (≥105 copies/mL) 

compared to 30% of cases without viral co-infection (Wolter, Tempia et al. 2014). Fan et al., in Peru, 

found higher nasopharyngeal pneumococcal density in children <3 years with ARI who had detectable 

HRV compared to virus negative ARI cases (4.9 versus 3.9 copies/mL, p=0.06) but not for other viral co-

infection (Fan, Howard et al. 2016). The synergistic relationship between pneumococcus and the 

presence of viruses in nasopharynx has been previously described in this chapter.  

Only a few studies have assessed the relationship between nasopharyngeal density and disease severity 

with acute respiratory infections. The severity of pneumonia in children have been mostly assessed as 

risk for developing severe form of pneumonia including invasive pneumonia, pleural effusion and/or 

empyema. The association between nasopharyngeal density of bacteria in upper respiratory tract and 

severity of pneumonia have been inconsistent in published literature. In PERCH study, the pneumococcal 

density was >20 times higher in children with microbiologically confirmed pneumococcal infection than 

non-pneumococcal pneumonia cases (Baggett, Watson et al. 2017, Park, Baggett et al. 2017). In South 

African population, nasopharyngeal genomic pneumococcal density ≥103copies /mL was associated with 

development of invasive pneumococcal pneumonia (Wolter, Tempia et al. 2014). In a study among 

Vietnamese children, Vu et al. found increased pneumococcal density was associated with clinical 

severity (Vu, Yoshida et al. 2011). In contrast, in Germany, nasopharyngeal density for pneumococcus, H. 

influenzae, M. catarrhalis and S. aureus in children aged <16 years hospitalized with ARI were not 

associated with development of pneumonia (Tenenbaum, Franz et al. 2012). It has been rarely reported 

in studies with children but increased nasopharyngeal pneumococcal density had been detected in adult 

non-survivor pneumonia cases than survived cases (7.7 versus 6.1 log copies/mL, p=0.02) (Albrich, Madhi 

et al. 2014). Taking together the above evidences, it appears that elevated density for bacterial, 

particularly pneumococcal, density in acute respiratory cases is associated with severe form of illness.  
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2.8 Host immune response to pneumonia  

Immune response is a dynamic process that involves both innate and adaptive immune system of the 

body. Cytokines (including chemotactic cytokines, also known as chemokines) are small proteins secreted 

by a variety of immune cells to modulate the host immune system. Cytokines are inflammatory markers 

produced by T lymphocyte that can function as both inflammatory and immunoregulating agents and are 

involved in balancing the disease pathogenesis and pathogen clearance. Commonly reported cytokines 

that are released during respiratory infections include interleukin (IL)-1ß, IL-2, IL-5, IL-6, IL-8, IL-10, IL-12, 

IL-13, IL-17, Inducible protein (IP)-10, Tumor Necrosis Factor (TNF)-α and Interferon (IFN) –γ (Calbo and 

Garau 2010, Turner, Nedjai et al. 2014, Dembic 2015, Russell, Unger et al. 2017). Cytokine IL-2, TNF and 

IFN –γ are produced by T helper 1 (Th-1) type immune cells and provide cell mediated immunity against 

infections associated with intracellular bacteria and viruses by activating macrophages. These cytokines 

lead the phagocyte dependent immune response (Figure 2.4). Cytokine IL-4, IL-5, IL-6, IL-10 and IL-13 are 

Figure 2.4: Role of Th1 lymphocytes in the immune response (Adapted from Zlatko Dembic. Cytokines and 
the Immune System: The Role of Cytokines in Disease Related to Immune Response) 
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produced by Th-2 type immune cells (Figure 2.5). Th-2 type cytokines promote immunoglobulin E (IgE) 

to produce strong antibody response and also inhibit phagocytic activity of own cell by Th-1 immune cells 

(Turner, Nedjai et al. 2014, Dembic 2015). IP-10 is an IFN-γ inducible chemokine that serve as 

chemoattractant for activated T cells (Liu, Guo et al. 2011).  

Cytokines are predominantly compartmentalised local immune-proteins, primarily released at the site of 

infection and excessive cytokine may spill over to the systemic circulation (Lipscomb, Bice et al. 1995); 

elevated levels of systemic cytokines are commonly reported in patients with pneumonia (Antunes, 

Evans et al. 2002, Kellum, Kong et al. 2007, Calbo, Alsina et al. 2008, Endeman, Meijvis et al. 2011, Kim, 

Kim et al. 2011, de Brito, Lucena-Silva et al. 2016, Hoffmann, Machado et al. 2016). In general, the nature 

of the cytokines released in ARI depends on several factors: the causative agent, severity of illness, 

physiological maturation of immune systems and finally the magnitude of lung injury (Lipscomb, Bice et 

al. 1995). Of different cytokines, IL-1ß, IL-8, TNF-α and IFN –γ are known as pro-inflammatory markers 

and are upregulated during the acute phase of infection. IL-4, IL-10 and IL-13 are known as anti- 

inflammatory marker (Turner, Nedjai et al. 2014, Dembic 2015). Cytokine IL-6 is a well-recognised pro-

inflammatory marker but anti-inflammatory immunosuppressive effect of IL-6 have recently been 

Figure 2.5: Role of Th2 lymphocytes in the immune response (Adapted from Zlatko Dembic. Cytokines and the 
Immune System: The Role of Cytokines in Disease Related to Immune Response) 
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reported (Scheller, Chalaris et al. 2011). The primary role of anti-inflammatory mediators is to reduce 

inflammation by inhibiting the overexpression of pro-inflammatory markers which may lead severe 

illness including multiple-organ dysfunction (Schulte, Bernhagen et al. 2013). For instance, during 

pneumonia the lung inflammatory response needs a proper coordination to ensure a balance between 

the pro-inflammatory markers and anti-inflammatory markers.  Any inadequate or excessive production 

of either type of inflammatory marker may result in more severe health outcomes such as septic shock 

and mortality (Moldoveanu, Otmishi et al. 2009).  

Findings from previous studies assessing systemic cytokine response in hospitalized patients showed a 

decreasing trend of the majority of systemic cytokine concentration from admission to hospital discharge 

(Antunes, Evans et al. 2002, de Brito, Lucena-Silva et al. 2016) while other studies found no trend (Calbo, 

Alsina et al. 2008, Endeman, Meijvis et al. 2011). Steady elevation of inflammatory markers during 

hospital stay had been associated with poor health outcomes including death (Antunes, Evans et al. 

2002).  

Nasal airway cell linings are the first cells that come in contact of airborne respiratory pathogens. Nasal 

epithelial cells produce influx of inflammatory cytokine during an episode of ARI following microbial 

Invasion of the epithelial cells (Eckmann, Kagnoff et al. 1993, Dembic 2015, King and Sharma 2015), 

however, determination of cytokine in nasal wash or nasopharyngeal specimen has not been common in 

children with ARI (Hayden, Fritz et al. 1998, Joshi, Shaw et al. 2003, Breindahl, Rieneck et al. 2012, Faber, 

Groen et al. 2012, Bertrand, Lay et al. 2015). The majority of previous studies reported cytokine profile 

in blood and BAL fluid sample from children with ARI with or without lower tract involvement. The 

association between elevated cytokine concentration in respiratory specimens and blood, and severity 

of illness has been reported previously in children and adults with respiratory infections (Noah, 

Henderson et al. 1995, Schutte, Lohmeyer et al. 1996, Kellum, Kong et al. 2007, Faber, Groen et al. 2012, 

Bertrand, Lay et al. 2015, de Brito, Lucena-Silva et al. 2016, Nguyen Thi Dieu, Pham Nhat et al. 2017). 

Noah et al. reported the concentration of IL-6 and IL-8 were elevated in nasal lavage samples from 
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children with ARI compared to baseline samples from the same children (Noah, Henderson et al. 1995). 

In Brazil, children <5 years with WHO-defined severe pneumonia had higher systemic IL-6 concentration 

than children with non-severe pneumonia, however, the concentration of IL-10 was lower in severe cases 

than non-severe cases (de Brito, Lucena-Silva et al. 2016). Similarly, in children < 3 years in Chile, IL-10 in 

blood was associated with decreased severity among bronchiolitic children (Bertrand, Lay et al. 2015). 

The lower concentration of IL-10 in severe cases was unexpected as the cytokine acts as primary anti-

inflammatory modulators, however, it suggests inconsistent downregulation of immune response in very 

young children. Serum IL-6 concentration was higher in children aged <5 years with severe pneumonia 

who required mechanical support than healthy age-matched controls in Vietnam (Nguyen Thi Dieu, Pham 

Nhat et al. 2017). Elevated level of IL-6, IL-8 and TNF-α were detected in BAL fluid from 49 adults with 

severe pneumonia and acute respiratory distress syndrome compared to healthy adult volunteers 

(Schutte, Lohmeyer et al. 1996). Kellum et al. found the level of serum IL-6, TNF-α and IL-10 were higher 

among adult patients with severe sepsis than non-severe sepsis patients (Kellum, Kong et al. 2007). A 

study among Paraguayan children aged <5 years found a 4-fold higher serum IP-10 in severe pneumonia 

cases compared to non-severe pneumonia cases (Hoffmann, Machado et al. 2016). An elevated 

concentration of serum IP-10 has been associated with severe illness including mortality in preterm 

infants (Ng, Li et al. 2007).  

Several studies reported species-specific increased concentration of cytokines in children with ARI. 

Raised level of IL-6 was found in NPA from infants with viral positive ARI compared to infants with viral 

negative ARI (Breindahl, Rieneck et al. 2012). Among Dutch infants with severe RSV bronchiolitis, IL-6, IP-

10 and IL-1β concentration in NPA was substantially higher in ventilated cases than non-ventilated cases 

(Faber, Groen et al. 2012). Elevated IL-6 and IL-8 level was measured in nasal secretions from infants with 

RSV bronchiolitis than RSV negative infants in the UK (Ugonna, Douros et al. 2016). Sheeran et al. found 

elevated IL-6 and IL-8 in nasal wash from children hospitalized with RSV positive LRTI (Sheeran, Jafri et 

al. 1999).  Serum IL-6 was found as a predictor for pneumococcal pneumonia in children aged <5 years 
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with CAP in Brazil (Vasconcellos, Clarencio et al. 2018). During 2009 influenza pandemic, elevated 

systemic IL-6 and IP-10 concentration was associated with development of hypoxia and lymphocytosis 

and hypoxia in children with severe Influenza A 2009 H1N1 pneumonia (Kim, Kim et al. 2011). Serum IP-

10 has been recognized as important biomarker for viral respiratory infections for its association with 

severe Influenza A infections with Influenza A (H1N1) 2009 and H5N1 strain, and HRV-associated asthma 

exacerbation (Thitithanyanont, Engering et al. 2010, Kim, Kim et al. 2011, Wood, Powell et al. 2011).  

  

2.9 Diagnostic value of nasopharyngeal density and host immune response 

The identification of the specific aetiological agent causing pneumonia remains challenging. While the 

advancement of molecular diagnostics has enabled detection of increasing numbers of respiratory 

pathogens, detection of several pneumonia-causing pathogens in asymptomatic children has also been 

reported, making it difficult to understand whether pathogen detected in the nasopharynx of pneumonia 

patient is an actual contributor or just a normal microbiota. It has, therefore, become crucial to explore 

additional diagnostic parameters, such as pathogen density and host immune response, that could help 

in differentiating symptomatic infection from asymptomatic colonization.  

The majority of previous studies describing pathogen density were conducted among the patient 

population only with a few had enrolled comparative healthy children. Those studies that enrolled 

healthy children showed that the bacterial and viral density was significantly higher in pneumonia cases 

than the controls (Bosis, Esposito et al. 2008, Jansen, Wieringa et al. 2011, Fuller, Njenga et al. 2013, 

Rhedin, Lindstrand et al. 2015, Baggett, Watson et al. 2017, Feikin, Fu et al. 2017, Park, Baggett et al. 

2017). A small number of studies, mostly from LMICs, further explored nasopharyngeal pathogen density 

cut-offs using receiver operator characteristic (ROC) curves in patients with pneumonia (Jansen, Wieringa 

et al. 2011, Albrich, Madhi et al. 2014, Wolter, Tempia et al. 2014, Baggett, Watson et al. 2017, Feikin, Fu 

et al. 2017, Park, Baggett et al. 2017).  
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The PERCH study compared the nasopharyngeal bacterial density between microbiologically confirmed 

pneumonia cases with healthy controls and demonstrated an optimal cut-off point for pneumococcus 

(>6.9 log10 copies/mL) and H. influenzae (>5.9 log10 copies/mL) to differentiate the pneumonia cases from 

controls (Baggett, Watson et al. 2017, Park, Baggett et al. 2017), however, the density cut-off for S. 

aureus, M. catarrhalis  and Pneumocystis jirovecii could not been determined in the PERCH study (Park, 

Baggett et al. 2017). A hospital-based surveillance program for severe ARI in children and adults in South 

Africa determined a threshold for nasopharyngeal pneumococcal density (≥103 genomic copies/mL), 

which significantly identified LRTI patients at increased risk of developing invasive pneumococcal disease 

(Wolter, Tempia et al. 2014). Another study from South Africa among HIV-infected adults determined an 

optimum cut-off for nasopharyngeal pneumococcal density (≥8x103 genomic copies/mL) for 

differentiating pneumococcal pneumonia cases from asymptomatic colonization (Albrich, Madhi et al. 

2014).  

The density cut-off for viral pathogens to ARI including pneumonia has been assessed rarely. Although 

the PERCH study showed increased density for RSV, HPIV, HRV and AdV in cases than controls, a reliable 

density cut-off could not be determined for any respiratory virus that could differentiate the pneumonia 

cases from healthy controls (Feikin, Fu et al. 2017). In Netherlands, a study of 141 children aged <6 years 

with suspected ARI and 157 healthy controls determined HRV density cut-off to differentiate the ARI 

cases from asymptomatic presence but could not determine for RSV, HMPV and AdV (Jansen, Wieringa 

et al. 2011). Discriminatory analysis in these studies was impacted by low detection of viruses in control 

population and the overlapping density between cases and controls. Importantly, these density cut-offs 

had limited utility in clinical settings due to low/modest sensitivity and specificity of discriminatory 

analysis. 

Previously published studies have shown raised nasopharyngeal IL-1-β, IL-6, IL-8, IL-10 and IP-10 in 

children with severe ARI compared with mild cases with respiratory infections with or without detectable 

respiratory pathogens. To our knowledge, there is no study that had assessed nasopharyngeal cytokine 
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concentration cut-offs that distinguishes ARI cases from asymptomatic cases, nor assisted with defining 

probable aetiology. One major challenge in developing the cut-off concentration for nasopharyngeal 

cytokines is lack of “baseline” cytokine profile. The majority of previous studies assessing nasopharyngeal 

cytokine in respiratory infections were conducted among severe/mild ARI patients without comparative 

healthy controls. Therefore, the baseline (or normal) nasopharyngeal cytokine level remains unknown. 

Cytokine cut-off concentration for IL-6, IL-8, TNF-α, IFN-γ other infectious diseases such as TB, neonatal 

sepsis have been determined in serum and pleural fluid, but it may not comparable with nasopharyngeal 

cytokine cut-off level for pneumonia (Wong, Yew et al. 2003, Ng 2004, Sharma and Banga 2004). The 

diagnostic role of nasopharyngeal cytokine in differentiating bacterial pneumonia from viral pneumonia 

is yet to be explored.            

Blood culture remains as gold standard for diagnosis of bacterial pneumonia in most hospital setting. 

However, the potential disadvantage of this method is low yield and false negative result due to antibiotic 

pre-treatment. Additionally, there is an expected delay, at least 24 hours, in getting the outcome of 

testing that is likely to affect the case management plan. Besides, the collection of blood is often 

challenging from young children. Collectively, it appears that there is an unmet need for a point-of-care 

diagnostic tool that can help the clinicians to identify the bacterial pneumonia cases effectively and 

promptly to guide selecting appropriate treatment plan. This warrants development of a new generation 

diagnostic tool that is adapted to easily collectable specimens, for example NPS or NPA, to provide 

sensitive diagnosis for cases and/or the probable aetiology (bacterial or viral) in quick time. The 

relationship between nasopharyngeal pathogen density and host inflammatory immune response with 

pneumonia cases holds promise that a rapid point-of-care diagnostic tool may exist utilising these 

parameters. However, given the complexity in relationship between clinical, microbiological and immune 

profiles, more data from epidemiological study are required to determine clinically appropriate cut-off 

for pathogen density and immune response adjusted for asymptomatic/control population for 

development of the future diagnostic tool with high sensitivity and specificity. This thesis is uniquely 
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placed to generate important baseline data through assessing the presence of respiratory pathogens, 

their density and the host inflammatory cytokine response using a single, easily collected, NPS from 

radiologically-confirmed pneumonia children and healthy controls. The findings of this research are 

expected to be an important first step toward development of advance rapid diagnostic tool to identify 

the pneumonia cases and distinguish bacterial pneumonia from viral pneumonia effectively, thereby 

guiding judicious use of antibiotics and more targeted antiviral therapy. If successfully developed, this 

future diagnostic would be greatly helpful to most hospital settings, specifically, in resource poor setting 

with limited laboratory diagnostic capacity. 

 

2.10 Current Knowledge Gaps 

The successful implementation of conjugate vaccines, pneumococcal and HiB, has reduced the incidence 

of childhood pneumonia in most HICs including Australia. Despite the success, pneumonia remains as a 

leading cause of hospitalisation in these countries. There exist several critical knowledge gaps that are 

required to be addressed to lessen the pneumonia burden. There is a clear scarcity of evidence from 

carefully-designed case-control study on the role of respiratory pathogens to childhood pneumonia in 

HICs with well-established childhood vaccination programs like Australia. In addition, limited clinical and 

microbiological data are available which could guide in development of new generation point-of-care 

pneumonia diagnostic tool. A clear understanding of the contribution of respiratory viruses and bacteria 

to childhood pneumonia is essential not only for rationalized case management but also to develop 

effective preventive strategies including development of vaccines and antivirals for reducing pneumonia 

related hospitalisations.  
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CHAPTER THREE: PREVALENCE OF RESPIRATORY VIRUSES IN CASES OF 

COMMUNITY-ACQUIRED PNEUMONIA IN CHILDREN: A SYSTEMATIC 

REVIEW AND META-ANALYSIS 

3.1 Chapter outline 

This chapter forms a part of literature review to describe the existing knowledge on burden of childhood 

pneumonia associated with respiratory viruses. Evidences are gathered by conducting a systematic 

review and meta-analysis of published literatures and reports on viral contribution to pneumonia in 

children of all age. Pooled-prevalence for each virus associated with pneumonia in children was 

determined using random-effects models and factors accounting for observed heterogeneity was 

estimated by multivariate meta-regression.  The systematic review manuscripts had been reviewed by 

journal and a revised version has been submitted. 

 

3.2 Abstract 

Background: Respiratory viruses are increasingly detected in children with community-acquired 

pneumonia (CAP), however, the prevalence of respiratory viruses associated with pneumonia 

substantially varied across studies. We conducted a systematic review and meta-analysis to determine 

the prevalence of each of common respiratory viruses in children aged <18 years old with CAP.   

Methods: We searched MEDLINE, Pubmed, EMBASE, Web of Science, and Scopus databases with no 

language restriction for published articles and reports that reported the prevalence of respiratory viruses 

in children with CAP between January 01, 1995 and December 31, 2015. Two independent reviewers 

screened articles and extracted data using predefined protocol. We calculated the pooled prevalence for 
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each virus in childhood pneumonia using DerSimonian-Laird random-effects models. We explored 

potential factors accounting for observed heterogeneity by multivariate meta-regression. The review 

protocol was registered in PROSPERO (CRD42016034047). 

Results: We identified 129 eligible articles that represented 94860 children with CAP of all age. 

Respiratory syncytial virus (RSV) (22.6%) and rhinovirus (21.6%) were most commonly detected, with 

other viruses detected in 3% - 8% of cases. Substantial heterogeneity (I2>80%) was observed in the 

prevalence of most viruses across the studies. The heterogeneity was partly explained by the average 

age of participants (RSV and rhinovirus), and type of assay used (rhinovirus and bocavirus). There was a 

little evidence of variation by national income, under 5 years old mortality, or WHO region for most 

viruses.   

Conclusion: Respiratory viruses are frequently detected in CAP among children of all ages, with limited 

variation by country’s national income and geographic regions. Carefully designed studies are needed to 

assess the true contribution of viruses to childhood pneumonia to guide more judicious use of antibiotics, 

and to support ongoing vaccine development efforts. 

 

3.3 Introduction 

Pneumonia is a major health problem for young children. Approximately 120 million new cases of 

community-acquired pneumonia (CAP) occur each year with nearly 1 million deaths among children aged 

<5 years old. Deaths associated with childhood CAP are mostly in low- and middle- income countries 

(LMICs). Although mortality is much less common in high income countries (HICs), CAP nonetheless 

remains an important cause of morbidity among children in these settings (Walker, Rudan et al. 2013, 

Liu, Oza et al. 2016).  
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Identifying the infective aetiology of childhood pneumonia is challenging.  Detection largely depends on 

both the type of clinical specimen obtained (nasopharyngeal aspirates, nasopharyngeal swabs, broncho-

alveolar lung fluid, blood, or pleural fluid), as well as the testing method used. Specimens directly 

obtained from lung are most valuable for assigning causality but obtaining such specimens is invasive 

and not possible in most clinical settings. Although the specificity is low, specimens from the upper 

respiratory tract (nasal swabs and nasopharyngeal swabs or aspirates) are frequently used for detecting 

pathogens in children with CAP, particularly viruses. Diagnostic methods for CAP have changed over time, 

from conventional culture and antigen and antibody detection by immunofluorescence or immunoassay, 

to more sensitive nucleic acid detection methods including polymerase chain reaction (PCR) (Murdoch, 

O'Brien et al. 2009, Hammitt, Murdoch et al. 2012). 

Bacteria, particularly Streptococcus pneumoniae and Haemophilus influenzae type B (Hib) have 

historically been considered the most important cause of CAP in children globally. The burden of bacterial 

CAP has reduced significantly in most developed countries following introduction of conjugate vaccines 

against Hib and pneumococcus into routine immunisation schedules (Koshy, Murray et al. 2010, Griffin, 

Zhu et al. 2013, Fathima, Blyth et al. 2017). However, bacteria remain a major causes of childhood CAP 

in many developing settings where these vaccines have not been introduced (Hammitt, Kazungu et al. 

2012, Benet, Sanchez Picot et al. 2017). With the introduction and scale-up of bacterial vaccines and 

widespread use of sensitive diagnostic methods, the importance of respiratory viruses as a cause of CAP 

has been increasingly recognised. Respiratory viruses have been identified in respiratory specimens of 

13% to 92% of young children with CAP; respiratory syncytial virus (RSV) is the most frequently detected, 

ranging from 7- 48% of cases (Juven, Mertsola et al. 2000, Cilla, Onate et al. 2008, Cardinale, Cappiello et 

al. 2013, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, Nascimento-Carvalho, Vilas-Boas et al. 

2018). Advanced detection methods have enabled detection of new respiratory viruses including human 

metapneumovirus (HMPV), novel human coronaviruses (HCoV), human bocavirus (HBoV), and emerging 

strains of influenza virus (Ruuskanen, Lahti et al. 2011). The potential for emerging viral pathogens to 
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cause life-threating pneumonia has been demonstrated by the severe acute respiratory syndrome 

outbreak caused by a novel coronavirus, several outbreaks due to novel avian H5N1 and H9N2 influenza 

A strains, and also the 2009 pandemic caused by a novel H1N1 influenza A strain (Hui, Chan et al. 2004, 

Dawood, Iuliano et al. 2012, To, Ng et al. 2012).  

To date the only commercially available vaccines for respiratory viruses target is seasonal influenza. A 

monoclonal antibody, palivizumab, has been shown to reduce RSV-complications by more than half in a 

randomised controlled trial among high risk children, but the high cost of palivizumab has limited it to 

selective use among high risk infants in high-income countries (The IMpact-RSV Study Group 1998). Some 

promising RSV vaccines are in human trials and might reach the market in the next decade, while vaccines 

against HMPV and human parainfluenza virus (HPIV) are also in development (Schmidt, Schaap-Nutt et 

al. 2011, Neuzil 2016, Marquez-Escobar 2017).  

Previously published narrative review and aetiology studies have reported a substantial variation in the 

prevalence of respiratory virus-associated CAP in children in HICs and LMICs. These studies have been 

conducted in settings where the total burden of CAP varied significantly and used a wide range of 

diagnostic methods on different specimen types with variable sensitivity and specificity. We conducted 

a systematic review and meta-analysis of these studies to summarise the prevalence of each common 

respiratory virus in children aged <18 years with CAP. To our knowledge, this is the most comprehensive 

systematic review of studies of the prevalence of respiratory viruses in CAP among children of all ages, 

from all countries, and irrespective of test methods used. The review could help inform policy regarding 

cautious use of antibiotics in management of pneumonia to mitigate the emergence of antibiotic 

resistance. 
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3.4 Methods 

3.4.1 Protocol 

We conducted a systematic review of available literature and meta-analyses following PRISMA (Preferred 

Reporting Items for Systematic Review and Meta-Analyses) guidelines. The review protocol was 

registered in PROSPERO (CRD42016034047). 

3.4.2 Search strategy 

We searched for relevant articles and reports published between January 01, 1995 and 31 December 

2015 in the electronic databases MEDLINE, Pubmed, EMBASE, Web of Science, and Scopus, that reported 

respiratory viruses among children diagnosed with CAP with no language restriction. We used a 

combination of free search terms and MESH terms to develop the search strategy. One review author 

(Mejbah Uddin Bhuiyan) developed the search strategy with assistance from a medical librarian. The 

following terms were included but not limited to the database search: “pneumonia”, “community-

acquired pneumonia”, “CAP”, “viruses”, “respiratory syncytial virus”, “human rhinovirus”, “human 

metapneumovirus”, “adenovirus”, “influenza virus”, “influenza A virus”, “influenza B virus”, “influenza C 

virus”, “parainfluenza virus”, “coronavirus”, “human bocavirus”, “enterovirus”. This search terms were 

limited to: year “1995-2015”, “all child (0-18 years)”, and “Human”. We used EndNote to manage the 

search output.  

3.4.3 Inclusion and exclusion criteria for studies 

Our search was limited to studies of children <18 years old with a clinical diagnosis of pneumonia (with 

or without confirmation of the presence of consolidation on chest x-ray), and with any respiratory virus 

or combination of viruses detected by any method (including viral culture or antigen detection or 

molecular methods) on any respiratory specimen. We didn’t follow any specific case-definition for 
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pneumonia rather relied on individual study researchers for pneumonia diagnosis. We included peer-

reviewed articles, conference proceedings, annual reports, and review articles reporting detection of 

respiratory viruses in children with CAP. We included studies identified by hand searching reference lists 

from extracted articles and reviews. We contacted the corresponding authors to obtain full-length 

manuscripts if not available via institutional subscription. 

3.4.4 Data extraction and study outcome 

Two reviewers (Mejbah Uddin Bhuiyan and Tasnim Abdalla) independently screened the title and 

abstract of all publications identified by the literature search. The two lists of potentially eligible articles 

were compared. Any discrepancies were resolved by consensus after re-reviewing the article. A third 

reviewer (Christopher Blyth or Tom Snelling) resolved any disagreements between the two primary 

reviewers. The reason for exclusion of any publication was recorded. The reviewers extracted the 

following information from each eligible study: the year of publication, location of study, study year and 

timeline, total number of children with CAP studied, the average age of study children (median or mean, 

whichever reported, if both reported, then median was preferred over mean), laboratory methods used 

for identification of viruses and number of each virus detected in children. For studies which included 

both adults and children, only data relating to children were extracted. The primary aim was to extract 

for each study the prevalence of childhood CAP cases in which one or more respiratory viruses were 

detected. Where data were available, virus subtypes specific data were reported separately. 

3.4.5 Risk of bias assessment     

Eligible studies were included upon agreement of multiple reviewers. The reviewers followed the PRISMA 

guidelines to critically review the publications and to extract data and recorded the data from each 

publication in a spreadsheet. We minimised the risk of publication bias by involving two independent 

reviewers and a third reviewer if required, and by using predefined inclusion and exclusion criteria to 

identify all relevant studies. We performed the symmetry of funnel plots and used Egger test for each of 
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the viruses to assess the publication bias (Egger, Davey Smith et al. 1997). The reviewers followed a clear 

case definition (e.g. diagnosed with CAP) and used a comprehensive data collection tool to minimize 

study biases. However, they recorded important identifiable selection or information biases, if any, for 

the eligible articles.  

3.4.6 Statistical analysis 

For each study, we calculated the proportion of CAP cases positive for each virus by dividing the 

frequency of detection of each virus (numerator) by the total number of children with CAP tested 

(denominator) and we mentioned the proportion as prevalence in this review. When there were multiple 

viruses tested in a single study, the dataset was arranged so that each row contained data for a single 

virus. Forest plots were generated for each virus (Figure 3.2 – 3.8) – the effect size (ES) resembled the 

prevalence (95% CI) for a specific virus in eligible studies and weight referred how much each study 

contributed in calculating the pooled prevalence. We obtained pooled prevalence for each virus using 

DerSimonian-Laird random-effect model because we anticipated, a priori, a high degree of heterogeneity 

between studies due to variability in study settings, types of specimen and test methods used (viral 

culture, immunofluorescence, enzyme-immunoassay, and polymerase chain reaction (PCR) techniques)) 

(DerSimonian and Laird 1986). We assessed heterogeneity by Pearson Chi-square test and used I2 

statistics to measure variation (Higgins, Thompson et al. 2003). An I2 value of <25% was taken to indicate 

low heterogeneity, 26%-74% moderate heterogeneity, and >75% high heterogeneity.  When substantial 

heterogeneity was identified, we did sub-group level meta-analysis and metaregression to identify 

possible source of heterogeneity. The sub-groups were created based on the age-group, diagnostic 

method used, World Health Organization (WHO) regions and country’s economic status. We planned to 

report the virus-specific CAP prevalence by WHO-defined age categories (<1 year, 1-4 years, 5-9 years, 

and 10-17 years) but few publications reported by these categories. Instead, we categorised findings into 

two broad age classifications: all children under 18 years, and children <5 years only. We categorised 

study settings using WHO regions (World Health Organization (WHO)) and labelled the study country as 
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high-income country (HIC) or low- and middle-income (LMIC) according to the World Bank’s classification 

(World Bank). For each of these sub-groups, we assessed the pooled prevalence for each of the 

respiratory viruses. In multivariable metaregression, we explored potential factors including diagnostic 

method (PCR versus other methods), under five years mortality rate (deaths per thousand children <5 

years) of the study country in study implementing year, WHO defined region, national economy (HIC 

versus LMIC), and the average age of study participants that could account for the heterogeneity. A 

regression coefficient, for example, of X means that the proportion of pneumonia cases positive for a 

virus increases by X for every additional death (per 1,000 children aged <5 years) in the national <5 years 

old mortality rate for the country of the study. We used the metan, metaprop, and metareg command 

in STATA version 13.0 (Statacorp, College Station, TX) for analysing data. 

 

3.5 Results 

We identified 6312 articles (including 872 duplicates) through our database and manual search. After 

abstract screening, 526 publications were selected for full-text examination. Of these, 129 articles were 

deemed eligible for systematic review and meta-analysis (Figure 3.1). 

 Of the 129 included studies, 128 studies were conducted in 48 different countries and one study was 

conducted in three Central American countries (Appendix 1). These 51 countries represented all WHO 

regions (European region 35; South-East Asia region 26; Western Pacific region 27; America region 20; 

Africa region 13; Eastern Mediterranean region 8). Of the 51 countries, 21 were HICs and 30 LMICs. A 

total of 94,860 children with CAP were included in these studies aged from 0 days to <18 years. Of 129 

studies, 54 (42%) included children aged <5 years old only. The average age of participants in these 

studies ranged from 1 – 96 months. Viral PCR was used in 97 (75%) studies while antigen detection assay 

was used in 42 (32%), conventional viral culture in 2 (2%) and multiple assays in 10 (8%) studies.   
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Figure 3.1: Flow diagram for article screening for the systematic review and meta-analysis 

 

 

 

Full-text articles included in the review 
and meta-analysis: N= 129 

Full-text articles relevant to study aim and 
accessed for the review and meta-analysis: 
N=526 

Title and abstract screened in the 
review and meta-analysis:  N= 5440 

Publication (studies, reports) identified through 
electronic database search: N= 6312 

 

Duplicates removed: n=872 

Publications excluded for non–relevance: 
n=4914 

397 articles excluded because: 

• Full-text of the article not available 
(n=216) 

• Number of pneumonia children was not 
mentioned clearly among children with 
lower respiratory tract infections or 
acute respiratory infections or 
respiratory tract infections (n=71) 

• Pneumonia cases mentioned as clinical 
outcome for viral positive children 
(n=86) 

• Other than respiratory specimen had 
been used to detect viruses (n=24) 
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The pooled prevalence for RSV-positive CAP was the highest, 22.6%, with evidence of substantial 

heterogeneity between studies (95% CI:  20.4 , 24.8, I2=97.9%). Table 3.1 shows the pooled prevalence 

of CAP associated with other viruses and the forest plots for meta-analysis are presented in figure 3.2-

3.8. Studies which were included in estimating the pooled prevalence for each virus are presented in 

Appendix 2.  We found symmetry for funnel plots for each of the viruses (Appendix 3) supported by the 

Egger’s test (p>0.05 for all viruses, Table 3.1) that indicated no evidence of publication bias. We didn’t 

identify potential selection bias in eligible studies that could affect the pooled prevalence we estimated.  

 

Table 3.1: Meta-analysis to estimate pooled prevalence for respiratory virus associated 
pneumonia in children 

 

Respiratory virus (n) Pooled 
prevalence 
(%) 

95% CI I2 (%) Egger’s 
test, p 

     
RSV (105)  22.6 20.4, 24.8 97.9 0.476 
HRV (51)  21.6 18.2, 25.0 97.3 0.105 
HBoV (25)  7.3 6.0, 8.7 96.6 0.258 
Human Parainfluenza virus, HPIV (overall) (40)  7.0 5.8, 8.2 90.8 0.149 
HPIV type 1 (27)  1.7 1.2, 2.2 87.9 0.113 
HPIV type 2 (23)  1.0 0.6, 1.4 84.1 0.351 
HPIV type 3 (34)  4.1 3.0, 5.1 95.5 0.224 
HPIV type 4 (8)  0.9 0.4, 1.5 50.4 0.868 
Influenza virus (overall) (35)  6.7 5.6, 7.7 83.7 0.370 
Influenza type A H1N1 (16)  7.9 5.6, 10.3 95.2 0.421 
Influenza type A H3N2 (9)  4.6 2.1, 7.1 84.6 0.386 
Influenza type B (35)  1.6 1.2, 2.0 85.9 0.935 
Influenza type C (4)  0.4 0.1, 0.6 50.8 0.208 
AdV (75)  6.4 5.5, 7.4 96.1 0.132 
HMPV (59)  6.2 5.2, 7.2 94.9 0.148 
HCoV (overall) (18)   4.2 3.1, 5.4 80.9 0.384 
HCoV NL63 (9)  0.5 0.2, 0.7 12.9 0.966 
HCoV 229E (8)  2.0 0.7, 3.2 86.1 0.370 
HCoV OC43 (10)  1.9 0.7, 2.8 87.2 0.620 
HCoV HKU1 (5)  0.7 -0.0, 1.5 42.4 0.493 
Enterovirus (19)  2.8 1.9, 3.7 78.8 0.271 

Data are in percentage 
n= Number of data point included in meta-analysis. If same virus was tested by multiple methods in a study, each 
proportion was included as separate data point. 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% confidence interval   

Figure 3.2: Meta-analysis for RSV positive pneumonia in all aged children
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.3: Meta-analysis for HRV positive pneumonia in all aged children 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.4: Meta-analysis for HBoV positive pneumonia in all aged children 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.5: Meta-analysis for HPIV positive pneumonia in all aged children 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.6: Meta-analysis for influenza positive pneumonia in all aged children 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.7: Meta-analysis for Adenovirus positive pneumonia in all aged children 
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* ES: Effect size; Grey box area: Weight of the study; Black dot= Point estimate; Horizontal line: 95% 
confidence interval   

Figure 3.8: Meta-analysis for HMPV positive pneumonia in all aged children 
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The meta-analysis was stratified by studies that included only children aged < 5 years, by type of 

laboratory- assay used to detect the virus, by WHO region, and by country’s economic status (Table 3.2). 

The pooled prevalence for the majority of viruses was similar between studies from HICs and LMICs 

except for bocavirus which was higher in HICs. Studies which only included children < 5 years old had a 

higher proportion of cases positive for each virus compared to studies which included a broader age 

range of children. For the majority of viruses, the prevalence of viruses detected in children with 

pneumonia increased when PCR method was used (Table 3.2).  

Multivariate meta-regression analysis showed that the higher prevalence of CAPs positive for RSV was 

associated with lower average age of included children (regression coefficient. -0.35; 95% CI: - 0.63, - 

0.07) (Table 3.3). Conversely, the higher prevalence of CAPs positive for HRV was associated with higher 

average age of included children (regression coefficient. 0.32; 95% CI: 0.03, 0.61). The prevalence of CAPs 

in children which were positive for HMPV, influenza, AdV, HBoV, and HCoV did not vary by the average 

age of included children. The prevalence of HRV and HBoV was higher when PCR was used compared to 

other assay methods, but there was no evidence that detection method influenced the prevalence of 

CAP cases positive for the other viruses. Other factors such as host country’s geographic location, 

economic status, and under 5 years old mortality rate were not associated with the prevalence of 

childhood CAP cases positive for common respiratory viruses, except for HBoV which was associated with 

a higher prevalence of detection in countries in European and American regions than elsewhere (Table 

3.3)
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Table 3.2: Sub-group meta-analysis to estimate pooled prevalence (95% CI) and heterogeneity (I2) for respiratory virus associated pneumonia in children 

 

 RSV HRV HBoV HPIV Influenza AdV HMPV HCoV Enterovirus 

 Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Pooled 

prevalence 

(95% CI) , I2 

Under 5 children 23.9  

(20.5 , 27.3), 98.4 

22.8  

(16.1 , 29.5), 98.0 

12.7  

(9.2 , 16.2), 70.7 

7.8  

(4.8 , 10.7), 93.3 

7.1  

(4.7 , 9.6), 85.8 

7.9  

(5.9 , 9.8), 96.6 

7.4  

(5.9 , 8.9), 93.1 

6.9  

(4.6 , 9.1), 44.6 

3.3  

(1.6 , 5.0), 79.2 

Test assay          

Culture 14.8¶  

(-12.3 , 42.0), 99.3 

* * * * 1.0¶  

(-0.9 , 3.0), NE 

* * * 

Antigen detection assay 22.5  

(19.4 , 25.5), 96.3 

1.0¶  

(-0.9 , 3.0), NE 

0.08¶  

(-0.7 , 0.8), 2.1 

4.7  

(3.2 , 6.2), 83.9 

5.9  

(3.9 , 7.9), 79.8 

2.8  

(1.9 , 3.8), 88.0 

2.1¶  

(1.6 , 2.7), NE 

2.7¶  

(1.1 , 4.2), NE 

* 

PCR 23.0 

(19.9 , 26.1), 98.2 

22.0  

(18.7 , 25.3), 96.9 

8.4  

(6.6 , 10.1), 95.7 

8.1  

(6.4 , 9.7), 91.3 

6.9  

(5.7 , 8.1), 85.0 

8.1  

(6.8 , 9.4), 96.1 

6.4  

(5.3 , 7.4), 95.0 

4.5  

(3.2 , 5.8), 82.9 

2.9  

(1.9 , 3.8), 79.8 

WHO region          

AFRO 23.1  

(17.7 , 28.4), 97.3 

31.6  

(24.5 , 38.7), 92.2 

8.3¶ 

 (1.9 , 14.5), 89.4 

11.4¶ 

(3.0 , 19.8), 94.9 

7.3¶  

(3.6 , 11 .0), 93.8 

10.7  

(6.1 , 15.4), 97.8 

7.5  

(5.1 , 9.9), 90.8 

11.3¶ 

(7.3 , 15.3), NE 

3.9¶  

(1.0 , 6.7), 62.7 

EMRO 24.7  

(19.6 , 29.8), 83.0 

52.7¶  

(48.9 , 56.4), NE 

* 5.1¶  

(3.5 , 6.7), NE 

11.6¶  

(6.4 , 16.8), NE 

7.9¶  

(-0.1 , 16.0), 97.3 

8.6¶  

(4.2 , 13.0), 89.4 

* * 

EURO 22.5  

(16.3 , 28.7), 98.2 

21.4  

(16.3 , 26.5), 96.3 

12.4  

(10.3 , 14.5), 

47.3 

6.9  

(5.0 , 8.7),  83.5 

6.9  

(5.2 , 8.6), 66.0 

7.4  

(5.4 , 9.5), 90.9 

8.8  

(6.3 , 11.3), 89.2 

3.8  

(2.2 , 5.5), 79.1 

4.3 

(1.4 , 7.3), 85.7 

PAHO 19.2  

(11.6 , 26.9), 98.6 

16.8  

(5.1 , 28.6), 98.8 

6.6¶  

(1.3 , 11.8), 95.9 

7.3  

(4.2 , 10.4), 87.9 

5.3  

(3.6 , 7.1), 67.5 

3.8  

(1.8 , 5.8), 96.7 

8.0  

(4.5 , 11.5), 92.1 

4.7¶  

(3.6 , 5.8), 15.3 

1.5¶  

(-0.1 , 3.2), 72.3 

SEARO 24.2  

(20.8 , 27.7), 96.6 

19.2¶  

(13.5 , 24.9), 87.8 

7.4¶  

(0.7 , 14.1), 96.7 

4.6¶  

(2.0 , 7.2), NE 

7.6¶  

(4.6 , 10.7), 69.9 

5.2  

(2.9 , 7.5), 93.7 

4.2  

(3.0 , 5.3), 86.5 

4.1¶  

(1.3 , 7.0), NE 

* 

WPRO 21.9  

(17.7 , 26.7), 97.6 

16.5  

(10.9 , 22.0), 95.5 

3.1¶  

(1.1 , 5.1), 91.9 

6.1  

(4.1 , 8.1), 93.6 

5.9  

(3.5 , 8.4), 91.1 

4.6  

(3.2 , 6.1), 93.6 

2.9  

(1.7 , 4.1), 91.2 

3.6¶  

(1.8 , 5.4), 70.5 

2.2¶  

(1.7 , 2.8), NE 
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National economy          

HICs 22.0  

(17.3 , 26.8), 98.1 

19.8  

(15.7 , 24.0), 96.2 

10.9  

(7.8 , 14.0), 88.4 

6.5  

(5.0 , 8.0), 87.2 

6.4  

(4.9 , 7.9), 83.0 

6.3  

(4.8 , 7.9), 93.9 

8.3  

(5.8 , 10.8), 96.9 

3.9  

(2.5 , 5.3), 82.8 

3.7  

(1.6 , 5.8), 74.1 

LMICs 23.0  

(20.5 , 25.5), 97.8 

23.4  

(17.7 , 29.0), 98.0 

4.9  

(3.7 , 6.2), 95.4 

 

7.6  

(5.5 , 9.7), 93.8 

6.9  

(5.5 , 8.3), 83.8 

6.6  

(5.4 , 7.8), 96.9 

5.1  

(4.2 , 5.9), 89.2  

5.0  

(2.9 , 7.0), 75.0 

2.2  

(1.2 , 3.2), 83.6 

 
All data are in percentage unless mentioned otherwise;  
LMICs: Low- and middle-income countries; HICs: High-income countries; *: Insufficient data to perform this meta-analysis; ¶: < 5 studies; **: not analysed by test assay method as several studies 
used multiple assays to detect viruses in study; NE: Not estimated 
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Table 3.3: Multivariate meta-regression for respiratory virus positive pneumonia in children 

 RSV Influenza HRV HMPV AdV HPIV HCoV HBoV 

 Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Reg Coef. 

(95% CI) 

Average age (in 

months)  

- 0.35 

(- 0.63 , - 0.07) 

0.08  

(- 0.03 , 0.20) 

0.32 

(0.03 , 0.61) 

0.11  

(- 0.04 , 0.27) 

- 0.11  

(- 0.33 , 0.09) 

0.08  

(- 0.24 , 0.40) 

0.03  

(- 0.26 , 0.32) 

0.12  

(- 0.29 , 0.54) 

Test assay 

PCR 3.63 

(- 3.51 , 10.78) 

2.61 

(- 0.54 , - 5.77) 

23.9 

(8.40 , 39.4) 

0.79 

(- 9.18 , 10.77) 

4.36 

(- 1.16 , 9.89) 

4.03 

(- 2.42 , 10.50) 

1.65 

(- 7.90 , 11.21) 

19.6 

(3.91 , 35.33) 

Other assay Ref Ref Ref Ref Ref Ref Ref Ref 

Mortality rate - 0.08 

(- 0.26 , 0.10) 

- 0.03 

(- 0.11 , 0.04) 

0.01 

(- 0.18 , 0.21)  

0.01 

(- 0.06 , 0.09) 

- 0.03 

(- 0.16 , 0.10) 

0.16 

(- 0.11 , 0.44) 

0.04 

(- 0.24 , 0.33) 

0.13 

(- 0.03 , 0.29) 

WHO region 

AFRO Ref Ref Ref Ref Ref Ref Ref Ref 

EMRO - 2.47 

(- 19.44 , 14.49) 

7.89 

(- 3.08 , 18.87) 

$ 0.33 

(- 7.52 , 8.20) 

- 1.98 

(-17.57 , 13.60) 

0.99 

(- 22.49 , 24.48) 

$ $ 

EURO - 4.06 

(- 22.63 , 14.50) 

0.46 

(- 7.73 , 8.66) 

- 3.16 

(-23.41 , 17.08) 

- 2.62 

(- 12.05 , 6.81) 

0.63 

(- 14.04 , 15.30) 

7.69 

(- 14.58 , 29.97) 

- 0.06 

(- 9.04 , 7.85) 

29.4 

(10.53 , 48.43) 

PAHO - 6.29 

(- 22.84 , 10.26) 

- 0.12 

(- 6.52 , 6.27) 

- 0.34 

(- 19.24 , 18.54) 

0.50 

(- 8.58 , 9.59) 

- 1.90 

(- 13.62 , 9.81) 

6.65 

(- 12.89 , 26.19) 

$ 23.22 

(8.26 , 38.18) 

SEARO -5.80 

(- 19.92 , 8.32) 

1.47 

(- 5.01 , 7.95) 

- 9.74 

(- 28.15 , 8.66) 

- 2.21 

(- 8.26 , 3.83) 

- 1.85 

(- 13.25 , 9.54) 

4.48 

(- 21.33 , 30.30) 

$ $ 

WPRO - 5.41 

(- 22.2 , 11.44) 

1.08 

(- 6.24 , 8.40)  

- 4.52 

(- 23.01 , 13.95) 

- 3.59 

(-11.51 , 4.32) 

- 3.53 

(-15.15 , 8.07) 

8.69 

(- 13.43 , 30.82) 

- 5.42 

(-31.77 , 20.92) 

1.66 

(- 11.90 , 15.23) 

National income 

LMIC Ref Ref Ref Ref Ref Ref Ref Ref 

HIC 1.29 

(- 10.51 , 13.11)  

- 1.40 

(- 6.47 , 3.66) 

- 3.26 

(- 14.72 , 8.19) 

3.41 

(- 2.72 , 9.55) 

- 1.5 

(-10.65 , 7.57) 

1.89 

(- 11.99 , 15.78) 

- 2.54 

(- 31.03 , 25.93) 

- 14.9 

(- 28.68 , - 1.13) 

Reg Coef: Meta-regression coefficient; Average age: Average age of participants in months; LMIC: Low- and middle-income countries; HIC: High-income countries; $: Dropped for regression because of collinearity; 
Meta-regression for enterovirus could not be done because of insufficient data; Mortality rate:   National <5 mortality rate (deaths per thousand children < 5 years) 
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3.6 Discussion 

We aimed to summarise the global prevalence of laboratory-positive respiratory virus CAP in children. 

We found that respiratory viruses are detected in a high proportion of childhood CAP cases worldwide. 

Although the pooled prevalence of virus positive cases in studies of children aged <5 years old was 

numerically higher than in studies of children with wider age range, the difference was not statistically 

significant. There was substantial heterogeneity in the prevalence of virus detection across studies for 

most viruses. The heterogeneity in reported prevalence of some viruses was partly explained by the 

average age of included children, the choice of detection method, and by variation in geographical region 

or country economic status; however, the prevalence of virus associated childhood CAP did not vary by 

region or national income status for most respiratory viruses. 

RSV and HRV were most commonly reported among children with CAP across studies with the pooled 

prevalence for each >20%. The pooled prevalence of detection of influenza, HPIV, HMPV, AdV, 

enterovirus, HCoV and HBoV ranged from 3-8% of cases. Although the prevalence of detection of 

influenza and HCoV are less common, emergent strains of these viruses pose a threat because of their 

association with severe disease and epidemic potential (Ruuskanen, Lahti et al. 2011). Our results are 

consistent with RSV being the most important viral cause of severe acute lower respiratory infections in 

young children worldwide; more than 33 million episodes are estimated to have occurred in children 

under 5 years in 2015 (Shi, McAllister et al. 2017).  This meta-analysis suggests the prevalence of CAP 

which is attributable to RSV is similar across LMICs and HICs. More than 95% of all severe RSV-associated 

acute LRTI episodes in young children occur in LMICs where 90% of the world’s under 5 years old children 

reside (Nair, Nokes et al. 2010, Shi, McAllister et al. 2017).  The prevalence of RSV detection was inversely 

associated with the average age of included children, consistent with a disproportionate affect on 

younger children.  HRV is also frequently detected in children with CAP, but frequent detection of HRV 

in asymptomatic children makes its role in CAP much less clear than for RSV, HMPV, HPIV and AdV that 

are detected substantially higher in pneumonia cases than healthy controls (Jartti, Jartti et al. 2008, 
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Moore, Jacoby et al. 2010, Singleton, Bulkow et al. 2010, Jain, Williams et al. 2015, Rhedin, Lindstrand et 

al. 2015, Self, Williams et al. 2016).      

Application of sensitive molecular techniques such as PCR has improved the sensitivity of detection of 

viruses in childhood CAP (Fry, Lu et al. 2007, Murdoch, O'Brien et al. 2009, Ruuskanen, Lahti et al. 2011). 

More than three-quarters of CAP aetiology studies in the past two decades used PCR. The detection of 

relatively new viruses such as HBoV and HMPV were several times higher in studies using PCR than in 

studies which used other methods, but we found little evidence that PCR was associated with a 

considerable higher detection rate than other methods for other viruses.   

Children in LMICs have a higher total burden of ARI than those in HICs (Rudan, Boschi-Pinto et al. 2008, 

Ruuskanen, Lahti et al. 2011). Several environmental factors such as air pollution (both indoor and 

outdoor) and high population density might increase the risk of severe viral LRTI in these settings 

(Dherani, Pope et al. 2008). Notwithstanding the significant variation between studies, our analysis found 

that the pooled prevalence of detection of respiratory viruses in childhood CAP, except for HMPV and 

HBoV, was remarkably consistent between high income and low-middle income settings.  Further, there 

was no evidence on meta-regression of an association between national economic status, national <5 

years mortality rate, and the prevalence of individual viral pathogens among childhood CAP cases. We 

didn’t identify publication bias for prevalence of any respiratory virus positive CAP in children, suggesting 

that we might not miss studies that could affect the prevalence estimates. Additionally, most of the 

included studies for prevalence estimation had very low risk of selection bias as enrolled children had 

clinical diagnosis of CAP.   

While comprehensive, our study had limitations. We only included data on virus detection among cases 

of CAP; few studies to date have included data for healthy control children. Because many respiratory 

viruses are detected frequently in healthy children, it is likely that some children were coincidentally 

infected with the detected virus and had CAP caused by another pathogen. Our pooled prevalence could 
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represent underestimates of the contributable burden of each virus because of limitations in assay 

sensitivity, although we found no evidence that some detection methods were less sensitive than others 

for most viruses. Alternatively, the pooled prevalence estimates may overestimate virus-specific 

attributable burden because we were not able to account for asymptomatic infection. To obtain a more 

accurate estimate of the true contribution of viruses to childhood CAP, studies should combine highly 

sensitive viral detection methods with data from well-matched controls. Studies with no positives 

detected for a specific virus did not qualify for inclusion in the meta-analysis for pooled prevalence 

estimation. However, studies with very low prevalence (<1%) were included in the analysis per our pre-

specified analysis plan – while the low proportion positive for RSV is surprising, we had no a prior basis 

for excluding them.  

We did not analyse and report on the prevalence of co-infections. Mixed infection with viral- bacterial 

pathogens have been reported in children with CAP (Blyth, Webb et al. 2013, Chappell, Brealey et al. 

2013). Respiratory viruses are thought to facilitate secondary bacterial colonisation by disrupting 

respiratory epithelium and altering the defence mechanisms of the host epithelium (Marom, Nokso-

Koivisto et al. 2012, Kash and Taubenberger 2015). Mixed viral infections were not clearly reported in 

most publications; to avoid over-reporting the contribution of specific viruses, mixed viral infection data 

were not recorded. Existing coverage of pneumococcal and Hib conjugate vaccines for bacterial 

pneumonia could affect the prevalence of respiratory virus associated pneumonia (Madhi and Klugman 

2004, Fathima, Blyth et al. 2017). Although it was beyond the scope to this review to assess the difference 

in viral pneumonia prevalence before and after the implantation of conjugate vaccines, but this review 

represented the most updated information on prevalence of viral pneumonia in the era bacterial 

conjugate vaccines. 

We had limited ability to provide precise age-stratified prevalence of virus detection because there was 

no consistency in how age-groups were categorised across the included studies. We did, however, 

separately estimate the prevalence of virus-positive CAP for children aged <5 years old. We didn’t 
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summarise the seasonality of virus detection because this data was not consistently available. Also, we 

did not report on the association between viral detection and severity of CAP; many signs and symptoms 

are dependent on subjective observation (fever, tachypnoea) while many resource poor settings don’t 

have facility to routinely measure oxygen saturation level (SpO2).  

Our systematic review and meta-analysis have implications for global child health around the antibiotic 

usage for management of childhood pneumonia. We have provided a comprehensive evidence that 

respiratory viruses play a substantial role in causing CAP in children, affecting children of all ages and 

geographical regions. While we cannot exclude a role for bacterial co-infection in some cases of virus-

associated CAP, this review bring into question the practice of prescribing antibiotics indiscriminately for 

childhood CAP in both HICs and LMICs. Well-designed studies using sensitive virus detection methods in 

cases and contemporaneous controls are needed to properly understand the attributable contribution 

of viral infection to childhood CAP to ensure appropriate use of antibiotics and thereby help address the 

growing problem of antibiotic resistance.  In the absence of effective antivirals and vaccines for most 

respiratory viruses, it is important to explore, design and implement practical non-pharmaceutical 

preventive strategies for respiratory viruses including but not limited to use of face masks and hand 

hygiene (Cowling, Zhou et al. 2010, Warren-Gash, Fragaszy et al. 2013) to reduce the childhood burden 

of acute respiratory infections. 

3.7 Funding 

No funding was secured for this publication.  
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CHAPTER FOUR: GENERAL METHODS 

4.1 Chapter outline 

The PhD thesis was built upon on a case-control epidemiological study (PneumoWA). The study protocol 

describing the general methods for the study, such as participant eligibility criteria for recruitment, 

specimen collection and laboratory testing, and statistical analysis, has been published and is presented 

in this chapter (Appendix 4). An amendment of protocol was done to include a laboratory experiment 

which is now included in this chapter (4.4.7.3 Cytokine and chemokine assessment).  

 

4.2 Abstract 

Introduction: Pneumonia is the leading cause of childhood morbidity and mortality globally. Introduction 

of the conjugate Haemophilus influenzae B and multivalent pneumococcal vaccines in developed 

countries including Australia has significantly reduced the overall burden of bacterial pneumonia. With 

the availability of molecular diagnostics, viruses are frequently detected in children with pneumonia 

either as primary pathogens or predispose to secondary bacterial infection. Many respiratory pathogens 

that are known to cause pneumonia are also identified in asymptomatic children, so the true contribution 

of these pathogens to childhood community-acquired pneumonia (CAP) remains unclear. Since the 

introduction of pneumococcal vaccines, very few comprehensive studies from developed countries have 

attempted to determine the bacterial and viral aetiology of pneumonia. We aimed to determine the 

contribution of bacteria and viruses to childhood CAP to inform further development of effective 

diagnosis, treatment and preventive strategies. 

Methods and analysis: We conducted a prospective case-control study (PneumoWA) where cases were 

children with radiologically-confirmed pneumonia admitted to Princess Margaret Hospital for Children 
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(PMH) and controls were healthy children identified from PMH outpatient clinics and from local 

community immunisation clinics. The case-control ratio is 1:1 with 250 children to be recruited in each 

arm. Nasopharyngeal (NP) swabs were collected from both cases and controls to detect the presence of 

viruses and bacteria by polymerase chain reaction (PCR); pathogen load were assessed by quantitative 

PCR. The prevalence of pathogens detected in cases and controls were be compared, the odds ratio of 

detection and population attributable fraction to CAP for each pathogen were determined; relationships 

between pathogen load and disease status and severity were explored.  

Ethics and dissemination: This study had been approved by the human research ethics committees of 

PMH, Perth, Australia (PMH HREC REF 2014117EP). Findings will be disseminated at research conferences 

and in peer-reviewed journals. 

 

4.3 Introduction 

Pneumonia is the leading cause of morbidity and mortality among young children globally. Recent 

estimates suggest that approximately 120 million new cases of community-acquired pneumonia (CAP) 

occur each year with nearly 1 million deaths among children aged <5 years; most deaths occur in low 

resource settings (Walker, Rudan et al. 2013, Liu, Oza et al. 2016). The burden of childhood CAP in 

developed countries is lower (approximately 50 cases per 1000 children-years), however, CAP remains 

an important public health concern with increasing antibacterial resistance, evidence of replacement 

disease with non-vaccine strains, and emergence of new respiratory pathogens (Rudan, Boschi-Pinto et 

al. 2008, Prayle, Atkinson et al. 2011, Manikam and Lakhanpaul 2012). In Australia, CAP is an important 

cause of hospitalisation of children with 2-8 hospitalisations per 1000 child-years for children < 5 years 

old (Burgner and Richmond 2005, Strachan, Snelling et al. 2012). In Western Australia, the incidence is 

especially high for Aboriginal children who have been observed to be at 14 times higher risk of 

hospitalisation for CAP than non-Aboriginal children (Moore, Burgner et al. 2007).  
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4.3.1 Aetiology of pneumonia 

Identification of causative microorganisms in childhood CAP remains an ongoing challenge, affected by 

both the type of clinical specimens obtained and the testing method used. Previous studies have used a 

variety of specimens to identify the causative pathogen for childhood pneumonia, including broncho-

alveolar lung fluid, blood, nasopharyngeal aspirates, nasopharyngeal swabs and pleural fluid (for 

complicated cases) (Rudan, Boschi-Pinto et al. 2008, Manikam and Lakhanpaul 2012). A variety of 

respiratory viruses and bacteria are associated with childhood CAP in developed countries (Juven, 

Mertsola et al. 2000, Michelow, Olsen et al. 2004, Tsolia, Psarras et al. 2004, Don, Fasoli et al. 2005, 

Tajima, Nakayama et al. 2006, Cilla, Onate et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, 

Singleton, Bulkow et al. 2010, Honkinen, Lahti et al. 2011, Jansen, Wieringa et al. 2011, Spuesens, Fraaij 

et al. 2013, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015) (Table 4.1). Other pathogens such 

as fungi including endemic mycoses are less common causes of CAP (McIntosh 2002).  

4.3.2 Bacteria 

Historically, bacteria were considered to be the most important cause of CAP in children globally. Prior 

to the introduction of pneumococcal conjugate vaccines in developed countries in the early 2000s, 

Streptococcus pneumoniae (the pneumococcus) was the leading bacterial pathogen causing CAP, 

identified in 8-36% of young children with CAP (O'Brien, Wolfson et al. 2009). Other bacteria associated 

with childhood pneumonia include both encapsulated and nontypeable Haemophilus influenzae, 

Streptococcus pyogenes, Staphylococcus aureus, and Moraxella catarrhalis (McIntosh 2002). Gram-

negative enteric bacteria and atypical intracellular bacteria, for example, Mycoplasma pneumoniae and 

Chlamydophila pneumoniae have also been reported to cause childhood CAP (Grayston, Aldous et al. 

1993, McIntosh 2002). M. pneumoniae appears to be detected more commonly among school-aged than 

in younger children (Foy 1993, Korppi, Heiskanen-Kosma et al. 2004). The burden of bacterial pneumonia 

has reduced significantly in Europe, the United States and Australia since the introduction of both the 
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conjugate Haemophilus influenzae B and multivalent pneumococcal conjugate vaccines (PCV) into the 

routine immunisation schedule (Grijalva, Nuorti et al. 2007, Koshy, Murray et al. 2010, Patrzalek, Albrecht 

et al. 2010, Strachan, Snelling et al. 2012, Griffin, Zhu et al. 2013). However, bacteria still remain as 

important causes of pneumonia in many developing settings where the vaccines have not been 

introduced or recently introduced (Hammitt, Kazungu et al. 2012, Benet, Sanchez Picot et al. 2017).  

4.3.3 Viruses 

With the development of, and more frequent use of molecular diagnostics, respiratory viruses are 

increasingly detected among children with pneumonia, particularly children <5 years old (Manikam and 

Lakhanpaul 2012). Among the viruses, respiratory syncytial virus (RSV), influenza virus, human 

parainfluenza virus (HPIV), human rhinovirus (HRV), human adenovirus (AdV) are commonly detected in 

children with pneumonia. The new sensitive molecular techniques have enabled detection of new 

respiratory viruses including human metapneumovirus (HMPV), novel human coronaviruses (HCoV), 

human bocavirus (HBoV) and emerging strains of influenza virus in childhood CAP (Ruuskanen, Lahti et 

al. 2011). In developed countries, up to 81% of young children with CAP have viruses detected in 

respiratory specimens, with RSV the most frequently detected virus in most studies, ranging from 7-48% 

(Juven, Mertsola et al. 2000, Cilla, Onate et al. 2008, Prayle, Atkinson et al. 2011, Manikam and 

Lakhanpaul 2012, Cardinale, Cappiello et al. 2013, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 

2015).  

4.3.4 Viral-bacterial co-infection 

There is evidence that respiratory viruses may have a role in facilitating bacterial colonisation, enhancing 

bacterial infection, and/or in enhancing disease severity either directly or indirectly. Viruses disrupt the 

respiratory epithelium barrier and also alter the defence mechanism of host epithelium potentially 

leading to bacterial entrance and enabling secondary bacterial infection (Bosch, Biesbroek et al. 2013, 

Kash and Taubenberger 2015). The incidence of invasive pneumococcal infection has been observed to 
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be higher during increased seasonal activity of some respiratory viruses including influenza, RSV, 

parainfluenza 3 and adenovirus (Jansen, Sanders et al. 2008, Murdoch and Jennings 2009). Further, in 

clinical trials in South Africa, conjugate pneumococcal vaccination resulted in overall decrease in virus-

associated pneumonia, suggesting interactions between respiratory viruses and pneumococcus in 

causing pneumonia in children (Madhi and Klugman 2004). In Australia, ecological data has 

demonstrated a reduction in viral pneumonia following introduction of PCV vaccines (Fathima, Blyth et 

al. 2017). RSV has been reported to facilitate bacterial colonization with Haemophilus influenzae, 

Streptococcus pyogenes, Staphylococcus aureus, and Moraxella catarrhalis in the nasopharynx of young 

children with acute respiratory infection (Chappell, Brealey et al. 2013). Another study in Australia 

identified Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus in 25% 

patients in intensive care who were admitted with severe influenza A infection during 2009 Influenza 

pandemic (Blyth, Webb et al. 2013). The patients with viral-bacterial co-infection has been reported to 

suffer for treatment failure, longer ventilator support and increased likelihood of intensive care unit 

admission (Kneyber, Blusse van Oud-Alblas et al. 2005, Thorburn, Harigopal et al. 2006, Honkinen, Lahti 

et al. 2011, Chorazy, Lebeck et al. 2013). 

4.3.5 Relationship between bacterial-viral load and severity of pneumonia  

The relationship between nasopharyngeal pathogen load and the disease severity had been previously 

assessed in data from several pneumonia epidemiological studies. These studies have demonstrated that 

nasopharyngeal pathogen load could predict the severity of pneumonia in children. A study in the US 

among infants reported that a higher RSV load was associated with longer hospitalisation, respiratory 

failure and admission to intensive care unit (DeVincenzo, Saleeby et al. 2005). In Vietnam, children with 

radiological confirmed pneumonia had higher pneumococcal load compared to children with other 

respiratory illness and the load of pneumococcus was 15-fold higher in children with viral coinfection 

compared to no viral coinfection (Vu, Yoshida et al. 2011). Other studies in Kenya and the Netherlands 
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reported the higher nasopharyngeal RSV loads in children with severe respiratory infections compared 

with less severe infections (Houben, Coenjaerts et al. 2010, Fuller, Njenga et al. 2013).  

4.3.6 Presence of respiratory pathogens among asymptomatic children 

Despite a number of studies in developed countries designed to explore the aetiology of acute 

respiratory infections in children, including CAP, few included healthy/asymptomatic children as controls 

(Singleton, Bulkow et al. 2010, Jansen, Wieringa et al. 2011, Spuesens, Fraaij et al. 2013, Jain, Williams et 

al. 2015, Rhedin, Lindstrand et al. 2015). These studies including healthy controls have identified the 

asymptomatic presence of pathogens known to be associated with pneumonia (Table 4.1). Additionally, 

in other epidemiological studies in similar settings, nasopharyngeal carriage of respiratory bacteria and 

viruses known to be associated with pneumonia have also been reported in healthy children (Bogaert, 

Belkum et al. 2004, Sulikowska, Grzesiowski et al. 2004, Moore, Jacoby et al. 2010, Hashida, Shiomori et 

al. 2011, Wiertsema, Chidlow et al. 2011) . Together these findings suggest that asymptomatic carriage 

may be common in the healthy population, thereby making interpreting of CAP studies more challenging. 

4.3.7 Significance of this study 

Although the pneumococcal conjugate vaccines have successfully reduced the hospitalisation rate with 

CAP in children in developed countries, pneumococcus remains as an important pathogen because of 

emergence of non-vaccine serotypes with potential to cause severe and complicated pneumonia, and 

empyema (Strachan, Snelling et al. 2012). With many cases being associated with respiratory viruses 

(Table 4.1), the current immunisation strategies focussing exclusively on bacterial pneumonia are 

expected to have modest impacts on further pneumonia case reduction. Apart from the annual influenza 

vaccines, to date there are no other licensed vaccine for any respiratory viruses that can be used in the 

community. It is critical to understand the relative contribution of specific bacterial and viral pathogens 

to childhood CAP, to help inform development of new therapeutics for pneumonia, including antivirals 

and to support ongoing efforts for new preventive strategies such as vaccines targeting RSV and 
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parainfluenza which are in advanced stages of development. This question constitutes the primary aim 

of this study. Additionally, unveiling relationships between pathogen load and pathogenicity will inform 

tools for more accurate attribution of the infective cause of CAP, allowing better diagnosis and 

management of pneumonia cases using antibiotic and antiviral therapies. Finally, this study will identify 

emergent serotypes of pneumococcus causing CAP among vaccinated children, informing the design of 

future pneumococcal vaccines. 

The detection of microorganisms in asymptomatic children makes it more challenging to ascertain the 

exact contribution of any pathogen to disease with uncontrolled pneumonia aetiological studies. CAP 

case-control studies in children in developing countries are not generalizable to developed countries like 

Australia where health infrastructure, including access to vaccination, is much better (Fry, Lu et al. 2007, 

Berkley, Munywoki et al. 2010, Mathisen, Strand et al. 2010, Singleton, Bulkow et al. 2010). Recently, 

findings from two published case-control studies on childhood pneumonia in developed countries, one 

in the US and the other in Sweden, have both had limitations (Table 4.1: Rhedin et al, Jain et al;) (Jain, 

Williams et al. 2015, Rhedin, Lindstrand et al. 2015). The Swedish study was relatively underpowered (93 

x-ray confirmed cases and 240 controls) to assess attributable risk for a range of viral pathogens and in 

the US study, healthy controls were not enrolled contemporaneously or from all study sites which might 

have biased the inference for specific pathogens. The proposed study is the first case-control study of 

pneumonia aetiology in Australia in post-PCV vaccination era, where 250 radiologically confirmed 

hospitalized pneumonia cases (n=250) will be compared to 250 age-group frequency matched healthy 

controls for both the presence of respiratory pathogens and quantitative load of pathogens. The 

proposed study is expected to address the limitations from previous case-control studies through 

recruitment of an appropriate number of cases and controls contemporaneously and from the same 

study sites. 
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4.3.8 Strengths and limitations of this study 

Strengths: 

• This is the first case-control study in Australia to determine the aetiology and relative 

contribution of respiratory viruses and bacteria to childhood pneumonia during the post 

pneumococcal vaccination era. 

• The study design will estimate how much each respiratory pathogen attributes to childhood 

pneumonia at a population level after adjusting for demographic factors, pre-existing chronic 

medical conditions and the presence of other respiratory pathogens. 

• Prospective recruitment of frequency matched cases and controls in each age group will adjust 

the effect of age and pathogen seasonality in causing pneumonia in children. 

• Cases are defined as children with radiologically-confirmed pneumonia which reduces the inter-

observer variability and increase the generalizability of the study data. 

Limitations:  

• Specimens to detect respiratory viruses and bacteria will be collected from the upper respiratory 

tract (nasopharynx) instead of the actual site of infection, i.e. lower respiratory tract. Pathogens 

detected in nasopharyngeal swab do not necessarily confirms presence of the same pathogens 

in the lower respiratory tract, however, evidence of these pathogens in nasopharynx have been 

found to be associated with lower respiratory tract infection in children in previous 

epidemiological studies  

4.3.9 Aim and objectives 

The aim of this study was to determine the contribution of bacterial and viral respiratory pathogens to 

CAP among West Australian children. 
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Primary objective:  

1. To assess the pathogenicity of respiratory viruses and bacteria and pathogen-specific population-

attributable risk to radiologically-proven CAP in children 

 Secondary objectives: 

1. To determine the frequency of respiratory virus-bacterial co-infection in children with CAP compared 

to healthy children, and to assess the contribution of co-infection to clinical outcome and severity 

2. To compare nasopharyngeal viral and bacterial loads in children with CAP compared to healthy 

children, and to assess the importance of pathogen load to disease status and severity  

3. To identify the nasopharyngeal quantitative threshold for each pathogen which optimally 

discriminates (sensitivity and specificity) children with CAP from asymptomatic children 

 

Table 4.1: Respiratory viruses and bacteria associated with childhood pneumonia in developed 
countries 

Reference Age Year and 
country 

Study 
participant 

Specimen Pathogen (%) 

Viruses Bacteria 
Michelow, 
I. et al 
2004 
 

6 weeks – 
17 years 

1999 – 
2000 
US 

Children with 
pneumonia 

NPA Influenza 21% 
RSV 13% 
HPIV 1-3 13% 
AdV 7% 
HRV 3% 

S. pneumoniae 44% 
M. pneumoniae 14% 
C. pneumoniae (9%) 
 

Don, M. et 
al 2005 
 

3 months – 
16 years 

2001 – 
2002 
Italy 

Children with 
pneumonia 

Blood 
NPS 

Virus: overall 42% 
RSV 17% 
HPIV 1-3 12% 
Influenza 9% 
HMPV 5% 

Bacteria: overall 44% 
M. pneumoniae 27% 
S. pneumoniae 18% 
H. influenzae 3% 

Honkinen, 
M. et al 
2011  

6 months – 
15 years 

2006 – 
2007 
Finland 

Children with 
pneumonia 

Sputum Viruses: overall 72% 
HRV 30% 
HBoV 18% 
HMPV 14% 
HPIV 8% 
RSV 7% 

Bacteria: overall 91% 
S. pneumoniae 50% 
H. influenzae 38% 
S. aureus 13% 
 

Tajima, T. 
et al 2006  

1 months – 
13 years 

2001 – 
2002 
Japan 

Children with 
pneumonia 

Blood 
NPS 

Virus: 
RSV 48% 
Influenza 22% 
HPIV 14% 

Bacteria: 
S. pneumoniae 36% 
H. influenzae 26% 
M. pneumoniae 17% 

Bacteria-viral coinfection: 18% 
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Tsolia, M. 
et al 2003  
 

5 – 14 
years 

Not 
given 

Children with 
pneumonia 

NP wash Viruses: overall 65% 
HRV 40% 
AdV 12% 
HPIV 8% 
Influenza 7% 

Bacteria: overall 40% 
M. pneumoniae 35% 
S. pneumoniae 7% 
 

Jain, S. et 
al 2015  

< 18 years 2010 – 
2012 
US 

Children with 
pneumonia 

Blood 
NPS 

Viruses: overall 66% 
RSV 28% 
HRV 27% 
HMPV 13% 
AdV 11% 
Influenza 7% 

Bacteria: overall 8% 
M. pneumoniae 8% 
S. pneumoniae 4% 
 

Bacteria-viral coinfection: 7% 
Asymptomatic 
children  

NPS HRV 17% 
Other viruses: <3 % 

 

Juven, T. 
et al 2000  

< 18 years 1993 – 
1995 
Finland 

Children with 
pneumonia 

NPA Viruses: overall 62% 
RSV 29% 
HRV 24% 
HPIV 10% 
AdV 7% 
Influenza 4% 

Bacteria: overall 53% 
S. pneumoniae 37% 
H. influenzae 9% 
M. pneumoniae 7% 
M. catarrhalis 4% 

Bacteria-viral: 30% 
Cilla, G. et 
al 2008  

<3 years 2004 – 
2006 
Spain 

Children with 
pneumonia 

NPA Viruses: overall 67% 
RSV 20% 
HBoV 14% 
HRV 14% 
HMPV 12% 
HPIV 11% 
Influenza 7% 

 

Cevey-
Macherel, 
M. et al 
2009  

2 months – 
5 years 

2003 – 
2005 
Switzerla
nd 

Children with 
pneumonia 

Blood 
NPA 

Viruses: Overall 67% 
HRV 20% 
Influenza 14% 
RSV 13% 
HMPV 13% 
AdV 7% 

Bacteria: overall 72% 
S. pneumoniae 46% 
M. pneumoniae 11% 
C. pneumoniae 7% 
 

Rhedin, S. 
et al 2015  

< 5 years 2011 – 
2014 
Sweden 

Children with 
pneumonia 

NPA Viruses: Overall 81% 
RSV 32% 
HMPV 23% 
HRV 23% 
AdV 15% 

Not tested 

Asymptomatic 
children  

NPS Viruses: Overall 56% 
HRV 27% 
HBoV 21% 
HCoV 12% 
AdV 7%% 
RSV 6% 

Not tested 

Spuesens, 
E. et al 
2013  

3 months – 
16 years 

2008 – 
2011  
The 
Netherla
nds 

Children with 
respiratory 
infections 
 

Blood 
NPS 

Not tested Bacteria: 
S. pneumoniae 28% 
M. catarrhalis 23% 
M. pneumoniae 16% 
H. influenzae 16% 
S. aureus 10% 

Asymptomatic 
children 
 

Not tested Bacteria: 
S. pneumoniae 28% 
M. pneumoniae 21% 
S. aureus 21% 
M. catarrhalis 18% 
H. influenzae 15% 

Jansen et 
al, 2011  

< 6 years 2007 – 
2009 
The 
Netherla
nds 

Children with 
respiratory 
infections 
 

NW Viruses: Overall 72% 
RSV 26% 
HRV 20% 
AdV 9% 
Influenza 6% 

Not tested 
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HMPV 6% 

Asymptomatic 
children 
 

NW Virus: overall 26% 
HRV 16% 
AdV 9% 
HCoV 5% 
Influenza 3% 
RSV 1% 

Not tested 

Singleton, 
R et al 
2010  

<3 years 2005 – 
2007 
US 

Children with 
respiratory 
infections 

Blood 
NPS 

Viruses: Overall 90% 
HRV 44% 
AdV 30% 
RSV 23% 
HPIV 18% 
HMPV 15% 

Bacteria: overall 3% 
S. pneumoniae 2% 
 

Asymptomatic 
children 

NPS Virus: overall 52% 
HRV 33% 
AdV 16% 
HMPV 7% 
RSV 4% 
HPIV 3% 

Not tested 

*NPA=Nasopharyngeal aspirate; NPA= Nasopharyngeal swab; NW=Nasal wash; S. pneumoniae: 
Streptococcus pneumoniae; H. influenzae: Haemophilus influenzae; M. pneumoniae: Mycoplasma 
pneumoniae; C. pneumoniae: Chlamydophila pneumoniae; S. aureus: Staphylococcus aureus; M. 
catarrhalis: Moraxella catarrhalis;    

 

 

4.4 Methods and analysis 

4.4.1 Study design and population 

This was a prospective case-control study (named as PneumoWA study) with a case-control ratio of 1:1. 

Children attending publicly funded health services in metropolitan Perth, Western Australia were 

recruited. Enrolment of children into the study commenced at Princess Margaret Hospital for Children 

(PMH), Perth, Western Australia in May 2015.  

Both cases and controls were enrolled following the inclusion and exclusion criteria of the study (Table 

4.2). Cases were defined as children attending PMH with CAP identified by their treating clinician. The 

operational definition of pneumonia for this study was: (a) presence of one or more of following clinical 

symptoms: cough, fever, or increased work of breathing, AND (b) alveolar consolidation as judged by the 

treating clinician and paediatric radiologist; AND (c) presumed infective aetiology that requiring antibiotic 
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therapy. Control group consists of contemporaneously healthy children attending PMH outpatient clinics 

or a local community immunisation clinic with no signs of respiratory illness.  

4.4.2 Sample size calculation for the primary objective 

A total of 250 cases and 250 controls were expected be enrolled. The power of the study to detect a 

significantly higher rate of pathogen detection among cases versus controls was dependent on the 

frequency of pathogen detection in healthy controls. Using data from previously published literature 

among pneumonia cases and healthy controls (Honkinen, Lahti et al. 2011, Wiertsema, Chidlow et al. 

2011), it was estimated that a sample size of 250 pneumonia cases and 250 healthy controls would 

provide 80% power to identify a significant excess in pathogen detection (lower bound of 95% confidence 

interval > 1) among cases compared to controls, ranging from at least 3% (for influenza) to 15% (for 

rhinovirus).  

4.4.3 Identification and enrolment of study participants 

Cases:  

Cases were identified daily by monitoring presentations to the emergency department (ED) and 

admission records at PMH. After assessment against inclusion and exclusion criteria, parent(s) were 

approached by a trained research assistant to consent for enrolment followed by data and biological 

specimen collection.  

Controls: 

Controls were enrolled prospectively and contemporaneously by trained research staff during 

attendance at PMH outpatient clinics or at the Rheola street immunisation clinic, Perth, Western 

Australia. Parents were approached whilst awaiting for their child’s medical appointment or routine 
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immunisation. Controls were frequency matched to cases in each age groups (<1 year, 1-4 years, 5-9 

years and > 10 years) by prospectively setting targets for control enrolment based on the number of 

cases enrolled in each age group in the preceding two weeks. 

4.4.4 Data collection 

Following consent, epidemiological data relating to pertinent demographic factors such as age, sex, 

indigenous status, presence of a smoker in the household, premature birth and pre-existing chronic 

health conditions such as immunodeficiency, neurological disorder, chronic cardiac disease were 

collected on all study participants (Table 4.3) using a standardized paper-based data collection form by 

interviewing the parents. Data on clinical management and disease outcome of the cases were obtained 

by reviewing the hospital medical records. Patient’s medical record file were revisited to obtain any 

Table 4.2: Inclusion and exclusion criteria for cases and controls in PneumoWA study, Perth, 
Western Australia 

Study 
group 

Inclusion/ 
Exclusion 

Criteria 

Case Inclusion 1. Children < 18 years old presenting to hospital within the 
past <36 hours 

2. X-ray confirmed pneumonia  
3. Presumed infective aetiology 
4. A full blood count performed  
5. One nasopharyngeal swab obtained within 36 hours of 

hospital presentation. 
Exclusion 1. Previously hospitalised within 14 days of current 

presentation 
2. Previously enrolled as a case or control in PneumoWA 

study 
Control Inclusion 1. Children < 18 years old 

2. One nasopharyngeal swab obtained during enrolment 
Exclusion 1. Children attending hospital or clinic for treatment or 

follow-up of a lower or upper respiratory illness (including 
all respiratory or ENT clinic attendees), or proven or 
probable vaccine preventable disease (including 
meningitis, pertussis, measles, varicella). 

2. Children attending non-routine/high risk immunisation 
service (including vaccine counselling or adverse event 
follow-up), 

3. Hospitalised within 14 days of presentation 
4. Previously enrolled as a case or control in PneumoWA 

study 
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missing medical information for that illness episode. Immunisation record for each child was collected 

from Australian Immunisation Record (AIR).  Each participant was allocated a unique identification 

number to allow anonymization. The data was entered onto a secure web-based research database 

(Medrio™). 

4.4.5 Specimen collection 

Nasopharyngeal swabs (NPS) were collected from all case and controls using a FLOQswab (Copan 

Diagnostics, Murrieta, CA, USA) by trained research staff following WHO recommended procedures 

(World Health Organization (WHO) 2003). After collection, the swab was stored in 1mL skim milk–

tryptone–glucose–glycerol broth (STGGB) which is suitable for storage and transportation of respiratory 

bacteria and viruses (O'Brien, Bronsdon et al. 2001, Turner, Po et al. 2011). Other specimens 

recommended but not mandated include blood cultures and EDTA blood for pneumococcal PCR. In the 

setting of pleural effusion, culture and pneumococcal PCR was also recommended. Despite the sensitivity 

and specificity of lung aspirate, this was not being undertaken in PneumoWA given the invasive nature 

and risk of the procedure (Hammitt, Murdoch et al. 2012). 

4.4.6 Processing, storage and transportation of specimen  

After collection, the NPS specimen was kept on ice and processed within 4h at the research laboratory 

of the PMH Children’s Clinical Research Facility (CCRF). The NPS specimen was vortexed for 30 seconds 

before divided into two aliquots with 500 µl each for bacterial and viral assessment, and the vials were 

stored at -80°C. Specimens were batched and periodically sent to reference laboratories for PCR testing.  

The NPS specimens were transported to the reference laboratories on ice on the same day of testing to 

avoid an additional freeze-thaw cycle.  
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4.4.7 Laboratory analysis 

NPS were tested for viral presence and load at PathWest Laboratory Medicine WA, Perth, Australia and 

for bacterial load at research laboratories at the School of Biomedical Science, University of Western 

Australia, Perth, Western Australia.  

4.4.7.1 Respiratory virus detection and density assessment 

The respiratory viruses and atypical bacterial pathogens such as Mycoplasma pneumoniae and 

Chlamydophila pneumoniae are detected by multiplex real-time PCR at PathWest Laboratories (QEII) 

using previously described primers and probes (Chidlow, Harnett et al. 2009, Chidlow, Harnett et al. 

2010) (Table 4.4). In detail, nucleic acid was extracted from the NPS using the MagNA Pure 96 System 

(Roche Applied Science, Indianapolis, US). Extracted nucleic acids were tested in Applied Biosystems 

ViiA7 Real-time PCR system (ThermoFisher Scientific, Massachusetts, US) for common respiratory virus 

panel including Influenza A/H1N1 and A/H3N2, Influenza B, HPIV type 1–3, HMPV and RSV types A and 

B. Targets for HAdv, and HCoV OC43, HCoV 229E, HCoV HKU1 and HCoV NL63, HRV and atypical bacteria 

were set up in Qiagen Rotor-Gene TaqMan Analysers for Real-Time PCR. PCR assays directed at the 5` 

non-translated region of HRV species A-C were used to distinguish rhinoviruses from enterovirus species 

A-D were adapted from Osterback et al (Osterback, Tevaluoto et al. 2013) (Merritt, A et al unpublished 

data ). Quantitative viral load was assessed on all NPS specimens that were positive for 4 respiratory 

viruses: RSV, influenza A, HMPV and HRV. The primers, probes and protocols for determining the viral 

load for a range of viral pathogens in NPS specimens have been developed by PathWest (Sikazwe, 

Chidlow et al. 2016). A nucleic acid standard was developed using purified plasmid DNA or in vitro 

transcribed RNA, and the concentration of the DNA and/or RNA standard was quantified using 

fluorescent dyes. Following this, a standard curve was generated from serial 10-fold dilutions of the DNA 

and/or RNA standards mentioned above. The viral load in the NPS specimen was quantified by 

interpolating from the appropriate standard curve. The viral load was reported in viral copies/mL. 
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4.4.7.2 Respiratory bacteria detection and density assessment 

Quantification of bacterial loads in NPS specimen was performed using quantitative real time PCR (qPCR) 

using methods established at UWA School of Biomedical Science (Kirkham L et al. under review). NPS in 

STGG are centrifuged at high speed to pellet bacteria and associated cells, DNA was then extracted from 

the pellet using enzymatic extraction and the QIAamp DNA minikit (Qiagen, Chadstone, VIC, Australia) as 

previously described (Smith-Vaughan, Byun et al. 2006). Real-time qPCR to detect S. pneumoniae, S. 

aureus, M. catarrhalis, and H. influenzae was conducted on the CFX96 real-time PCR detection system 

(Bio-Rad, CA, USA) using the primers and probes listed in Table 4.5. A standard curve was generated for 

each run for each reference strain. All samples were run in duplicate and density was calculated as an 

average of the two measurements. The bacterial load was assessed in colony forming units (CFU)/mL 

which was equivalent to copies/mL assuming one copy of a bacteria would yield one colony forming unit.  

4.4.7.3 Cytokine and chemokine assessment  

The 500μL aliquot for bacterial and cytokine measurement was centrifuged and the supernatant was 

transferred into single-use aliquots and stored at -80°C for cytokine measurements. A total of 11 

cytokines were measured in this study, namely interleukine (IL)-1b, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, 

IL-17, IFNγ, and TNFα and IP-10. The level of cytokines (pg/mL) were measured in NPS specimen using an 

in-house multiplex bead-based assay on the BioPlex® 200 system (Bio-Rad Laboratories, California, USA) 

following a previously described assay (Blyth, Currie et al. 2011). At first, primary antibodies were 

conjugated to carboxylated microspheres: IL-5, IL-6, IL-8, IL-10, IP-10 IFN-g (Bicton Dickenson (BD)); IL-

1b, IL-12p70, IL-13, IL-17, TNF-a (Bioscientific). NPS supernatants were defrosted at room temperature 

on the day of testing and diluted 1:2 in serum diluent. Serum diluent were prepared with phosphate 

buffer solution (PBS) containing 2% Heat inactivated new born bovine serum and 0.05% Tween (Sigma-

Aldrich). Then, recombinant standards and controls were prepared using a known concentration of each 

cytokines (BD and Bioscientific). Finally, 50μL of standards, controls and diluted samples were added to 
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a 96 well plate (Millipore) and 4000 beads per cytokine were added to each well. The plate was incubated 

on an orbital shaker at room temperature for 30 mins. After the incubation, 25μL of biotinylated 

secondary antibodies (BD and Bioscientific) was added to wells and incubated at room temperature for 

30 mins on an orbital shaker. After incubation, wells were washed twice with wash buffer (PBS containing 

1% bovine serum albumin, 0.25% Tween and 0.001% Sodium Azide) using a vacuum manifold (Bio-Rad). 

A 1:100 dilution of Streptavidin-PE (BD) was prepared, 100μL added to each well and incubated for 15 

minutes under same conditions. After the incubation, plates were washed again, and wells were topped 

up with 125μL of wash buffer and read on the Bioplex 200 system (Bio-rad). Mean fluorescence intensity 

data was acquired electronically in real-time and analysed using Bio-plex Manager 5.0 software. The 

concentration of cytokines in the sample was generated against a 7-point standard curve of known 

cytokine level and was expressed in pg/mL. The lowest limit of detection (LLD) for this assay was 2.44 

pg/mL for IL-1ß, IL-5, IL-6, IL-10, IL-12p70, IFNγ and TNFα; 4.88 pg/mL for IL-8, IL-13 and IL-17; and 1.22 

pg/mL for IP-10. 
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Table 4.3: Demographic and medical information collected from study participants in 
PneumoWA study, Perth, Western Australia 

Data parameter Study group 
Cases Controls 

Date of birth X X 
Gender X X 
Indigenous status X X 
Risk factors for pneumonia  

a. Household smoking contact 
b. Prematurity 
c. Immunodeficiency/immunosuppression 
d. Congenital or chromosomal abnormality 
e. Cochlear implants 
f. Intracranial shunt 
g. Chronic respiratory and cardiac illness 
h. Childcare attendance 
i. Previous invasive bacterial infection 

X X 

Clinical data 
a. Antibiotics in the past 7 days 
b. Antibiotics in the past 24 hours 
c. Date of first chest X-ray (this episode) 
d. Time of first chest X-ray (this episode) 
e. Empyema diagnosed 

 
a. X 
b. X 
c. X 
d. X 
e. X 

 
 X 
 X 

 

Additional clinical data 
a. Symptom onset date 
b. Symptoms present during illness  
c. Weight (kg) 
d. Symptoms (yes/no): 

i. Cough 
ii. Runny nose 

iii. Difficulty/rapid breathing 
iv. Vomiting 
v. Diarrhea 
vi. Rash 

vii. Reduced oral intake 
viii. Other symptoms 

e. Respiratory rate on presentation 
f. Auscultatory finding (yes/no/unknown) 

i. Wheeze  
ii. Crackles/crepitations  

g. Highest temperature recorded 
h. Hospital admission (yes/no) 
i. ICU admission (yes/no) 
j. SpO2 on admission and rate of O2 delivery 
k. Supplemental O2required (yes/no) 
l. IV fluids or supplemental feeds (yes/no) 
m. Positive pressure ventilation (yes/no) 
n. Length of stay (days) 
o. Discharge status (home/transfer/died) 

X  

Blood results 
a. White cell count (first available) 
b. Neutrophil count (first available) 
c. CRP (first available) 
d. Blood culture and PCR results 

X  

Nasopharyngeal aspirate (if done) results X  
Pleural fluid results (if done):   
Culture and PCR result 

X  
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Table 4.4: Gene targets for detection of respiratory viruses by multiplex PCR used for PneumoWA 
study, Perth, Australia 

Target virus Gene Target 
Adenovirus (AdV) Hexon 
Human Bocavirus (HBoV) VP1 
Human Coronavirus (HCoV): 229E Nucleocapsid 
Human Coronavirus (HCoV): HKU1 ORF 1a/b 
Human Coronavirus (HCoV): NL63 Nucleocapsid 
Human Coronavirus (HCoV): OC43 Nucleocapsid 
Influenza virus A Matrix 
Influenza virus A H3 Haemagglutinin 
Influenza virus A H1 Haemagglutinin 
Influenza virus A pandemic (H1N1) 2009 Haemagglutinin 
Influenza virus B Matrix 
Human parainfluenza (HPIV) type 1-4 Nucleoprotein 
Rhinovirus (HRV) 5’NCR region with gene sequencing 
Respiratory syncytial virus (RSV) Nucleoprotein 
Human metapneumovirus Matrix 

 

Table 4.5: Primers and probes for detection of respiratory bacterial pathogens by qPCR in 
PneumoWA study, Perth, Australia  

Detected 
species 

Primer/  
probe 

Sequence (5’ to 3’) 

H. influenzae fucP fwd GCCGCTTCTGAGGCTGG 
fucP rev AACGACATTACCAATCCGATGG 
fucP probe 6FAM-TCCATTACTGTTTGAAATAC-MGBNFQ 

H. influenzae hpd3 fwd GGTTAAATATGCCGATGGTGTTG 
hpd3 rev TGCATCTTTACGCACGGTGTA 
hpd3 probe HEX-TTGTGTACACTCCGT/ZEN/ TGGTAAAAGAACTTGCAC-3C6 

S. pneumoniae lytA fwd ACGCAATCTAGCAGATGAAGCA 
lytA rev TCGTGCGTTTTAATTCCAGCT 
lytA probe 6FAM-TGCCGAAAACGCTTGATACAG-GGAG-BHQ1 

M. catarrhalis copB fwd CGTGTTGACCGTTTTGACTTT 
 copB rev CATAGATTAGGTTACCGCTGACG 
 copB probe HEX-ACCGACATCAACCCAAGCTTTGG-BHQ1 
S. aureus nuc fwd CATCCTAAAAAAGGTGTAGAGA 
 nuc rev TTCAATTTTMTTTGCATTTTCTACCA 
 nuc probe HEX-TTTTCGTAAATGCACTTGCTTCAGGACCA-BHQ1 
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4.4.8 Data analysis plan 

The frequency and proportion positive for each respiratory pathogen among both cases and controls 

were assessed. Where numbers permit, virus subtypes were reported separately. These proportions 

were compared across the two groups to identify if there were any specific pathogens that were detected 

more frequently among cases than among controls. We reported the crude odds-ratio of detection for 

each respiratory pathogen among CAP cases versus controls. We also reported the adjusted odds ratio 

for each pathogen after adjustment for demographic factors (e.g. age, sex, presence of a smoker in the 

household, premature birth), and presence of other pathogens using multivariable logistic regression 

(referred to as model 1). The adjusted odds-ratio of detection among cases versus controls were taken 

to be indicative of the pathogenicity of each organism; the higher the odds-ratio the higher the indicative 

pathogenicity of that microorganism. Using the proportion of cases infected and the adjusted odds-ratio 

for each pathogen, the population level attributable-fraction of CAP were calculated using the method 

of Greenland and Drescher (Greenland and Drescher 1993). The frequency and proportion of cases and 

controls having more than one respiratory virus or bacteria detected were reported. Where numbers 

permit, a multivariable regression model was developed to explore the existence of significant pair-wise 

interactions between respiratory pathogens and disease status. Disease severity for the cases were 

assessed using Respiratory Index of Severity in Children score (RISC) based on Australian children growth 

standard (Centers for Disease Control and Prevention 2000, World Health Organization Multicentre 

Growth Reference Study Group 2006, Reed, Madhi et al. 2012).  Where numbers permit we explored the 

relationship between detection of specific pathogens and severe disease (versus control status) using 

multivariable logistic regression models as described for model 1 (model 2).  

We reported the median log-transformed pathogen load of each pathogen for cases and controls and 

compare them using student t-test or Mann-Whitney U-test method, whichever is applicable, to 

determine if the pathogen load was different between cases and controls. A multivariable regression 

analysis (model 3) were performed to determine the odds of being a case for 1 log10 increase in pathogen 
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load (in copies/mL) for each viral and bacterial pathogen after adjusting for demographic factors; where 

numbers permit, the same approach were used to determine increase in the odds of severe pneumonia 

(versus non-severe and control status) (model 4). We explored receiver-operating curve (ROC) and 

corresponding area under the curve (AUC)  to find the optimal load cut-points (sensitivity and specificity) 

to discriminate CAP cases from controls, and severe CAP from non-severe CAP, for each pathogen 

(Jansen, Wieringa et al. 2011). We used Youden index to select thresholds levels for each pathogen load 

to discriminate between cases and controls (Youden 1950). All analyses were performed using STATA 

software version 13.0 (StataCorp, Texas, USA) and figures were produced using GraphPad Prism Version 

5.0 (GraphPad Software, CA, USA). 

 

4.5 Ethics and dissemination 

4.5.1 Ethics 

This study had been approved by the human research ethics committees of the Princess Margaret 

Hospital for Children, Perth, Australia (PMH HREC REF 2014117EP). Written informed consent was 

obtained from parents and assent from children >7 years prior to administration of questionnaire and 

biological specimen collection. The risks and benefits related with participating in the study were clearly 

informed to parents and children before obtaining the consent. Unique identification number was 

provided to each participant to ensure anonymity and any information collected about a study 

participant would remain confidential. There was no payment or compensation associated with the 

participation. 
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4.5.2 Dissemination 

Findings were disseminated at national and international conferences and health symposiums. 

Manuscripts detailing the results of this study had been submitted for publication in peer-reviewed 

journals. Findings from the study would describe the attributable risk of specific viral and bacterial 

pathogens in causing childhood pneumonia at population level which might help more efficient diagnosis 

and management of LRTI including pneumonia in children and could reduce inappropriate of antibiotics 

to treat LRTI.    

4.6 Funding 

Funded for the study was provided by the Telethon Perth Children’s Hospital Research Fund, Perth 

Children’s Hospital Foundation and Telethon Kids Institute.   
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CHAPTER FIVE: THE CONTRIBUTION OF VIRUSES AND BACTERIA TO 

COMMUNITY-ACQUIRED PNEUMONIA IN VACCINATED CHILDREN: A 

CASE-CONTROL STUDY 

5.1 Chapter outline 

This chapter describes the contribution of respiratory viruses and bacteria to childhood pneumonia in 

Western Australian children, the primary aim of this thesis. Using the detected proportion of respiratory 

pathogens in pneumonia cases and healthy controls, the contribution of these pathogens to childhood 

pneumonia at population level was calculated. The manuscript that built upon these findings has been 

published (Appendix 7) (Bhuiyan, Snelling et al. 2018b) and is presented here with published title, 

headings, text, figures and tables.  

 

5.2 Abstract 

Introduction: Respiratory pathogens associated with childhood pneumonia are often detected in the 

upper respiratory tract of healthy children, making their contribution to pneumonia difficult to 

determine. We aimed to determine the contribution of common pathogens to pneumonia adjusting for 

rates of asymptomatic detection to inform future diagnosis, treatment and preventive strategies. 

Methods: A case-control study was conducted among children ≤17 years in Perth, Western Australia. 

Cases were children hospitalised with radiologically-confirmed pneumonia; controls were healthy 

children identified from outpatient and local immunisation clinics. Nasopharyngeal swabs were collected 

and tested for 14 respiratory viruses and 6 bacterial species by polymerase chain reaction. For each 
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pathogen, adjusted odds ratio (aOR; 95% CI) was calculated using multivariate logistic regression and 

population attributable fraction (95% CI) for pneumonia was estimated.  

Results: From May 2015 to October 2017, 230 cases and 230 controls were enrolled. At least one 

respiratory virus was identified in 57% of cases and 29% of controls (aOR: 4.7; 2.8, 7.8). At least one 

bacterial species was detected in 72% of cases and 80% of controls (aOR: 0.7; 0.4, 1.2). Respiratory 

syncytial virus (RSV) detection was most strongly associated with pneumonia (aOR: 58.4; 15.6, 217.5). 

Mycoplasma pneumoniae was the only bacteria associated with pneumonia (aOR: 14.5; 2.2, 94.8). We 

estimated that RSV, human metapneumovirus (HMPV), influenza, adenovirus, and Mycoplasma 

pneumoniae were responsible for 20.2% (95% CI: 14.6, 25.5), 9.8% (5.6, 13.7), 6.2% (2.5, 9.7), 4% (1.1, 

7.1) and 7.2% (3.5, 10.8) of hospitalisations for childhood pneumonia, respectively.  

Conclusions: Respiratory viruses, particularly RSV and HMPV, are major contributors to pneumonia in 

Australian children. 

 

5.3 Introduction 

Pneumonia remains as a leading cause of hospitalisation and death among children worldwide, with 

nearly 120 million new cases and one million deaths annually, mostly among children aged under 5 years 

(Walker, Rudan et al. 2013). Although the greatest disease burden is in developing countries, pneumonia 

remains an important public health concern in developed countries where concerns are compounded by 

growing antibiotic resistance, replacement disease caused by vaccine-escape strains, and the emergence 

of newly identified pathogens (Prayle, Atkinson et al. 2011, Rudan, O'Brien et al. 2013). In Australia, there 

are 5-8 pneumonia hospitalisations per 1000 child-years among children <5 years old; Aboriginal children 

have more than a 10-fold higher risk than non-Aboriginal children (Burgner and Richmond 2005, Moore, 

Burgner et al. 2007). 
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Globally, bacteria, particularly Streptococcus pneumoniae and encapsulated and non-encapsulated 

strains of Haemophilus influenzae, are considered as the primary cause of pneumonia in young children 

(Rudan, Boschi-Pinto et al. 2008, Rudan, O'Brien et al. 2013). In recent years, there has been an increased 

focus on the role of respiratory viruses in childhood pneumonia, partly due to reduction in bacterial 

disease associated with conjugate pneumococcal and Hib vaccine use (Griffin, Mitchel et al. 2014, 

Fathima, Blyth et al. 2017) and the increased capacity to detect virus through molecular diagnostic 

methods. These sensitive techniques have enabled detection of viruses in up to 92% of respiratory 

specimens of children with pneumonia (Juven, Mertsola et al. 2000, Cevey-Macherel, Galetto-Lacour et 

al. 2009, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, Nascimento-Carvalho, Vilas-Boas et al. 

2018). Many of the commonly detected respiratory viruses and bacteria are also detected in the 

nasopharynx of apparently healthy children, obscuring their exact contribution to childhood pneumonia 

(Moore, Jacoby et al. 2010, Jansen, Wieringa et al. 2011, Jain, Williams et al. 2015, Rhedin, Lindstrand et 

al. 2015, Benet, Sanchez Picot et al. 2017). Except for influenza vaccine, no licensed vaccines for common 

respiratory viruses are currently available although a number of vaccines for other respiratory viruses 

are in clinical trials (Karron, Luongo et al. 2015, Neuzil 2016, Marquez-Escobar 2017).  

To date, few pneumonia aetiology studies from high-income settings seeking to quantify the exact 

contribution of pathogens to pneumonia have included healthy controls (Jain, Williams et al. 2015, 

Rhedin, Lindstrand et al. 2015).  Well-controlled epidemiological studies have reported the contribution 

of respiratory viruses to childhood pneumonia in developing settings, but their findings are unlikely to 

be generalisable to settings with better developed health infrastructure, including better vaccine 

coverage (Berkley, Munywoki et al. 2010, Mathisen, Strand et al. 2010, Benet, Sanchez Picot et al. 2017). 

We conducted a prospective case-control study to estimate the contribution of respiratory viruses and 

bacteria to childhood pneumonia in West Australian (WA) children, a highly vaccinated and high-income 

population. 
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5.4 Methods 

This prospective case-control study was conducted from May 2015 through October 2017 following a 

published study protocol (Bhuiyan, Snelling et al. 2018a).  

5.4.1 Study population and data collection 

Cases were children aged ≤17 years old who presented with community-acquired pneumonia (CAP) to 

the Princess Margaret Hospital (PMH), the only tertiary paediatric hospital for the state of Western 

Australia (population: 2.6 million (Australian Bureau of Statistics 2018)). WA children are highly 

vaccinated: pneumococcal conjugate vaccine (PCV) is funded on the national immunisation program and 

coverage among infants is >90%. Seasonal influenza vaccine is also funded for WA children aged 6 months 

to < 5years and for older children with high risk conditions (National Centre For Immunisation Research 

& Surveillance 2016).  

A diagnosis of CAP required: a) the presence of acute respiratory symptoms (with or without fever); and 

b) evidence of infiltrates or consolidation on chest x-ray (Cherian, Mulholland et al. 2005). A pragmatic 

definition of radiologically-confirmed pneumonia (infiltrates or alveolar consolidation as determined by 

the treating clinician) facilitating recruitment after hours (i.e. when a radiologist is not available to review 

the chest x-ray). An equal number of contemporaneous healthy controls attending hospital outpatient 

orthopaedics or allergy clinics or a large urban community immunisation clinic were enrolled. Children 

attending clinic with respiratory symptoms, following recent respiratory illnesses or those previously 

enrolled as a case or control were not eligible. Controls were enrolled concurrently with cases throughout 

the study period, with the target enrolment in each of four age groups (<1 year, 1–5 years, 6–9 years and 

>10 years) frequency-matched to the number of cases enrolled in the preceding two weeks. The sample 

size calculation for the study has been previously described (Bhuiyan, Snelling et al. 2018a). A structured 

questionnaire was administered to parents/guardians to capture demography, relevant co-morbidities 
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including immunodeficiency, immunocompromised condition, congenital chromosomal abnormality, 

chronic respiratory, neuromuscular, neurological and cardiac disease and solid organ transplantation. 

5.4.2 Specimen collection and microbiological assays 

A flocked nasopharyngeal swab (NPS; FLOQSwabs; Copan Diagnostics, Murrieta, CA) was collected from 

each participant by a trained research assistant; for cases, the swab was collected < 36 hours after 

hospital presentation. After collection, the swab was placed immediately into 1mL Skim–Milk–Tryptone–

Glucose–Glycerol–Broth (STGGB) on ice. All specimens were stored at -80C prior to nucleic acid 

extraction. A total of 14 viruses (influenza A/H1N1 and A/H3N2, influenza B, respiratory syncytial virus 

(RSV), human parainfluenza virus (HPIV) type 1–3, human metapneumovirus (HMPV), adenovirus, human 

rhinovirus (HRV), human coronavirus (HCoV) types HCoVOC43, HCoV229E, HCoVHKU1 and HCoVNL63) 

and 6 bacteria (S. pneumoniae, Staphylococcus aureus, Moraxella catarrhalis, H. influenzae, Mycoplasma 

pneumoniae and Chlamydophila pneumoniae) were detected using polymerase chain reaction (PCR). 

Detailed procedures for laboratory testing for nucleic acid extraction and the primers and probes used 

in PCR have been described previously (Bhuiyan, Snelling et al. 2018a). RV genotyping was done following 

published molecular methods (Lee, Lemanske et al. 2012).  

5.4.3 Data management and analysis 

The crude odds ratio (OR) of exposure was calculated to assess the relative frequency of detection of 

each respiratory pathogen among cases and controls. Multivariate logistic regression was used to 

calculate the adjusted odds ratio (aOR) of detection of each pathogen for cases versus controls, adjusting 

for underlying demographic differences, recent exposure to antibiotics, and for the presence of other 

pathogens. The aOR for each pathogen was then used to estimate the population attributable-fraction 

(PAF) (Greenland and Drescher 1993). Analyses were performed using STATA software version 13.0 

(StataCorp, Texas, USA) and figures were produced using GraphPad Prism Version 5.0 (GraphPad 

Software, CA, USA). 
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5.4.4 Ethical consideration 

Written informed consent was obtained from parents/legal guardians of all study participants. Assent 

was obtained from participants ≥7 years old. The protocol was approved by Human Research Ethics 

Committee of the Princess Margaret Hospital (PMH HREC REF 2014117EP). 

 

5.5 Results 

5.5.1 Characteristics of study population 

We enrolled 230 children with pneumonia and 230 controls. Cases were hospitalized for a median of 2 

days (IQR: 1–3); no deaths were observed. Compared to controls, a higher proportion of cases were 

Aboriginal, born premature, and reported a smoker in the household (p<0.001 for each) (Table 5.1). The 

proportion of respondents <5 years attending day-care was 59.1% among cases (n=87) and 36.6% among 

controls (n=66) and the median days of attendance per week for cases was 3 days (inter quartile range, 

IQR: 2–4) and for controls was 2 days (IQR: 2–3). A higher proportion of cases had co-morbidities 

compared with controls (14.7 vs 4.3%, p<0.001). More cases than controls had antibiotics in the 7 days 

prior enrolment (47.3% vs 2.1%, p<0.001). The proportion of cases and controls who had received at least 

2 doses of PCV was 91.3% and 87.8%, respectively and 10.4% of both cases and controls had received 

influenza vaccine in the preceding influenza season.  Of 230 cases, 24 (10%) cases were diagnosed with 

a parapneumonic effusion with, 21 (9%) parapneumonia effusions drained. All drained effusions had 

microscopic purulence consistent with empyema. 

5.5.2 Respiratory viruses and bacteria associated with pneumonia 

Of 230 cases and 230 controls, one or more respiratory virus was identified in 56.5% and 28.6%, 

respectively (OR: 3.2; 95% CI: 2.1, 4.7) and at least one bacterial species was detected in 71.7% and 
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79.5%, respectively (OR: 0.6; 95% CI: 0.4, 1.0). The distribution of respiratory viruses and bacteria among 

cases and controls are summarized in Table 5.2.  Detection of both viruses and bacteria were observed 

in 104 cases (45.2%) and in 56 controls (24.3%). Cases were more likely than controls to have multiple (2 

or more) viruses detected (OR: 5.1, 95% CI: 1.7, 15.1) but not multiple bacterial species (OR: 1.0, 95% CI: 

0.7, 1.4).   

5.5.2.1 Viral pathogens 

The multivariate logistic regression showed that after adjusting for demographic differences, antibiotic 

exposure in the preceding 7 days, and presence of other pathogens, RSV, HMPV, influenza virus and 

adenovirus were detected significantly more often among cases than controls with aOR 58.4 (95% CI: 

15.6, 217.5), 37.2 (95% CI: 7.8, 177.7), 10.1 (95%CI: 1.8, 57.1) and 12.1 (95%CI: 1.4, 104.4), respectively 

Table 5.1: Characteristics of children with community-acquired pneumonia (cases) and healthy 
children (controls), Perth, Western Australia, May 2015 – October 2017 

 

Parameter Case (%) 
(N=230)  

Control (%) 
(N=230)  

Total (%) 
(N=460) 

Demographic and clinical data 
• Age    

• ≤12months 21 (9.1) 23 (10) 44 (9.5) 
• 1-5 years 126 (54.7) 157 (68.2) 283 (61.5) 
• 6-9 years 60 (26.1) 27 (11.7) 87 (18.9) 
• 10+ years 23 (10) 23 (10) 46 (10) 

• Male sex 120 (52.1) 122 (53.0) 242 (52.6) 
• Aboriginal*  21 (9.1) 2 (0.8) 23 (5.0) 
• Premature* 32 (13.9) 17 (7.3) 49 (10.6) 
• Smoker at household* 38 (16.5) 22 (9.5) 60 (13.0) 
Existing health conditionsa 

• Any co-morbidity 34 (14.7) 10 (4.3) 44 (9.5) 
• immunodeficiency 7 (3.0) 1 (0.4) 8 (1.7) 
• immunocompromised condition 5 (2.1) 0 (0.0) 5 (1.1) 
• congenital chromosomal 

abnormality 
16 (6.9) 4 (1.7) 20 (4.3) 

• chronic respiratory illness 9 (3.9) 2 (0.8) 11 (2.3) 
• chronic neuromuscular disorder 

illness 
9 (3.9) 2 (0.8) 11 (2.3) 

a: No child had an organ transplant, one case had chronic cardiac disease and one case had an 
intracranial shunt 

*p<0.001 for difference between cases and controls 
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(Table 5.2). None of the influenza positive cases (n=16) or controls (n=3) had received influenza vaccine 

during the preceding influenza season. HRV speciation was available for 57 (68.6%) of 83 positive samples 

(26 cases; 31 controls). HRV-A was detected in 13 cases (50%) and 15 controls (48.3%), HRV-B in 1 (3.8%) 

case and 2 (6.4%) controls and HRV-C was detected in 12 (46.1%) cases and 14 (45.1%) controls.  

Respiratory viruses were detected more commonly among children <5 years compared to other age-

groups (Figure 5.1). More than 75% of cases positive for RSV, HPIV, HMPV and adenovirus were aged less 

than 3 years. Respiratory viruses were detected throughout the year with frequent detection during the 

Australian winter months (June to August). HRV was detected throughout the year, while RSV, influenza 

and HMPV were mostly detected between May to November and HPIV between December and April; 

virus distribution among cases and control children was similar along the year calendar (Figure 5.2, 5.3).  

5.5.2.2 Bacterial pathogens 

The multivariate logistic regression showed M. pneumoniae were detected significantly more often 

among cases than controls with aOR 14.5 (95% CI: 2.2, 94.8). The frequency of detection of other bacteria 

was similar among cases and controls (Table 5.2).   

Nineteen (32.1%) of 59 cases with S. pneumoniae detected had prior antibiotic exposure compared to 

one (1.6%) of 61 control; for H. influenzae, the proportion was 45.3% (34/75) in cases and 3.2% (2/61) in 

controls; for M. catarrhalis, 29.1% (30/103) in cases and 2.0 % (3/144) in controls; for S. aureus, 36.8 % 

(14/38) in cases and 0% (0/36) in controls and for M. pneumoniae,  89.4% (17/19) in cases and 0 % (0/1) 

in controls. Given the potential for antibiotics to influence the detection of bacterial pathogens, the 

analysis was repeated including only those with no prior antibiotic exposure: apart from M. pneumoniae 

(aOR 16.7; 95% CI: 1.6, 164.8), no significant difference in S. pneumoniae (aOR 0.6; 95% CI: 0.2, 1.3), H. 
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influenzae (aOR 0.9; 95% CI: 0.4, 1.8), M. catarrhalis (aOR 0.7; 95% CI: 0.4, 1.4) and S. aureus (aOR 1.5; 

95% CI: 0.7, 3.5) detection was noted. 

Table 5.2: Distribution of respiratory pathogens in children with CAP (cases) and healthy children (controls), 
unadjusted and adjusted odds-ratio and population attributable fraction for each respiratory pathogen, 
Perth, Western Australia, May 2015-October 2017 

 
Parameter Case (%) 

(N=230)  
Control (%) 
(N=230)  

Unadjusted OR 
(95% CI) 

Adjusted OR  
(95% CI)** 

Population 
attributable 
fraction estimate, 
% (95% CI) 

Respiratory virus   

Influenza (any) 16 (6.9) 3 (1.3) 5.6 (1.6, 19.6) 10.1 (1.8, 57.1)  6.2 (2.5, 9.7) 

Influenza A H1N1 4 (1.7) 1 (0.4) 4.0 (0.4, 36.5) 23.1 (1.2, 442.6)  

Influenza A H3 9 (3.9) 1 (0.4) 9.3 (1.1, 74.2) 9.6 (0.7, 119.7)  
Influenza B 3 (1.3) 1 (0.4) 3.0 (0.3, 29.3) 2.7 (0.1, 43.9)  

RSV 46 (20.0) 3 (1.3) 18.9 (5.7, 61.8) 58.4 (15.6, 217.5) 20.2 (14.6, 25.5) 

HPIV (any) 11 (4.7) 0  – – – 

HPIV1 6(2.6) 0  – – – 
HPIV2 0 0 – – – 

HPIV3 5 (2.1) 0 – – – 

HRV 35 (15.2) 48 (20.8) 0.7 (0.4, 1.1) 1.3 (0.6, 2.6) 3.6 (- 0.05, 12.2) 

HMPV 23 (10) 2 (0.8) 12.6 (2.9, 54.3) 37.2 (7.8, 177.7) 9.8 (5.6, 13.7) 
Adenovirus 10 (4.3) 3 (1.3) 3.4 (0.9, 12.6) 12.1 (1.4, 104.4) 4 (1.1, 7.1) 

Coronavirus (any) 8 (3.4) 11 (4.7) 0.7 (0.2, 1.8) 0.8 (0.1, 4.4)  

Coronavirus OC43 5 (2.1) 3 (1.3) 0.6 (0.1, 2.5) 0.7 (0.1, 3.9)  

Coronavirus NL63 4 (1.7) 3 (1.3) 1.3 (0.3, 6.0) 1.5 (0.1, 21.8)  
Coronavirus HKU1 1 (0.4) 2 (0.8) 0.5 (0.04, 5.5) 0.5 (0.0, 2724.1)   

Coronavirus 229E 0 1 (0.4) – –  

At least one respiratory 
virus identified  

130 (56.5) 66 (28.6) 3.2 (2.1, 4.7) 4.7 (2.8, 7.8) 44.4 (33.8, 53.3) 

1 virus 111 (48.2) 62 (26.9)    

2 or more viruses 19 (8.2) 4 (1.7)    

Bacteria      

Streptococcus pneumoniae  59 (25.3) 61 (26.5) 0.9 (0.6, 1.4) 0.6 (0.3, 1.4)  

Haemophilus influenzae 75 (32.6) 61 (26.5) 1.3 (0.8, 2.0) 0.9 (0.4, 1.7)  

Moraxella catarrhalis 103 (44.7) 144 (62.6) 0.4 (0.3, 0.7) 0.6 (0.3, 1.1)  

Staphylococcus aureus 38 (16.5) 36 (15.6) 1.0 (0.6, 1.7) 1.3 (0.6, 2.9)  

Mycoplasma pneumoniae 19 (8.2) 1 (0.4) 20.6 (2.7, 155.3) 14.5 (2.2, 94.8) 7.2 (3.5, 10.8) 

Chlamydophila 
pneumoniae 

0 1 (0.4) –   

At least one species of 
bacteria identified  

165 (71.7) 183 (79.5) 0.6 (0.4, 1.0) 0.7 (0.4, 1.2)  

1 bacteria 69 (30.0) 88 (38.2)    

2 or more bacterial species 96 (41.7) 95 (41.3)    

** adjusted for age group, gender, prematurity, aboriginal status, co-morbidity, childcare attendance, smoker 
at household, antibiotic exposure in last 7 days of enrolment and presence of other pathogens 
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 Figure 5.1: Distribution of respiratory pathogens by participant’s age in months; Dot lines refers to age-group breakdown 
among study participants; (For bacteria Haemophilus influenzae (Hi), Streptococcus pneumoniae (Sp), Moraxella catarrhalis 
(Mc) and Staphylococcus aureus (Sau), only children without prior antibiotic exposure were included and Mycoplasma 
pneumoniae (MP) included all children) 
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Among children with no prior antibiotic exposure, few differences were noted in the age-group 

distribution of bacterial detection (Figure 5.1). Among infants (aged <1 year), more cases than controls 

were positive for S. pneumoniae (6/15, 40% versus 2/23, 8.7%, p=0.02). M. pneumoniae was detected 

more commonly in school aged children than in younger children. M. catarrhalis was detected 

throughout the year whereas S. pneumoniae, H. influenzae, S. aureus and M. pneumoniae, were detected 

more commonly in winter months (Figure 5.4, 5.5).    

Figure 5.2: Distribution of respiratory viruses in the nasopharynx of children with CAP (case group), by 
seasons, Perth, Western Australia, May 2015 – October 2017 

 

 

Figure 5.3: Distribution of respiratory viruses in the nasopharynx of healthy children (control 
group), by seasons, Perth, Western Australia, May 2015 – October 2017 
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5.5.3 Population attributable fraction (PAF) 

We estimated that detectable respiratory viruses are responsible for 44.4% (95 % CI: 33.8, 53.3) of all 

childhood pneumonia in Western Australia (Table 5.2). RSV contributed nearly half of this burden (20.2%, 

95% CI: 14.6, 25.5) with HMPV contributing 9.8% (95% CI: 5.6, 13.7), influenza 6.2% (95% CI: 2.5, 9.7) and 

adenovirus 4.0% (95% CI: 1.1, 7.1). The only detectable bacteria that could be shown to make a significant 

Figure 5.4: Distribution of bacteria in the nasopharynx among children with CAP (case 
group), by seasons, Perth, Western Australia, May 2015 – October 2017 

 

 

Figure 5.5: Distribution of bacteria in the nasopharynx among healthy children (control 
group), by seasons, Perth, Western Australia, May 2015 – October 2017 
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contribution to childhood pneumonia in our population was M. pneumoniae (7.2%, 95% CI: 3.5, 10.8). 

We were not sufficiently powered to estimate age-group specific PAF for these pathogens. 

 

5.6 Discussion 

Respiratory viruses appear to contribute significantly to childhood pneumonia in Western Australia. By 

prospectively enrolling and testing children hospitalised with radiologically-confirmed pneumonia and 

contemporaneous healthy children we were able to assess the contribution of common respiratory 

viruses and bacteria to pneumonia adjusting for the background prevalence of detection in children 

without pneumonia. We estimate that detectable respiratory viruses contribute approximately 44% of 

all childhood pneumonia requiring hospitalisation.  

Respiratory viruses were detected in the nasopharynx of 57% of children with pneumonia, which is 

comparable to the frequency of virus detection in other paediatric pneumonia studies (Cilla, Onate et al. 

2008, Nascimento-Carvalho, Ribeiro et al. 2008, Jain, Williams et al. 2015, Berg, Inchley et al. 2016). 

Similar to previous studies, we were also able to detect respiratory viruses in the nasopharynx of nearly 

one-third of controls (Jansen, Wieringa et al. 2011, Jain, Williams et al. 2015, Kelly, Smieja et al. 2015). In 

another matched case-control study viruses were detected more frequently (in 86% of cases and 55% of 

controls); that study only enrolled children during winter months when respiratory virus circulation is 

likely to be greater (Rhedin, Lindstrand et al. 2015).  

RSV was the most frequently detected virus in children with pneumonia and was most common in 

children <2 years. The proportion of children with pneumonia in whom RSV was detected was consistent 

with that reported in previous studies (Juven, Mertsola et al. 2000, Cilla, Onate et al. 2008, Cevey-

Macherel, Galetto-Lacour et al. 2009, Berkley, Munywoki et al. 2010, Rhedin, Lindstrand et al. 2015). In 

contrast, few control children in our study were RSV positive (3%), also consistent with the published 
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literature (Mathisen, Strand et al. 2010, Moore, Jacoby et al. 2010, Jain, Williams et al. 2015, Kelly, Smieja 

et al. 2015). Another member from the paramyxoviridae family, HMPV, was detected in 10% of cases but 

infrequently detected in healthy controls. The high adjusted odds ratio for detection of RSV and HMPV 

in children with pneumonia strongly implicates these viruses as probable pneumonia-causing pathogens. 

RSV is well established as a major cause of lower respiratory tract infection (Shi, McAllister et al. 2017). 

This study adds to the growing evidence that HMPV is also an important respiratory pathogen in young 

children ((Mathisen, Strand et al. 2010, Nascimento-Carvalho, Cardoso et al. 2011, Ali, Khowaja et al. 

2013, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015).  

Children with pneumonia were also more likely to have influenza detected. Influenza is well-documented 

to cause severe and occasionally fatal respiratory infection (Blyth, Webb et al. 2013). All influenza positive 

cases and controls were unvaccinated. Low influenza vaccination has been reported among children with 

influenza-confirmed pneumonia previously (Grijalva, Zhu et al. 2015). Consistent with a protective effect, 

improved uptake of seasonal influenza vaccine in children is likely to reduce hospitalisations for 

pneumonia. Rhinovirus was detected in similar proportions of children with (15%) and without (21%) 

pneumonia. Previous studies also detected rhinovirus in both children with pneumonia (Cilla, Onate et 

al. 2008, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, Berg, Inchley et al. 2016) as well as in 

apparently asymptomatic children (Jartti, Jartti et al. 2008, Moore, Jacoby et al. 2010). The latter raises 

doubt about the contribution of rhinovirus in pneumonia (Lu, Wo et al. 2014). Our finding is in line with 

other case-control studies that also failed to show the significant contribution of rhinovirus in acute 

respiratory infections in children (Singleton, Bulkow et al. 2010, Jain, Williams et al. 2015, Rhedin, 

Lindstrand et al. 2015). While rhinovirus, particularly RV-C, has been associated with childhood wheezing 

and asthma (Bizzintino, Lee et al. 2011), its role in childhood pneumonia is not established. We had 

insufficient numbers to determine any specific rhinovirus types to be more prevalent among cases than 

controls; a study among Burundian children with lower respiratory tract symptoms associated RV-A with 

pneumonia and RV-C with wheezing (Esposito, Daleno et al. 2012). However, recently, using advanced 
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molecular techniques such as transcriptomic analysis, a robust immune response had been measured in 

symptomatic children with detectable rhinovirus, substantially higher than in asymptomatic rhinovirus 

positive children (Heinonen, Jartti et al. 2016), suggesting the role of rhinovirus in acute respiratory 

infection needs more exploration.     

M. pneumoniae was detected with similar frequency among cases to that reported in previous 

pneumonia studies and particularly prevalent among school-age children and adolescents (Juven, 

Mertsola et al. 2000, Cevey-Macherel, Galetto-Lacour et al. 2009, Jain, Williams et al. 2015). Unlike other 

studies (Spuesens, Fraaij et al. 2013), M. pneumoniae was identified infrequently in the nasopharynx of 

our control subjects (Jain, Williams et al. 2015). M. pneumoniae most frequently causes non-severe 

atypical pneumonia. Detection of M. pneumoniae in the nasopharynx are reported in asymptomatic 

children, making it further difficult to interpret their clinical role in pneumonia. Moreover, there are 

conflicting and inconclusive reports on appropriate treatment for M. pneumoniae. Recent reviews and 

meta-analysis concluded that there is insufficient evidence on the efficacy of single or combination of 

multiple antibiotic for lower respiratory tract infections in children associated with M. pneumoniae 

(Biondi, McCulloh et al. 2014, Gardiner, Gavranich et al. 2015, Blyth and Gerber 2018). 

 S. pneumoniae, H. influenzae, and M. catarrhalis were detected with similar frequency in children with 

and without pneumonia. However, high vaccine coverage has almost eliminated pathogenic vaccine-type 

strains of S. pneumoniae and H. influenzae in this population (National Centre For Immunisation Research 

& Surveillance 2016, Fathima, Blyth et al. 2017). While there were no differences overall, S. pneumoniae 

was detected more frequently among infants with pneumonia than in control infants, suggesting S. 

pneumoniae may remain as an important cause of pneumonia in early life. While our results suggest a 

lesser contribution of bacteria to childhood pneumonia than viruses, we caution that we have not 

disproved an important role for bacteria. It is plausible, for example, that secondary bacterial infection 

plays an important role in many cases of viral pneumonia (Blyth, Webb et al. 2013).  
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A major strength of our study was the contemporaneous enrolment of children without pneumonia who 

were frequency-matched by age to pneumonia cases throughout the study period, which addressed 

methodological limitations in previous case-control studies in developed settings during post 

pneumococcal vaccination era (Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015). However, our 

study has some limitations. To detect respiratory viruses and bacteria, we collected biological specimens 

from the upper respiratory tract (nasopharynx). The diagnosis of probable infectious agents associated 

with the lower respiratory tract illness such as pneumonia in children is often based on minimally invasive 

nasopharyngeal aspirates or nose/throat swabs (Hammitt, Murdoch et al. 2012, Rhedin, Lindstrand et al. 

2015). Testing of specimens from usually sterile sites (including blood and pleural fluid for culture or PCR) 

is available in our setting but was not mandated by our protocol. It is to be noted that while detecting a 

pathogen in the upper respiratory tract is not conclusive of its causal association with disease, however, 

testing control children without pneumonia enabled us to have a better estimation on contribution to 

pneumonia at the population level. Our ability to identify respiratory pathogens associated with 

pneumonia was limited by the sensitivity of testing the specimens from nasopharynx for infection in the 

lower airways. Differences between pathogen detection in the upper and lower tract have been shown 

previously (Blyth, Iredell et al. 2009); it is plausible that in some cases with detectable virus, shedding of 

virus from the nasopharynx might be insignificant, or that shedding might be waning by the time children 

are hospitalized with pneumonia. Because of the sensitivity of our testing methods is likely incomplete, 

we expect that these estimates of the contribution of viruses to pneumonia represent minimum 

estimates. We used qualitative PCR assays in this study; determination of pathogen density through 

quantitative assays may permit distinction of causative from coincidental infection in particular cases of 

pneumonia (Feikin, Fu et al. 2017). We did not collect but data on radiographic details, for example, lobar 

consolidation or intestinal infiltrate, of enrolled cases would be useful to assess if radiographic pattern is 

associated with pathogen (bacterial or viral or both) detected in nasopharynx.  
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The burden of childhood pneumonia could be reduced if effective vaccines and treatments targeting 

viruses were readily available (The IMpact-RSV Study Group 1998, Heinonen, Silvennoinen et al. 2011). 

Understanding the contribution of each virus to pneumonia is important to informing and prioritizing 

vaccine development. Australia has well-established health infrastructure with high rates of vaccine 

coverage. The findings of our study are expected to be generalizable to similar developed settings but 

not necessarily to resource-poor settings countries with high crowding, different social mixing patterns, 

and low vaccine coverage. Nonetheless, we note that our data are comparable to data from case-control 

studies from both high-income and middle- and low-income countries (Mathisen, Strand et al. 2010, 

Kelly, Smieja et al. 2015, Benet, Sanchez Picot et al. 2017).  

This is the most comprehensive study that described contribution of respiratory pathogens to childhood 

pneumonia in Australia to date and one of few case-control studies on childhood pneumonia from high-

income settings in the PCV era. We found that respiratory viruses are a major contributor to childhood 

pneumonia. RSV appeared to account for a substantial proportion of viral pneumonia and should 

continue to be a focus for development of preventative and treatment strategies. The burden of HMPV 

pneumonia may have been under-appreciated before now. Data from this study could serve as baseline 

characteristics to assess the effectiveness of viral vaccines after their availability. Future studies should 

aim to develop a precise diagnostic tool that reliably distinguish viral from bacterial pneumonia to allow 

for targeted antiviral therapies and the more judicious use of antibiotics in treating childhood 

pneumonia. 
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CHAPTER SIX: DENSITY OF RESPIRATORY VIRUSES AND BACTERIA IN THE 

UPPER RESPIRATORY TRACT OF CHILDREN WITH RADIOLOGICALLY 

CONFIRMED PNEUMONIA AND HEALTHY CONTROLS   

6.1 Chapter outline 

Our previous chapter (Chapter 5) has demonstrated that a number of respiratory viruses had contributed 

to childhood pneumonia, while some pathogens were detected in similar proportions of cases and 

controls. In this chapter, we investigated if the nasopharyngeal density of respiratory pathogens varied 

between pneumonia cases and healthy controls. The role of nasopharyngeal density for respiratory 

viruses and bacteria in differentiating symptomatic infection from asymptomatic colonization was also 

assessed. The manuscript based on this chapter’s finding was reviewed by a peer-reviewed journal.  A 

revised version of the manuscript has been submitted and is presented here.   

 

6.2 Abstract 

Background: Many respiratory viruses and bacteria are frequently detected in the nasopharynx of 

asymptomatic children, making it difficult to understand their actual contribution to pneumonia. We 

compared the density of respiratory pathogens in nasopharyngeal specimens from paediatric pneumonia 

cases and healthy controls to understand if pathogen density could be used to distinguish pneumonia 

cases from asymptomatic controls.  

Methods: Nasopharyngeal swabs were collected from 230 radiologically-confirmed pneumonia cases and 

contemporaneous age-matched healthy controls. Density of eight respiratory pathogens were 

determined using quantitative real-time polymerase chain reaction. The association between pathogen 
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density and disease status was examined using multivariate logistic regression and receiver-operating-

characteristic curves.  

Results: The median nasopharyngeal density was higher for respiratory syncytial virus (RSV), influenza, 

human metapneumovirus (HMPV), Haemophilus influenzae and Staphylococcus aureus in cases than 

controls but not for Streptococcus pneumoniae. The area under the receiver-operating-characteristic 

curves for all pathogens were <0.70, suggesting poor case-control discrimination. The adjusted odds of 

being a case increased by approximately 6, 3 and 2 times for every log10 copies/mL increase in RSV, HMPV 

and influenza density, respectively.  

Conclusion: Increased NP viral density was associated with childhood pneumonia, however, the clinical 

utility of nasopharyngeal density for discriminating pneumonia cases from asymptomatic infection is 

limited.     

 

6.3 Introduction 

Globally, pneumonia is responsible for 120 million cases and 1 million paediatric deaths each year : the 

burden is highest among young children under 5 years old (Walker, Rudan et al. 2013). More than 95% 

of pneumonia deaths occur in low- and middle-income countries (LMICs) (Rudan, Boschi-Pinto et al. 

2008). Although deaths are rare in high-income countries (HICs), pneumonia-associated hospitalisation 

is common. In Australia, the incidence of pneumonia is 5-8 cases/1000 years, with Aboriginal children at 

increased risk than non-Aboriginal children (Burgner and Richmond 2005, Moore, Burgner et al. 2007) 

Detecting the causative pathogen in pneumonia remains challenging and is influenced by both specimen 

type and assay used. Identification of pathogenic bacteria and viruses in blood or lower airway specimens 

provides the most specific evidence of pneumonia aetiology. Swabs collected from the upper respiratory 
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tract are frequently tested given the ease of collection, but the significance of pathogen detection in the 

nasopharynx to pneumonia is unclear as infection and/or colonization occur in children without 

respiratory symptoms (Clark 2015). Determination of pathogen density in the nasopharynx provides 

additional information and may help distinguish asymptomatic from symptomatic infection. Several 

studies have found higher nasopharyngeal (NP) viral and bacterial density in cases with lower respiratory 

tract infections (LRTI) including pneumonia compared to healthy controls or patients with mild 

respiratory infections (Rhedin, Lindstrand et al. 2015, Chochua, D'Acremont et al. 2016, Baggett, Watson 

et al. 2017, Feikin, Fu et al. 2017), while other studies found no significant differences (Franz, Adams et 

al. 2010, Jansen, Schinkel et al. 2010, Albrich, Madhi et al. 2014, Collins, Johnstone et al. 2016, Park, 

Baggett et al. 2017). The majority of previous studies, including the large case-control Pneumonia 

Etiology Research for Child Health (PERCH) study, have been from the LMICs.  A small number of  previous 

studies attempted to determine cut-off density for specific pathogen to differentiate cases from controls 

but could not determine reliable threshold for usage at clinical settings (Jansen, Wieringa et al. 2011, 

Albrich, Madhi et al. 2014, Wolter, Tempia et al. 2014, Baggett, Watson et al. 2017, Feikin, Fu et al. 2017, 

Park, Baggett et al. 2017). There is a paucity of NP pathogen density data from pneumonia cases adjusted 

for healthy controls from HICs in the post-pneumococcal conjugate vaccine era. Data from LMICs are 

important but less relevant for HICs with high coverage for childhood vaccines.   

We conducted a prospective case-control study in Western Australia (WA), a highly vaccinated high-

income setting, to understand the contribution of respiratory pathogens to childhood pneumonia. We 

describe herein the density of respiratory viruses and bacteria in NP swabs from children with 

radiologically-confirmed pneumonia and contemporaneous healthy children. We sought to determine a 

NP density threshold that could be used to discriminate viral or bacterial pneumonia cases from healthy 

controls. 
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6.4 Methods 

6.4.1 Study population and data collection 

From May 2015 to October 2017, children aged ≤17 years old hospitalized at the Princess Margaret 

Hospital for Children (PMH) with radiological evidence of community-acquired pneumonia (CAP) were 

prospectively enrolled (Cherian, Mulholland et al. 2005). To identify pneumonia cases, a pragmatic 

definition of radiologically-confirmed pneumonia was followed (infiltrates or alveolar consolidation as 

determined by the treating clinician) facilitating recruitment after hours (i.e. when a radiologist is not 

available to review the chest x-ray). During the study period, PMH was the only tertiary paediatric 

hospital in the state of WA (total population of 2.6 million (Australian Bureau of Statistics 2018)). Healthy 

children attending PMH outpatient orthopaedics or allergy clinics and a large urban immunisation clinic 

were concurrently enrolled. Controls were enrolled throughout the study period and frequency-matched 

to the number of cases enrolled in each of four age groups (<1 year, 1–5 years, 6–9 years and >10 years) 

in the preceding two weeks. The details of study design, case and control eligibility criteria and sample 

size calculation were previously reported (Bhuiyan, Snelling et al. 2018a). Written informed consent was 

obtained from the parent or legal guardian of each participant and assent was obtained from those 

participants aged >7 years old. The protocol was approved by Human Research Ethics Committee of the 

Princess Margaret Hospital for Children (PMH HREC REF# 2014117EP). Demographic and existing co-

morbidities from cases and controls, and clinical signs and symptoms from cases were recorded using a 

structured questionnaire following enrolment (Bhuiyan, Snelling et al. 2018a).   

6.4.2 Specimen collection and laboratory procedure 

Blood specimens were collected as part of routine medical care from all cases by the treating clinician 

and tested for blood markers and blood culture in the hospital laboratory. Pleural fluid was drained when 

clinically indicated and tested for pathogenic bacteria (culture, molecular methods) in the hospital’s 

diagnostic laboratory. A NP swab (FLOQSwabs; Copan Diagnostics, Murrieta, CA) was collected from case 
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and control into 1mL skim–milk–tryptone–glucose–glycerol broth (STGGB) following standard procedure 

(World Health Organization (WHO) 2003). For cases, the swab was collected within 36 hours of hospital 

presentation. After NP swab collection, the sample containing the swab was vortexed for 30 seconds and 

then the broth split into two aliquots (500μL each) for separate respiratory viruses and bacteria testing. 

Aliquots were stored at -80⁰C until testing. Details of nucleic acid extraction, primers and probes used 

for viral and bacterial density assessment by quantitative PCR (qPCR) have been described previously 

(Chapter 4) (Sikazwe, Chidlow et al. 2016, Bhuiyan, Snelling et al. 2018a). In brief, standard curves were 

generated for each pathogen from serial 10-fold dilutions of DNA or RNA extracted from reference 

strains. The pathogen density in each specimen was quantified by interpolating from the appropriate 

standard curve. For viral quantification, the swabs were initially tested for the presence of 14 respiratory 

viruses using a multiplex real-time rt-polymerase chain reaction (rtPCR) assay (Chidlow, Harnett et al. 

2009, Chidlow, Harnett et al. 2010). Specimens that had detectable nucleic acid for influenza A, 

respiratory syncytial virus (RSV), human metapneumovirus (HMPV) or human rhinovirus (HRV) 

underwent density assessment using qPCR. For bacterial quantification, the swabs were tested for 

Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and Staphylococcus aureus 

density using qPCR.  

6.4.3 Data management and analysis 

Viral density was measured and expressed in copies/mL (Sikazwe, Chidlow et al. 2016). Bacterial load 

was initially measured in picogram/µL and then converted to copies/ml using the following formula 

(http://cels.uri.edu/gsc/cndna.html): 

Number of copies = 
amount of template detected (in nanograms) x (6.022 x 1023)  

genome size in base−pair x 1x10^9 x 650 
 

* This calculation is based on assumption that the average weight of a base pair is 650 Daltons 
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The density was log10 transformed. The mean (range) density of each pathogen, if normally distributed, 

otherwise median (inter-quartile range, IQR) was determined and compared between pneumonia cases 

and heathy controls. We further categorized pneumonia cases as: 1) confirmed bacterial pneumonia 

(clinical empyema or if bacteria were detected in blood or pleural fluid by culture or PCR), or 2) probable 

bacterial pneumonia (bacteria were detected in the nasopharynx but not in a sterile site). The density of 

nasopharyngeal bacteria was compared between confirmed bacterial and probable bacterial cases. 

Disease severity for each case was assessed by Respiratory Index of Severity in Children (RISC) score using 

respiratory signs during hospital presentation and following WHO child growth standard (Reed, Madhi et 

al. 2012). The RISC score could range from -2 to 6 with higher scores indicating increased severity.    

For categorical data, χ2 (chi-square) or Fisher-exact test was used to compare between groups. For 

continuous normally distributed data, the student’s t-test was used and the Wilcoxon-ranksum test used 

for nonparametric data. The relationship between pathogen density and the interval in days from 

symptom onset to NP swab collection was assessed by linear regression.  The relationship between RISC 

score and pathogen density for cases were measured. Logistic regression was used to determine the 

increase in odds of being a case (compared to a control) with each unit increase in log-transformed 

density. Multivariate logistic regression was used to adjust for underlying differences between cases and 

controls in demography, exposure to antibiotics in the week preceding enrolment, and nasopharyngeal 

density of other pathogens. Undetectable or any quantity below the lowest limit of quantification (LLQ) 

for the assay was assigned half of the LLQ to enable logistic regression analyses. The LLQ was 6000 

copies/mL for RSV, 7000 copies/mL for influenza A, 1147 copies/mL for HRV and 0.012 picograms/µL for 

bacterial species. The utility of pathogen density for distinguishing pneumonia cases from controls was 

assessed by the receiver-operating-characteristics (ROC) curve; an area under curve (AUC) value of 0.9 – 

1.0 was considered as excellent discriminator, 0.8 – 0.9 as good, 0.7 – 0.8 as fair, 0.6 – 0.7 as poor and 

0.5 – 0.6 as failed discriminator (Carter, Pan et al. 2016). Youden index was calculated to determine the 

optimum diagnostic cut-off for each pathogen to distinguish cases from controls (Youden 1950). All 



107 
 

analysis was conducted using STATA 13.0 (StataCorp, Texas, USA) and figures were produced using 

GraphPad Prism Version 5.0 (GraphPad Software, CA, USA). 

 

6.5 Results 

6.5.1 Study population and pathogen detected in nasopharynx 

We enrolled 230 cases and 230 controls during the study period. More cases than controls were 

Aboriginal, were born premature, had at least one smoker in the household, and had prior exposure to 

antibiotics (p<0.05 for each) (Table 6.1). A higher proportion of cases (47%) than controls (2%) had 

exposure to antibiotics in the 7 days prior to enrolment. The distribution of viruses and bacteria detected 

in the nasopharyngeal specimen from cases and controls has been described previously (Chapter 5) 

(Bhuiyan, Snelling et al. 2018b). In brief, at least one virus was detected in the nasopharynx of 130 cases 

(56.5%) and 66 controls (28.6 %), at least one bacterium was detected in 165 cases (71.7%) and 183 

controls (79.5%), and viral-bacterial co-detection was observed in 104 cases (45.2%) and 56 controls 

(24.3%) (Chapter 5) (Bhuiyan, Snelling et al. 2018b). Among the viruses, RSV, HMPV and influenza were 

detected more frequently in cases than controls while HRV was detected in similar proportions in cases 

and controls. M. pneumoniae was detected more in cases than controls, whereas the other bacterial 

species S. pneumoniae, H. influenzae, M. catarrhalis, S. aureus were detected in similar proportions in 

cases and controls.   

Of the 230 cases, 30 had confirmed bacterial pneumonia including 15 empyema, 9 bacteraemia and 6 

both empyema and bacteraemia cases. Of 30 confirmed bacterial pneumonia cases, 15 were positive for 

S. pneumoniae, detected either in blood or pleural fluid by culture or PCR, 2 cases were positive for S. 

aureus (Chapter 7) (Bhuiyan, Blyth et al. 2019).  



108 
 

 

 

6.5.2 Density for respiratory viruses in nasopharynx and discriminatory analysis  

The log-transformed median viral nasopharyngeal density for cases and controls was 5.9 versus 4.6 

copies/mL for those positive for RSV (p=0.29), 6.9 versus 6.6 copies/mL for those positive for influenza A 

(p=0.86), 7.7 versus 6.0 copies/mL for those positive for HMPV (p=0.10) and 4.5 versus 4.2 copies/mL for 

those positive for HRV (p=0.80); (Table 6.2, Figure 6.1). The log-transformed median density for 

respiratory viruses was similar among cases and controls in both the younger (≤5 years) and older (≥5 

Table 6.1: Characteristics of children with radiologically confirmed pneumonia (cases) and healthy 
children (controls), Perth, Australia, May 2015-October 2017 

 

Parameter Case (%) (N=230)  Control (%) 
(N=230)  

Total (%) 
(N=460) 

Demographic and clinical data 
• Age    

• ≤12months 21 (9.1) 23 (10) 44 (9.5) 
• 1-5 years 126 (54.7) 157 (68.2) 283 (61.5) 
• 6-9 years 60 (26.1) 27 (11.7) 87 (18.9) 
• 10-17 years 23 (10) 23 (10) 46 (10) 

• Male sex 120 (52.1) 122 (53.0) 242 (52.6) 
• Aboriginal  21 (9.1) 2 (0.8) 23 (5.0) 
• Premature 32 (13.9) 17 (7.3) 49 (10.6) 
• Smoker at household 38 (16.5) 22 (9.5) 60 (13.0) 
Existing health conditionsa 

• Any co-morbidity 34 (14.7) 10 (4.3) 44 (9.5) 
• immunodeficiency 7 (3.0) 1 (0.4) 8 (1.7) 
• immunocompromised 

condition 
5 (2.1) 0 (0.0) 5 (1.1) 

• congenital abnormalityb 16 (6.9) 4 (1.7) 20 (4.3) 
• chronic respiratory illness 9 (3.9) 2 (0.8) 11 (2.3) 
• chronic neuromuscular 

disorder illness 
9 (3.9) 2 (0.8) 11 (2.3) 

a: No child had an organ transplant, one case had chronic cardiac disease and one case had an 
intracranial shunt 

b: inclusive of congenital heart disease, cleft lip, diaphragmatic hernia, pulmonary airway 
malformation, cystic fibrosis, down syndrome, Hirschsprung’s disease, spina bifida, thalassemia, 
fetal alcohol syndrome and gastroschisis  
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years) age-group (Table 6.3). The AUC from ROC curves was 0.68 for RSV density, 0.53 for influenza A 

density, 0.61 for HMPV density and 0.51 for HRV density, suggesting that nasopharyngeal viral density 

provides poor discrimination between cases and controls (Appendix 5, Figures 1-4), hence, cut-off density 

for viruses to discriminate cases from controls were not assessed. There was no correlation between RISC 

score and NP density for any virus among cases.         

 

6.5.3 Density for respiratory bacteria in nasopharynx and discriminatory analysis  

The log-transformed median bacterial density for cases and controls was 5.1 versus 6.1 copies/mL for S. 

pneumoniae (p<0.001), 6.2 versus 5.3 copies/mL for H. influenzae (p=0.01), 5.8 versus 6.2 copies/mL 

(p=0.07) for M. catarrhalis, and 5.4 versus 5.0 copies/mL for S. aureus (p=0.52); (Table 6.2, Figure 6.1). 

Figure 6.1: Distribution of log-transformed nasopharyngeal density (copies/mL) of respiratory 
viruses and bacteria in nasopharyngeal swab from children with radiologically confirmed 
pneumonia and healthy controls, Perth, Australia, May 2015-October 2017 

 

Solid dash line: Median density; Dotted dash line: Lowest Limit of Quantification (LLQ) for the 
pathogen 
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Restricting analyses to cases and controls without documented recent antibiotic exposure had little 

impact on overall results: the median density was 5.4 versus 6.1 copies/mL for S. pneumoniae (p=0.01), 

6.1 versus 5.3 copies/mL for H. influenzae (p=0.03), 5.9 versus 6.1 copies/mL for M. catarrhalis (p=0.20), 

and 5.5 versus 5.0 copies/mL for S. aureus (p=0.20). The differences in NP bacterial load between age-

groups were predominantly observed in children aged <5 years: log-transformed median density of H. 

influenzae was 6.4 versus 5.3 copies/mL for cases and controls (p=0.003), and 5.2 versus 6.2 copies/mL 

(p=0.002) for S. pneumoniae. No differences in density between cases versus controls were observed for 

other pathogens in younger children and for any bacterial pathogen in older age group (Table 6.3). The 

AUC from ROC curves was 0.68 for S. pneumoniae, 0.62 for H. influenzae, 0.56 for M. catarrhalis and 0.54 

for S. aureus, suggesting nasopharyngeal bacterial density provides poor discrimination between cases 

and controls (Appendix 5, Figure 5-8). Among confirmed bacterial pneumonia cases, the log-transformed 

median density for NP S. pneumoniae was 5.6 copies/mL in confirmed pneumococcal cases and 5.0 

copies/mL in non-pneumococcal cases (p=0.18). Among confirmed and probable bacterial pneumonia 

cases, the log-transformed median nasopharyngeal bacterial density was 5.5 versus 5.0 copies/mL for S. 

pneumoniae (p=0.49), 6.2 versus 6.2 copies/mL for H. influenzae (p=0.90), 5.5 versus 5.9 copies/mL for 

M. catarrhalis (p=0.21), and 6.0 versus 4.8 copies/mL for S. aureus (p=0.05), respectively. Bacterial 

density in the nasopharynx discriminated poorly between confirmed and probable bacterial pneumonia 

cases for all four bacterial pathogens (each of AUC from ROC curve <0.60). Because of poor discrimination 

between cases and controls, cut-off densities for bacterial species were not assessed. There was no 

correlation between RISC score and NP density for any bacteria among cases.
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  Table 6.2: Log-transformed median (IQR) density (copies/mL) of respiratory pathogens in nasopharyngeal swab from children with 
radiologically confirmed pneumonia and healthy controls, Perth, Australia, May 2015-October 2017 

 

Pathogen Case (N=230) Control (N=230) P- value* OR per 1 log10 increase in copies/mL (95% CI) 

 n (%) Median (IQR) n (%) Median (IQR) Unadjusted Adjusted a 

RSV 46 5.9 (5.1 – 7.1) 3 4.6 (3.9 – 7.1) 0.29 3.8 (1.9, 7.7) 6.2 (2.5, 15.4) 

Influenza A 13 6.9 (5.6 – 8.4) 2 6.6 (6.1 – 7.1) 0.86 1.7 (1.1, 2.8) 2.0 (1.2, 3.4) 

HMPV 23 7.7 (6.6 - 9) 2 6 (5.6 – 6.4) 0.10 2.0 (1.2, 3.2) 2.8 (1.6, 5.1) 

HRV 35 4.2 (2.7 – 5.4) 48 4.5 (2.7 – 5.8) 0.84 0.8 (0.7, 1.0) 1.1 (0.9, 1.5) 

S. pneumoniae 59 5.1 (4.3 – 6.0) 61 6.1 (5.1 – 6.9) <0.001 0.8 (0.7, 1.0) 0.7 (0.6, 1.0) 

H. influenzae 75 6.2 (5.2 – 7.2) 61 5.3 (4.8 – 6.5) 0.01 1.2 (1.0, 1.3) 1.1 (0.9, 1.5) 

M. catarrhalis 103 5.8 (5.1 – 6.7) 144 6.2 (5.4 – 6.9) 0.07 0.7 (0.6, 0.8) 0.7 (0.6, 0.9) 

S. aureus 38 5.4 (4.3 – 6.0) 36 5.0 (4.2 – 5.8) 0.52 1.0 (0.8, 1.2) 1.1 (0.8, 1.5) 

*P value for Wilcoxon-ranksum (Mann-Whitney) test comparing median density of cases versus controls 

a=adjusted for age groups, gender, aboriginal status, smoker at household, prematurity, antibiotic in preceding 7 days and density of other pathogen 
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6.5.4 Relationship between nasopharyngeal density for respiratory viruses and bacteria and 

disease status  

After adjusting for demographic factors, prior antibiotic exposure and the density of other pathogens in 

the nasopharynx, every unit increase in log10 copies/mL increased the odds of being a case (rather than 

a control) by 6.2 times for RSV (95%CI: 2.5, 15.4), 2.0 times for influenza A (95%CI: 1.2, 3.4) and 2.8 times 

for HMPV (95%CI: 1.6, 5.1) (Table 6.2). After adjustment, bacterial density was not higher among cases 

(Table 6.2). Log-transformed RSV density decreased by 3.7% with every additional day from reported 

symptom onset to specimen collection (regression coefficient: -0.037, 95% CI: -0.06, -0.01); pathogen 

density for other viruses and bacteria was not associated with the duration between symptom onset and 

specimen collection. 

Table 6.3: Log-transformed median (IQR) density (copies/mL) of respiratory pathogens in 
nasopharyngeal swabs from children with radiologically confirmed pneumonia, by age-group, 
Perth, Australia, May 2015-October 2017 

Pathogen 0-5 years  P- value  >5 years  P- value  

 Case Control  Case Control  

RSV 5.9 (5.1-7.4) 4.6 (3.9-7.1) ¶ 0.26 6.6 (3.4-7.1) ¶ N/P - 

Influenza A 7.2 (5.6-8.8) 7.1 (7.1-7.1) ¶ 1.0 6.5 (5.1-7.3) 6.1 (6.1-6.1) ¶ 0.76 

HMPV 7.7 (6.8-9) 6 (5.6-6.4) ¶ 0.05 6.8 (5.5-8.3) N/P - 

Rhinovirus 5.1 (2.7-5.6) 4.7 (2.7-5.9) 0.88 4.1 (2.7-5.2) 2.7 (2.7-5.1) 0.55 

S. pneumoniae 5.2 (4.2-6.1) 6.2 (5.1-6.9) 0.002 4.9 (4.5-5.5) 5.8 (4.8-6.6) 0.27 

H. influenzae 6.4 (5.6-7.2) 5.3 (4.8-6.7) 0.003 5.0 (4.3-6.2) 4.9 (4.4-6.0) 0.64 

M. catarrhalis 6.0 (5.2-6.9) 6.2 (5.5-6.9) 0.30 5.3 (4.7-6.1) 5.4 (4.9-7.0) 0.13 

S. aureus 4.5 (4.0-6.7) ¶  4.8 (4.2-7.0) 0.29 5.4 (4.5-5.8) 5.1 (4.1-5.3) 0.19 

N/P= No participant with detectable pathogen for that age-group; ¶ = ≤3 cases 
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6.5.5 Association of nasopharyngeal bacterial density and presence of respiratory virus in 

pneumonia cases  

As few controls had detectable RSV, influenza A or HMPV in the nasopharynx, NP bacterial density in 

presence or absence of respiratory viruses was analyzed among cases only. Comparing pneumonia cases 

with and without at least one detectable virus, the log-transformed median density was 5.2 copies/mL 

versus 4.8 copies/mL for S. pneumoniae (p=0.05), 6.2 versus 6.1 copies/mL for H. influenzae (p=0.04), 6.0 

versus 5.3 copies/mL for M. catarrhalis (p=0.004) and 5.4 versus 5.4 copies/mL for S. aureus (p=0.67) 

(Figure 6.2). Presence of a particular virus did not substantially increase the density of any bacterial 

species (Appendix 6). 

Figure 6.2: Log-transformed median (IQR) nasopharyngeal density (copies/mL) of Streptococcus 
pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, and Staphylococcus aureus in children with 
radiologically confirmed pneumonia with at least one detectable virus compared with no detectable virus in 
nasopharyngeal swabs, Perth, Australia, May 2015-October 2017  

 

Figure legend: Virus (+ve): Presence of at least one respiratory virus in the nasopharynx; Virus (-ve): Absence 
of respiratory virus in the nasopharynx; Box: interquartile range (25% - 75%) of density; Dash line inside box: 
median density; Whiskers: range of density; p: p value for Wilcoxon-ranksum test 
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6.6 Discussion 

Quantifying the density of pathogens detected in the nasopharynx of children with pneumonia provides 

additional information beyond pathogen detection and may extend our understanding on their causative 

role in pneumonia. We sought to determine whether the density of common respiratory pathogens in 

the nasopharynx is higher among children with pneumonia than healthy controls. This evaluation was 

nested in a prospective case-control study among Australian children with radiologically confirmed 

pneumonia (cases) and concurrently enrolled healthy children (controls). Our results suggest, after 

adjusting for demographic factors, prior antibiotic treatment and the density of other pathogens, that an 

increase in pathogen density for RSV, influenza A and HMPV increases the odds for being a case (than a 

control). It should be noted, however, that the absolute nasopharyngeal densities of most respiratory 

viruses and bacteria were not substantially higher among children with pneumonia (except for H. 

influenzae). 

The nasopharyngeal density of RSV, HMPV and HRV have been reported to be higher in children with 

acute upper or lower respiratory tract infections than in those with mild or no respiratory infections 

(Bosis, Esposito et al. 2008, Utokaparch, Marchant et al. 2011, Fuller, Njenga et al. 2013, Rhedin, 

Lindstrand et al. 2015, Feikin, Fu et al. 2017). A study during the 2009 influenza A/H1N1 pandemic found 

higher viral load in throat swabs from children and adult patients with pneumonia compared with those 

with bronchitis or upper respiratory tract infection (Li, Wang et al. 2010). A small number of studies that 

have enrolled healthy children as controls: consistent with our findings, these studies found marked 

overlap in the distribution of nasopharyngeal pathogen density between radiologically-confirmed 

pneumonia cases and controls (Rhedin, Lindstrand et al. 2015, Feikin, Fu et al. 2017). The density of viral 

pathogens among the cases in this study is comparable to that described in a large multicentre 

pneumonia aetiology study (PERCH) among children from LMICs (Feikin, Fu et al. 2017). RSV, HMPV and 

influenza A were rarely detected in our control population, so the power of our analysis to assess the 

differences in viral densities between cases and control was limited. 
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In this study, we report a higher density of S. pneumoniae in healthy controls than among cases, a 

counter-intuitive finding that contrasts with findings from other studies (Vu, Yoshida et al. 2011, 

Chochua, D'Acremont et al. 2016, Fan, Howard et al. 2016, Park, Baggett et al. 2017). The discrepancy 

could be partly explained by the difference existing pneumococcal burden in these study settings. 

Previous studies were conducted in LMICs where young children more frequent have nasopharyngeal 

pneumococcal colonisation and are more vulnerable to bacterial pneumonia than children in high-

income settings like ours with well-established and high pneumococcal conjugate vaccine coverage 

(National Centre For Immunisation Research & Surveillance 2016). The lower density of pneumococcus 

in cases in this study is not be explained by antibiotic pre-treatment as children with prior antibiotic 

exposure did not have lower pneumococcal carriage density. The effect of antibiotic exposure on 

nasopharyngeal pneumococcal load is not clear, with exposure associated with lower pneumococcal load 

among adult pneumonia cases in a study from the United Kingdom (Gadsby, Russell et al. 2016) but not 

among adults in a study from New Zealand (Werno, Anderson et al. 2012). The density of H. influenzae 

was found to be higher in cases in our study regardless of exposure to antibiotics, although β-lactamase 

producing H. influenzae are common in our setting as in many parts of world (Van Eldere, Slack et al. 

2014). It may also be that the antibiotics have limited ability to exert antimicrobial activity the affected 

nasopharyngeal cells (Delcour 2009). 

Using NP density data from cases and controls, we sought to determine a nasopharyngeal density 

threshold that could distinguish cases from controls to help in developing point-of-care diagnostic tools 

to guide antibiotic use. There is a paucity of data describing reliable cut-off for pathogen density to 

differentiate pneumonia effectively In HICs given most of the published studies that reported NP 

pathogen density cut-offs were from LMICs. A pneumococcal nasopharyngeal carriage density cut-off of 

≥8000 genomic copies/mL was previously determined among HIV-infected adults in South Africa to 

distinguish pneumococcal CAP from asymptomatic controls (Albrich, Madhi et al. 2012).  The PERCH 

study was able to determine a nasopharyngeal carriage density threshold for S. pneumoniae and H. 
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influenzae to discriminate microbiologically-confirmed paediatric pneumonia cases from controls, 

although these cut-offs alone had limited clinical value because of low sensitivity and positive predictive 

value (Baggett, Watson et al. 2017, Park, Baggett et al. 2017). The PERCH study failed to distinguish 

pneumonia cases from controls, or severe pneumonia from non-severe pneumonia based on viral density 

in the nasopharynx of children (Feikin, Fu et al. 2017). In line with the PERCH study, we could not 

determine a reliable cut-off density for viruses and bacteria to distinguish cases from controls, or children 

with confirmed bacterial pneumonia from possible pneumonia cases, because of substantial overlap in 

the distribution between the groups and also low detection of viruses in controls (Feikin, Fu et al. 2017). 

Our study provides further evidence that measuring nasopharyngeal density in isolation remains 

unreliable for distinguishing symptomatic infection from coincidental colonization, and it is likely to 

require additional clinical, microbiological and/or immunological inputs to incorporate it in diagnostic 

algorithms.     

We observed higher bacterial density of S. pneumoniae and H. influenzae among cases who had 

respiratory viruses present in their nasopharynx compared to cases with no respiratory virus detected, 

providing further evidence of the synergistic relationship between respiratory viruses and bacteria. These 

findings are consistent with previous studies that found co-detection of bacteria and respiratory viruses 

to be associated with higher bacterial density in children with respiratory infections, particularly for S. 

pneumoniae (Vu, Yoshida et al. 2011, Wolter, Tempia et al. 2014, Fan, Howard et al. 2016). The density 

of S. pneumoniae was 15 times higher in Vietnamese children in whom respiratory viruses were detected 

compared with those where no viruses were detected (Vu, Yoshida et al. 2011). A similar synergistic 

interaction between pneumococcus and influenza virus has been observed in animal models 

(Diavatopoulos, Short et al. 2010, McCullers, McAuley et al. 2010, Short, Reading et al. 2012). Infant mice 

initially colonized with pneumococcus and then challenged with influenza virus had increased 

pneumococcal colonization in nasopharynx and lungs than mice exposed to mock viral infection 

(Diavatopoulos, Short et al. 2010). Respiratory viruses are thought to facilitate bacterial colonisation and 
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enhance infection, either directly or indirectly. Viruses may disrupt the respiratory epithelium barrier and 

alter the defence mechanism of host epithelium potentially enabling bacterial entrance and subsequent 

infection (McCullers 2006, Kash and Taubenberger 2015). The inflammatory response to viral infection 

upregulates expression of epithelial receptors that help bacterial attachment. Furthermore, viruses alter 

the mucous property in nasopharynx that favours bacterial colonization and modify the host immune 

system that increase bacterial pathogenicity (Marom, Nokso-Koivisto et al. 2012). We could not assess 

whether viral infection preceded the increase in bacterial load, as data was collected at a single time 

point only. A longitudinal cohort design involving specimen collection at multiple time points could help 

to better understand whether this relationship is causal. 

Our study has several strengths. This is the largest case-control study that compares nasopharyngeal 

density between pneumonia cases and contemporaneous age-frequency matched healthy children from 

HICs during post-pneumococcal vaccine era. We measured absolute density of viruses in the swabs using 

a standard curve of known pathogen quantity, whereas other case-control studies including the PERCH 

study had used indirect quantification through the cycle threshold value (Rhedin, Lindstrand et al. 2015, 

Feikin, Fu et al. 2017). Despite these strengths, our findings have some limitations. The density and 

composition of pathogens in the nasopharynx is likely to vary over the course of illness (El Saleeby, Bush 

et al. 2011). We collected specimens only once from each participant and thus could not determine 

whether our specimen represented the peak pathogen density. Collection of specimens at multiple time 

points could inform the temporal changes of density and also the synergistic relationship between virus 

and bacteria. Density assessment in specimens from the lower respiratory airway would be more 

sensitive but routine collection from children is not feasible (Clark 2015).  

In summary, we have demonstrated a positive relationship between nasopharyngeal pathogen density 

for RSV, HMPV and influenza and pneumonia diagnosis. The density of these viruses was higher in the 

nasopharynx of children with pneumonia than in healthy children after adjusting for other factors 

including density of other pathogens, however, the utility of pathogen density as a diagnostic test to 
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guide clinicians in differentiating pneumonia cases from asymptomatic infection, and severe cases from 

mild cases, is limited. Future studies should aim to determine pathogen density in the upper respiratory 

tract at multiple time points of the course of illness to better understand the pathogen load dynamics in 

relation to disease progression. Given the complexity of potential relationships between pathogenesis 

and pathogen density, further research should explore how pathogen density might be effectively 

combined with other clinical and immunological parameters to enable development of a diagnostic 

algorithm. 
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CHAPTER SEVEN: COMBINATION OF CLINICAL SYMPTOMS AND 

BLOOD BIOMARKERS CAN IMPROVE DISCRIMINATION BETWEEN 

BACTERIAL OR VIRAL COMMUNITY-ACQUIRED PNEUMONIA IN 

CHILDREN 

7.1 Chapter outline 

In previous two chapters (Chapter 5 and 6), we have demonstrated the contribution of respiratory 

pathogens to childhood pneumonia. However, from individual case management perspective, it 

remains important to identify the probable aetiology of pneumonia in selecting whether or which 

antibiotic should be prescribed. In this chapter, we investigated the role of clinical symptoms and 

systemic biomarkers, alone and in combination, in distinguishing bacterial pneumonia cases from viral 

pneumonia to inform and guide the clinicians for appropriate use of antibiotics.   A manuscript based 

on these findings has been published (Appendix 8) (Bhuiyan, Blyth et al. 2019) and is presented here 

with published title, headings, text, figures and tables of submitted version. 

7.2 Abstract 

Background: Differentiating bacterial from viral pneumonia is important for guiding targeted 

management and judicious use of antibiotics. We assessed if clinical characteristics and blood 

inflammatory biomarkers could be used to distinguish bacterial from viral pneumonia. 

Methods: Western Australian children (≤17 years) hospitalized with radiologically-confirmed 

community-acquired pneumonia were recruited and clinical symptoms and management data were 

collected. C-reactive protein (CRP), white cell counts (WCC) and absolute neutrophil counts (ANC) 

were measured as part of routine care. Clinical characteristics and biomarker levels were compared 
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between cases with confirmed bacterial pneumonia (clinical empyema and/or bacteria detected in 

blood or pleural fluid), presumed viral pneumonia (presence of ≥ 1 virus in nasopharyngeal swab 

without criteria for confirmed bacterial pneumonia), and other pneumonia cases (pneumonia in the 

absence of criteria for either confirmed bacterial or presumed viral pneumonia). The area-under-curve 

(AUC) of the receiver operating characteristic (ROC) curve for varying biomarker levels were used to 

characterise their utility for discriminating confirmed bacterial from presumed viral pneumonia. For 

biomarkers with AUC>0.8 (fair discriminator), Youden index was measured to determine the optimal 

cut-off threshold, and sensitivity, specificity, predictive values (positive and negative) were calculated. 

We investigated whether better discrimination could be achieved by combining biomarker values with 

the presence/absence of symptoms.  

Results: From May 2015 to October 2017, 230 pneumonia cases were enrolled: 30 confirmed bacterial 

pneumonia, 118 presumed viral pneumonia and 82 other pneumonia cases. Few differences in clinical 

signs and symptoms across the groups were noted; more confirmed bacterial pneumonia cases 

required intravenous fluid and oxygen supplementation than presumed viral or other pneumonia 

cases. CRP, WCC and ANC were substantially higher in confirmed bacterial cases. The AUC of ROC for 

CRP for discriminating definite bacterial pneumonia from presumed viral pneumonia was 0.82 and the 

optimal threshold was measured at 72mg/L. Combining the CRP with either the presence of fever 

(≥38⁰C) or the absence of rhinorrhoea improved the discrimination.  

Conclusions: Combining elevated CRP with the presence or absence of clinical signs/ symptoms 

differentiates confirmed bacterial from presumed viral pneumonia better than CRP alone. Further 

studies are required to explore combination of biomarkers and symptoms for use as definitive 

diagnostic tool. 
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7.3 Introduction 

Globally, pneumonia is the leading cause of hospitalisations and death among children with nearly 120 

million new cases and one million deaths each year (Walker, Rudan et al. 2013). In Australia, 

pneumonia is associated with 5-8 hospitalisations per 1000 child-years among children <5 years old, 

with deaths being rare (Burgner and Richmond 2005). Respiratory bacteria and viruses are frequently 

detected in specimens collected from children with pneumonia (McIntosh 2002). Identifying the 

infectious agents associated with illness can guide management of the infection and facilitate judicious 

use of antibiotics. Differentiating bacterial from viral pneumonia based on clinical characteristics is 

challenging as the clinical signs and symptoms overlap (Isaacs 1989, Huijskens, Koopmans et al. 2014).   

Despite the growing availability of molecular techniques for pathogen detection, including 

quantitative and qualitative pathogen detection, laboratory results are usually available after 

treatment decisions have been made. Several studies have assessed the utility of non-specific 

inflammatory biomarkers such as C-reactive protein (CRP), an acute-phase reactant, white cell count 

(WCC) and absolute neutrophil count (ANC) to discriminate probable bacterial infections from non-

bacterial infections and also to assess the severity of illness (Korppi, Heiskanen-Kosma et al. 1997, 

Flood, Badik et al. 2008). Bacterial pneumonia has been associated with higher CRP, WCC and ANC 

than viral pneumonia (Korppi, Heiskanen-Kosma et al. 1997, Elemraid, Rushton et al. 2014, Berg, 

Inchley et al. 2017, Higdon, Le et al. 2017), while some studies found no difference in biomarkers 

among bacterial and viral cases of pneumonia (Heiskanen-Kosma and Korppi 2000, Korppi 2004). Even 

studies that reported differences, they could not determine determine any reliable thresholds for 

differentiating bacterial pneumonia from viral pneumonia (Virkki, Juven et al. 2002, Higdon, Le et al. 

2017). Previous studies were also affected by small sample size, use of less sensitive methods for 

pathogen detection which could have resulted an inaccurate categorization of bacterial and viral cases 

(Heiskanen-Kosma and Korppi 2000, Virkki, Juven et al. 2002). Furthermore, studies have been 

conducted in low-income settings where the contribution of bacterial infection may be higher and 
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where children are at higher risk of other infectious diseases that could influence the biomarker levels 

and confound the analysis (Higdon, Le et al. 2017). 

The aetiology of childhood pneumonia has changed in HICs with routine pneumococcal conjugate 

vaccination program – decrease in bacterial aetiology and increase in viral aetiology have been 

reported (Jain, Williams et al. 2015, Berg, Inchley et al. 2016). In absence of reliable rapid diagnostic 

tool, the utility of inflammatory biomarkers in a highly-vaccinated paediatric population with 

pneumonia to differentiate bacterial from viral pneumonia has rarely been explored (Berg, Inchley et 

al. 2017). We therefore assessed the concentration of inflammatory biomarkers (CRP, WCC and ANC) 

in blood samples from Western Australian children with radiologically-confirmed pneumonia who 

were enrolled in a prospective case-control study (Bhuiyan, Snelling et al. 2018a). We compared the 

clinical characteristics and biomarkers concentration among pneumonia cases detected with bacteria 

and viruses. We assessed the cut-off threshold of these biomarkers for discriminating bacterial 

pneumonia from viral pneumonia. Findings from this study could help in developing a rapid point-of-

care diagnostic tool or algorithm to predict the likely causative pathogen and to assist clinicians to 

target management of childhood pneumonia. 

 

7.4 Methods 

7.4.1 Study population:  

From May 15, 2015 through October 31, 2017, we prospectively enrolled children aged ≤17 years with 

radiologically-confirmed community-acquired pneumonia (further mentioned as case), hospitalized at 

the Princess Margaret Hospital for Children (PMH), Perth, Australia (now known as Perth Children’s 

Hospital). The study hospital was the only publicly-funded tertiary paediatric hospital for a total 

population of 2.6 million in Western Australia during participant recruitment. We followed a pragmatic 
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definition of radiologically-confirmed pneumonia (infiltrates or alveolar consolidation as determined 

by the treating clinician) facilitating recruitment after hours for case enrolment (i.e. when a radiologist 

is not available to review the chest x-ray) (Cherian, Mulholland et al. 2005). The study design and 

eligibility criteria for being case were published previously (Chapter 4) (Bhuiyan, Snelling et al. 2018a). 

Written informed consent was obtained for participation and specimen collection from the 

parent/guardian of each case and assent was obtained from cases aged >7 years. The study protocol 

was approved by Human Research Ethics Committee of the Princess Margaret Hospital for Children 

(PMH HREC REF 2014117EP). 

7.4.2 Demographic and clinical data collection: 

A structured questionnaire was administered to parents/guardians of each case to record 

demographic and clinical information including presenting symptoms (Bhuiyan, Snelling et al. 2018a). 

Clinical observations including respiratory rate and oxygen saturation at presentation, highest 

measured temperature, and need for intravenous fluid, oxygen supplementation, and respiratory 

support were recorded from review of the medical notes.  

7.4.3 Specimen collection and laboratory procedures: 

As part of medical care, a blood specimen was collected from each case by the treating clinician and 

tested for C-reactive protein (CRP) concentration, white cell count (WCC), absolute neutrophil count 

(ANC) count and blood culture at the hospital laboratory. Pleural fluid was drained from case with 

pleural effusion and assessed by microscopy, culture and polymerase chain reaction (PCR) for bacterial 

pathogens. A nasopharyngeal (NP) swab (FLOQSwabs; Copan Diagnostics, Murrieta, CA) was collected 

following standard sample collection procedure and within 36 hours of presentation of hospital 

presentation (World Health Organization (WHO) 2003). The NP swab was tested for a total of 14 

respiratory viruses: influenza A/H1N1, A/H3N2 and B, respiratory syncytial virus (RSV), human 

parainfluenza virus (HPIV) type 1–3, human metapneumovirus (HMPV), adenovirus (AdV), human 
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rhinovirus (HRV), human coronavirus (HCoV OC43, HCoV 229E, HCoV HKU1 and HCoV NL63) and 6 

bacteria: Streptococcus pneumoniae, Staphylococcus aureus, Moraxella catarrhalis, Haemophilus 

influenzae, Mycoplasma pneumoniae and Chlamydophila pneumoniae using PCR. Laboratory 

procedures including nucleic acid extraction and the primers and probes used in the PCRs have been 

described previously (Chapter 4) (Bhuiyan, Snelling et al. 2018a).   

7.4.4 Data management and analysis:  

Age-specific tachypnoea was defined per World Health Organization criteria as: respiratory rate of ≥60 

breaths/min in children aged <2 months, ≥50 breaths/min in children aged 2–12 months and ≥40 

breaths/min in children aged >1 year (World Health Organization (WHO) 1995). Disease severity for 

each case was assessed by Respiratory Index of Severity in Children (RISC) score using severity of 

respiratory signs on physical examination during hospital presentation and following WHO child 

growth standard (Reed, Madhi et al. 2012). The RISC score could range from -2 to 6 with higher scores 

indicating increased severity. The cases were categorised into three distinct groups based on probable 

pneumonia aetiology: (a) confirmed bacterial cases: cases with clinical empyema or with at least one 

putative bacterial pathogen detected in blood or pleural fluid by culture or PCR (regardless of the 

detection of respiratory viruses/bacteria in NP swab); (b) presumed viral cases: cases without 

empyema or bacteria detected in blood/ pleural fluid, and with at least one respiratory virus detected 

in NP swab (with or without bacteria detected in the NP swab); (c) other pneumonia cases: cases 

fulfilling neither of the criteria for definite bacterial or presumed viral (with or without bacteria 

detected in NP swab).  

The frequency of clinical characteristics was reported for each group. For categorical clinical 

characteristics, Chi-square or Fisher’s exact test, whichever appropriate, was used to compare 

frequencies between groups. For continuous variables, means (range) were reported if the data were 
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normally distributed, otherwise, medians (interquartile range, IQR) were reported.  Students’ t-test or 

Wilcoxon rank-sum test, whichever appropriate, was used to compare between groups.  

For CRP, WCC and ANC concentration, the area-under-curve (AUC) for the receiver-operating-

characteristic (ROC) curve to describe the ability of each marker to differentiate definite bacterial 

pneumonia from presumed viral and other pneumonia cases was measured. The diagnostic 

performance of the biomarker for differentiating bacterial pneumonia was assessed by the value the 

area-under-curve (AUC): 0.9 – 1.0 was considered excellent discrimination, 0.8 – 0.9 as good, 0.7 – 0.8 

as fair, 0.6 – 0.7 as poor and 0.5 – 0.6 as non-discriminatory (Carter, Pan et al. 2016). Sensitivity, 

specificity, positive predictive value (PPV) and negative predictive value (NPV) at different cut-off 

values of those biomarkers with AUC value >0.8 was assessed. Youden index was assessed to identify 

the optimum cut-off to distinguish definite bacterial from presumed viral pneumonia, and from 

presumed viral plus other pneumonia cases (Youden 1950). We further explored if combination of 

symptoms and biomarkers improved the overall sensitivity and specificity for discriminating bacterial 

and viral pneumonia. All statistical analyses were conducted in STATA 13.0 (StataCorp, Texas, USA) 

and plots were prepared using GraphPad Prism Version 5.0 (GraphPad Software, CA, USA). 

 

7.5 Results 

A total of 230 children with radiologically confirmed community-acquired pneumonia (cases) were 

enrolled during the study period. Of these, 120 (52%) were male and 147 (64%) aged <5 years; the 

median age was 38 months (IQR: 19, 81). Twenty-one (9%) cases were Aboriginal. Of the 230 cases, 

210 (91%) had received at least 2 doses of the 13-valent pneumococcal conjugate vaccine. 

Demographics and existing co-morbidities of the enrolled children are summarized in Table 7.1.  



126 
 

 

 

The median length of hospitalisation was 2 days (IQR: 1- 3) and all children were discharged with no 

deaths. At hospital presentation, 38 (17%) cases had blood oxygen saturation (SPO2) level <92% and 

tachypnoea observed in 88 (38%). Nearly half of cases (109/230) received antibiotics in the 7 days 

prior to hospital presentation and all but three (227/230, 99%) received antibiotics during hospital 

stay. Twenty-four cases were diagnosed with pleural effusion and of these, 21 (88%) had pleural fluid 

drained: all 21 had microscopic purulence consistent with empyema. 

There were 30 (13%) cases of confirmed bacterial pneumonia: 9 with bacteraemia, 15 with empyema, 

and 6 with both bacteraemia and empyema. Of 30 confirmed bacterial pneumonia cases, 15 had 

detectable Streptococcus pneumoniae in blood or pleural fluid by culture or PCR. Of the 21 pleural 

Table 7.1: Characteristics of children with community-acquired pneumonia, Perth, Western 
Australia, May 2015 – October 2017 

Parameter Case (%) (N=230)  
Demographic and clinical data  
• Age  

• ≤12months 21 (9.1) 
• 1-5 years 126 (54.7) 
• 6-9 years 60 (26.1) 
• 10 – 17 years  23 (10) 

• Male sex 120 (52.1) 
• Aboriginal  21 (9.1) 
• Premature 32 (13.9) 
• Smoker present in household 38 (16.5) 
Existing health conditions  

• Any co-morbidity 34 (14.7) 
• Immunodeficiency 7 (3.0) 
• immunocompromised condition 5 (2.1) 
• congenital abnormalitya 16 (6.9) 
• chronic respiratory illness 9 (3.9) 
• chronic neuromuscular disorder illness 9 (3.9) 
• Otherb  2 (1) 

a: inclusive of congenital heart disease, cleft lip, diaphragmatic hernia, pulmonary airway malformation, 
cystic fibrosis, down syndrome, Hirschsprung’s disease, spina bifida, thalassemia, fetal alcohol syndrome 
and gastroschisis 
 b: one case had chronic cardiac disease and one case had an intracranial shunt 
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fluid samples from empyema cases, 1 was culture and PCR positive and 9 were only PCR positive for 

S. pneumoniae, 1 each cultured methicillin-resistant Staphylococcus aureus, methicillin-sensitive 

Staphylococcus aureus, and Streptococcus pyogenes; and 1 sample was PCR positive for Mycoplasma 

pneumoniae. At least one respiratory virus was detected in NP swab of 12 of the 30 cases with 

confirmed bacterial pneumonia. Of the remaining 200 cases, at least one virus was detected in NP 

swab from 118 (59%) cases including 98 with co-detection of respiratory bacteria. Among these 118 

presumed viral pneumonia cases, 43 (36%) had RSV detected, 31 (26%) had HRV, 21 (18%) had HMPV, 

15 (13%) had influenza and 9 (8%) each had adenovirus and parainfluenza. No virus was detected in 

the NP swabs of 82 (41%) cases (other pneumonia) including 51 had detectable respiratory bacteria 

on NP swab.  

The clinical features of cases and medical interventions are summarized in Table 7.2. Few differences 

in clinical symptoms and signs were observed across the different groups (Table 7.2). Fever (defined 

as temperature ≥38.0°C) was more frequently observed in confirmed bacterial pneumonia than in 

presumed viral (p=0.002) or other pneumonia cases (p<0.001). Rhinorrhoea was more frequent in 

presumed viral pneumonia than in either confirmed bacterial pneumonia (p<0.001) or other 

pneumonia cases (p<0.001). Age-specific tachypnoea was also more common in presumed viral 

pneumonia than in confirmed bacterial (p=0.08) or other pneumonia cases (p=0.003). More confirmed 

bacterial pneumonia cases required intravenous fluid therapy than presumed viral (p=0.02) or other 

pneumonia cases (p=0.001). Furthermore, more than half (53%) of confirmed bacterial cases required 

both supplemental O2 and intravenous fluid, substantially higher than presumed viral (32%; p=0.03) 

or other pneumonia cases (23%; p=0.002) (Table 7.2). Confirmed bacterial pneumonia cases also had 

a greater median length of hospital stay (6.5 days; 9 days with empyema and 2 days without) than 

presumed viral (2 days) or other pneumonia (2 days) (p<0.001 for each). The mean RISC severity score 
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was 1.2 (range: 0, 5) for confirmed bacterial cases, compared to 1.0 (-2, 5) for presumed viral and 0.8 

(-2, 4) for other pneumonia cases, respectively. 

Table 7.2: Distribution of clinical characteristics, management and concentration of 
inflammatory biomarkers in children with confirmed bacterial pneumonia, presumed viral 
pneumonia and other pneumonia 

Parameter Confirmed bacterial 
pneumonia  
(N=30),  
 
A 

Presumed viral 
pneumonia,  
(N=118) 
 
B 

Other 
pneumonia, 
(N=82) 
 
C 

Clinical features    

Fever (body temperature >38.0°C) 27 (90) λ** µ*** 71 (60)  41 (50) 

Age-specific Tachypnoea 9 (30) 56 (47) δ**  22 (27) 
SpO2% at presentation, median 
(IQR) 

96 (94, 98) 95 (93, 98) 95 (94, 97) 

Diagnosis of wheeze at 
presentation 

0 (0) 18 (15) 11 (13) 

Diagnosis of crackles/crepitation 
at presentation 

8 (27) 58 (49) 42 (52) 

Cough 24 (80) 109 (92) 75 (91) 
Rhinorrhea 12 (40) 93 (79) δ*** €*** 41 (50) 
Difficulty in breathing 25 (83) 88 (75) 62 (76) 
Vomiting 19 (63) 78 (66) 39 (48) 
Body rash 3 (10) 14 (12) 12 (15) 
Diarrhea 8 (27) 34 (29) 15 (18) 
Poor oral intake 22 (73) 82 (69) 61 (74) 
Clinical management    
Supplemental O2  16 (53) 65 (55) 35 (43) 
Intravenous fluid  22 (73) µ*** λ* 60 (51) δ** 25 (31) 
Respiratory support 1 (3) 2 (2) 3 (4) 
Supplemental O2 + intravenous 
fluid  

16 (53) µ** λ* 38 (32) 19 (23) 

Hospitalisation day, median (IQR) 8 (4, 11) µ*** λ*** 2 (1, 3) 2 (1, 3) 
Blood inflammatory markers    
WCC count (x109/L), median (IQR) 16 (11, 21) λ* 11 (8, 18) 12 (8, 18) 
CRP (mg/L), median (IQR) 174 (64, 246) λ*** µ***  24 (13, 56) 27 (17, 59) 
Absolute neutrophil, (x109/L), 
median (IQR) 

13 (8, 19) λ** µ** 7 (4, 13) 8 (4, 13) 

 
 
For comparison, Chi-square test for categorical variables and Wilcoxon-ranksum test for continuous 
variable was done; *p<0.05; **p<0.01; ***p<0.001 
 
λ Comparison between A and B  
µ Comparison between A and C 
δ Comparison between B and C  
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The median blood CRP concentration was more than 6 times higher in confirmed bacterial cases than 

in presumed viral (174 versus 24 mg/L; p<0.001) and other pneumonia cases (174 versus 27 mg/L; 

p<0.001).  

The CRP, WCC and ANC did not vary significantly between presumed viral and other pneumonia cases 

(Table 7.2) and between empyema and bacteraemia cases (Table 7.3). The biomarker values did not 

vary significantly between presumed viral cases with different viral pathogens detected (data not 

shown).  

 

The AUC for CRP was 0.81 (95% CI: 0.72, 0.89) for discriminating confirmed bacterial from presumed 

viral plus other pneumonias, and 0.82 (95% CI: 0.73, 0.91) for discriminating confirmed bacterial from 

presumed viral pneumonia (Figure 7.1). For WCC, the AUCs were 0.63 (95% CI: 0.53, 0.74) and 0.65 

(95% CI: 0.53, 0.76) for discriminating confirmed bacterial from presumed viral plus other pneumonias, 

and confirmed bacterial from presumed viral pneumonia, respectively (Figure 7.2). For ANC, the AUCs 

were 0.68 (95% CI: 0.58, 0.78) and 0.69 (95% CI: 0.58, 0.79) for discriminating confirmed bacterial from 

presumed viral plus other pneumonias, and confirmed bacterial from presumed viral pneumonias, 

respectively (Figure 7.3).  

Table 7.3:  Median (IQR) concentration of blood biomarkers CRP, WCC and ANC in cases who had 
empyema, bacteraemia and both empyema and bacteraemia  

Blood marker Empyema 
(n=15) 

Bacteraemia (n=9) Both empyema and bacteraemia 
(n=6) 

CRP (mg/L) 175 (116 - 189) 146 (49 - 252) 206 (36 - 346) 

WCC (109/L) 19 (14 - 22) 10 (8 - 19) 20 (8 - 24) 

ANC (109/L) 14 (9 - 20) 9 (7 - 14) 16 (8 - 20) 
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Figure 7.2: ROC curve for blood WCC concentration for differentiating confirmed bacterial pneumonia 
against (A) presumed viral pneumonia, (B) presumed viral plus other pneumonias, in radiologically 
confirmed CAP cases 

   A      B 

 

 

Figure 7.1: ROC curve for CRP for differentiating confirmed bacterial pneumonia against (A) presumed 
viral pneumonia, (B) presumed viral plus other pneumonias, in radiologically confirmed CAP cases 

 

   A      B 
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Based on these AUCs, we further assessed the sensitivity, specificity, PPV and NPV at CRP cut-offs of > 

40mg/L, > 60mg/L and > 100mg/L, for differentiating bacterial from presumed viral plus other 

pneumonias, and confirmed bacterial from presumed viral pneumonias. CRP ≥ 40mg/L, CRP ≥ 60mg/L 

and CRP ≥ 100mg/L cut-off had sensitivity of 83%, 75% and 67%, respectively for differentiating 

confirmed bacterial pneumonia from presumed viral pneumonias (Table 7.4). From the Youden index, 

the optimal CRP threshold of ≥72 mg/L was found to discriminate confirmed bacterial from presumed 

viral plus other pneumonias with sensitivity 75% (95% CI: 55, 89), specificity 82% (95% CI: 76, 87), PPV 

38% and NPV 96%; for discriminating confirmed bacterial from presumed viral pneumonia, the 

sensitivity was 75% (95% CI: 55, 89), specificity 84% (95% CI: 76, 90), PPV 53% and NPV 93% (Table 

7.5).  

 

Significant differences in symptoms and signs were then included to assess the impact on the 

diagnostic performance of the algorithm (Table 7.4; Table 7.5). The combination of CRP (≥72mg/L) 

with either the presence of fever or absence of rhinorrhoea, improved the specificity and PPV for 

differentiating bacterial pneumonia from presumed viral plus other pneumonias compared to the CRP 

Figure 7.3: ROC curve for blood ANC concentration for differentiating confirmed bacterial pneumonia 
against (A) presumed viral pneumonia, (B) presumed viral plus other pneumonias, in radiologically 
confirmed CAP cases 

   A      B 
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alone, with little loss of sensitivity and NPV. While 73% of cases with confirmed bacterial pneumonia 

had both fever and elevated CRP (≥72mg/L), only 11% of presumed viral plus other pneumonias and 

10% of presumed viral pneumonias had that. Similarly, 65% of definite bacterial pneumonia had 

elevated CRP (≥72mg/L) and the absence of rhinorrhoea, compared to 7% of presumed viral and other 

pneumonias, and 2% of presumed viral pneumonias. The PPV for the combination (CRP ≥72mg/L + 

fever) and (CRP ≥72mg/L + absence of rhinorrhoea) was 48% and 59% for discriminating confirmed 

Table 7.4: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for 
different cut-off values of CRP level and in combination with clinical symptoms to differentiate confirmed 
bacterial pneumonia from presumed viral and from presumed viral plus other pneumonias  

 

 Confirmed bacterial versus presumed 

viral pneumonia 

Confirmed bacterial versus presumed 

viral plus other pneumonias 

CRP cut-off level 

(mg/L) 

Sensitivity Specificity PPV NPV Sensitivity Specificity PPV NPV 

> 40 83 60 35 93 82 62 24 96 

 > 40 and fever 81 72 44 93 81 74 32 96 

> 40 and absence 

of rhinorrhoea 

75 89 63 93 64 78 20 96 

> 40  and absence 

of tachypnoea 

75 74 38 93 75 73 25 96 

> 60 alone 75 77 44 93 75 77 32 96 

 > 60 and fever 73 83 51 93 73 84 40 96 

> 60  and absence 

of rhinorrhoea 

65 98 72 93 65 92 50 96 

> 60  and absence 

of tachypnoea 

65 85 45 93 65 64 31 96 

> 100 alone 67 87 56 92 68 86 40 95 

 > 100 and fever 65 90 61 92 66 89 47 95 

> 100  and absence 

of rhinorrhoea 

57 98 85 92 57 96 63 95 

> 100  and absence 

of tachypnoea 

55 93 61 92 55 91 39 95 
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bacterial from presumed viral plus other pneumonia, and was 63% and 87%, respectively, for 

discriminating confirmed bacterial from presumed viral pneumonia, respectively (Table 7.5). 

 

7.6 Discussion 

This study describes the clinical characteristics of children with radiologically confirmed pneumonia 

and assesses the utility of serum biomarkers and clinical signs and symptoms for differentiating 

confirmed bacterial from other pneumonias in a highly vaccinated population. There were few 

differences in symptoms between children with confirmed bacterial pneumonia, and those with 

presumed viral pneumonia, and other pneumonias which were neither confirmed bacterial nor 

presumed viral. CRP, WCC and ANC were higher in confirmed bacterial pneumonia cases and the CRP 

had value for distinguishing these cases from presumed viral and other pneumonias. The 

combination of high CRP with either fever ≥38.0°C or with absence of rhinorrhoea increased the 

specificity and PPV compared to elevated CRP alone with little loss in sensitivity, suggesting that 

combining biomarkers with clinical features is of diagnostic value.     

Table 7.5: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value 
(NPV) at CRP threshold value and in combination with clinical symptoms to differentiate 
confirmed bacterial pneumonia from presumed viral and from presumed viral plus other 
pneumonias 

 Confirmed bacterial versus presumed 

viral pneumonia 

Confirmed bacterial versus presumed viral 

plus other pneumonias 

CRP cut-off level 

(mg/L) 

Sensitivity Specificity PPV NPV Sensitivity Specificity PPV NPV 

> 72 alone 75 84 53 93 75 82 38 96 

 > 72 and fever 73 90 63 93 73 89 48 96 

> 72 and absence 

of rhinorrhoea 

65 98 87 93 65 93 59 96 

> 72 and absence 

of tachypnoea 

65 90 54 93 65 89 38 96 
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Timely identification of pneumonia aetiology could improve clinical management including decisions 

about the use of antibiotics. In line with previous studies, the clinical signs and symptoms among our 

cases of confirmed bacterial and presumed viral pneumonia overlapped and were insufficiently 

specific in themselves to reliably differentiate one from the other (Korppi, Don et al. 2008, Huijskens, 

Koopmans et al. 2014). Our findings are mostly consistent with previous studies which have associated 

viral pneumonia with low grade fever, tachypnoea, rhinorrhoea and wheezing (McIntosh 2002, Juven, 

Ruuskanen et al. 2003, Ruuskanen, Lahti et al. 2011, Wei, Liu et al. 2015). We did not attempt to 

distinguish cases based on specific radiographic features, but others have not found any radiographic 

feature that can reliably distinguish bacterial from viral pneumonia (Korppi, Kiekara et al. 1993, Virkki, 

Juven et al. 2002, O'Grady, Torzilo et al. 2014).  

There are conflicting reports on the utility of serum inflammatory biomarkers such as CRP, WCC, and 

ANC for differentiating bacterial from viral pneumonia in children (Heiskanen-Kosma and Korppi 2000, 

Virkki, Juven et al. 2002, Elemraid, Rushton et al. 2014, Berg, Inchley et al. 2017, Higdon, Le et al. 2017). 

In UK children, Elemraid et al. found a higher CRP, WCC and ANC in those with bacterial pneumonia 

compared to viral pneumonia, with a CRP level >80mg/L reportedly distinguishing severe bacterial 

pneumonia from viral pneumonia (Elemraid, Rushton et al. 2014). The sensitivity and specificity for 

CRP >80mg/L for differentiating bacterial versus viral/atypical pneumonia in children with community-

acquired pneumonia was 71% and 52%, respectively, in Norway (Berg, Inchley et al. 2017) and was 

52% and 72%, respectively, in Finland (Virkki, Juven et al. 2002).  We found that CRP had better 

discriminatory utility (AUC >0.8) than the WCC or ANC, consistent with findings from similar settings 

(Virkki, Juven et al. 2002, Elemraid, Rushton et al. 2014, Berg, Inchley et al. 2017). However, the 

optimum CRP threshold for differentiating definite bacterial from presumed viral and other 

pneumonia had only moderate predictive value which could limit its use as a sole criterion for 

antibiotic decision-making in clinical settings. Serum procalcitonin is not routinely used in our study 

setting, so we could not assess its value for distinguishing bacterial pneumonia from presumed viral 
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pneumonias. Serum procalcitonin (PCT) has been described as a better biomarker for bacterial sepsis 

than CRP (Simon, Gauvin et al. 2004), while other found serum CRP as better predictor for lobar 

consolidation and pleural effusion than PCT (Agnello, Bellia et al. 2016). 

Previous studies have attempted to discriminate bacterial from viral pneumonia cases using either 

blood biomarkers (Korppi, Heiskanen-Kosma et al. 1997, Heiskanen-Kosma and Korppi 2000, Korppi 

2004, Elemraid, Rushton et al. 2014, Fan, Howard et al. 2016, Higdon, Le et al. 2017), clinical 

characteristics (Korppi, Don et al. 2008, Huijskens, Koopmans et al. 2014) or radiological differences 

(Korppi, Kiekara et al. 1993, Virkki, Juven et al. 2002) with modest success. To our knowledge, 

combining inflammatory biomarkers with clinical symptoms has rarely been explored to differentiate 

bacterial from viral pneumonia. We found that compared to high CRP (≥72 mg/L) alone, high CRP and 

either fever or absence of rhinorrhoea improved the specificity and PPV with little loss in sensitivity, 

thereby improving the diagnostic accuracy.  

Respiratory bacteria are often detected in the nasopharynx of healthy asymptomatic children but are 

rarely detected in normally sterile sites like blood and pleural fluid. Furthermore, purulent pleural 

effusions are generally considered to be of bacterial origin even if bacteria cannot be detected. 

Respiratory viruses are usually detectable in the nasopharynx of children with viral pneumonias but 

may also be detectable in healthy children (Clark 2015, Jain, Williams et al. 2015, Rhedin, Lindstrand 

et al. 2015). In the absence of any gold standard microbiological assays for distinguishing bacterial 

from viral and mixed infections, we categorised cases based on whether they were highly likely to be 

bacterial (confirmed), most likely viral (presumed), or possibly either based on whether bacteria were 

detected in sterile sites, respiratory viruses were detected in the nasopharynx, or neither. This 

pragmatic approach to classification reflects the limitations of current methods, and some 

misclassification is likely to have occurred. Previous studies categorised cases as either bacterial or 

viral, are were more limited due to lower pathogen detection rates and by the use of less sensitive 

assays than ours (Korppi, Heiskanen-Kosma et al. 1997, Heiskanen-Kosma and Korppi 2000, Virkki, 
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Juven et al. 2002, Juven, Ruuskanen et al. 2003, Elemraid, Rushton et al. 2014). The strength of this 

study is that the range of pathogens tested covered virtually all key bacteria and viruses associated 

with childhood pneumonia using sensitive molecular techniques.  

Our study had some limitations. While there were clear differences between the confirmed bacterial 

and the presumed viral and other pneumonia cases, it is likely that a number of the latter groups also 

had bacterial pneumonia or mixed infections and we note that many had detectable respiratory 

bacteria in their nasopharyngeal swabs (but not in their blood or pleural fluid). Of note, there were 

differences in symptoms between presumed viral pneumonia and other pneumonia cases; the latter 

were less likely to have rhinorrhoea and tachypnoea suggesting they may comprise a higher 

proportion of bacterial infections than the presumed viral group.  Half of all cases had prior exposure 

to antibiotics at enrolment which might have impacted on the natural progression of signs and 

symptoms and biomarkers, and the sensitivity of bacterial culture. Sputum samples are often used for 

diagnosis of community-acquired pneumonia in adults but collection of sputum from children is 

challenging and studies found limited utility of sputum as diagnostic tool for pneumonia (Murdoch, 

Morpeth et al. 2017a) 

Empiric use of antibiotics remains as cornerstone of treating pneumonia in the absence of effective 

point-of-care diagnostics for differentiating bacterial from viral infection. Many children who have 

viral pneumonia will continue to receive antibiotics without benefit. Early reliable detection of viral 

pneumonia, or early exclusion of bacterial pneumonia, could reduce unnecessary antibiotic therapy, 

thereby mitigating the risk of emerging antibiotic resistance (World Health Organization (WHO) 2017). 

While we have been unable to identify a single biomarker or clinical feature that could be used to 

confidently distinguish bacterial from viral pneumonia, our findings suggest there may be utility in 

more sophisticated algorithms that integrate a number of clinical, microbiological, or radiological 

factors to improve pneumonia diagnostics and better targeting therapies. 
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CHAPTER EIGHT: THE UTILITY OF NASOPHARYNGEAL CYTOKINES TO 
DIAGNOSE CHILDREN WITH COMMUNITY-ACQUIRED PNEUMONIA      
 

8.1 Chapter outline 

We have demonstrated that nasopharyngeal density of some pathogens differed between pneumonia 

cases and asymptomatic controls (chapter 6), and the combination of blood biomarkers with clinical 

symptoms differed among bacterial pneumonia cases versus viral pneumonia cases (chapter 7) in our 

study population, however, none of these factors appear reliable for application in clinical setting as 

differentiating factors. We further assessed the host inflammatory response (cytokine) in the 

nasopharynx in our study population and explored the diagnostic utility of cytokines in guiding case 

detection and the probable aetiology. The findings from cytokine work are presented in this chapter. 

A manuscript based on this chapter’s findings has been prepared and reviewed by the supervisors and 

co-authors and is expected to be submitted to journal by mid of October 2018.   

 

 

8.2 Abstract 

Background: Acute respiratory infection (ARI) is a major contributor to childhood mortality and 

morbidity. Determining the aetiology of ARI is important to provide accurate treatment but the diverse 

range of microbes associated with ARI are also detected in asymptomatic children making disease 

attribution challenging. We have assessed nasal cytokines in children with and without pneumonia to 

determine whether this improves diagnosis of ARI. 

Methods: Children aged ≤17 years and hospitalized with radiological evidence of community-acquired 

pneumonia (cases) and contemporaneous age-matched healthy controls were enrolled. 

Nasopharyngeal (NP) swabs were collected from cases and controls and tested for presence and 
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density of common respiratory pathogens by polymerase chain reaction, and for concentrations of 

cytokines: interleukin (IL)-1β, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-17, Interferon-γ, Tumor-necrosis-

factor-α and Inducible protein (IP)-10 by bead-based immunoassay. Distribution of cytokines between 

cases and controls were compared. Association between cytokine concentration and disease severity, 

presence and density of respiratory pathogens in cases were assessed. The area-under- receiver-

operating-characteristic curve (AUROC) for cytokine concentrations to discriminate cases from 

controls and severe cases from non-severe cases was assessed. 

Results: A total of 230 cases and 230 controls were enrolled. NP concentrations of IL-6, IL-8 and IP-10 

were higher in cases than controls, with IL-6 and IL-8 concentrations substantially higher in severe 

cases. The ability for IL-6, IL-8 and IP-10 concentrations to differentiate cases from controls or severe 

from non-severe pneumonia was poor (AUROC range: 0.51 to 0.64). The median concentration of NP 

cytokine for IL-6 and IL-8 was higher in CAP cases who had both virus and bacteria detected compared 

to cases with no detectable pathogen, or either virus or bacteria detected in the nasopharynx; IP-10 

concentration was higher in cases with detectable viruses in the nasopharynx compared with 

detectable bacteria in the nasopharynx (p<0.05). There was a positive correlation between NP IP-10 

concentrations and viral density while IL-6 and IL-8 concentration was correlated with both bacterial 

and viral density (p<0.05).        

Conclusions: Increased production of IL-6, IL-8 and IP-10 in the nasopharynx of pneumonia cases, 

compared with healthy controls, suggests potential use of measured local immune responses as part 

of the diagnostic algorithm. Elevated IP-10 in the NP indicates probable viral pneumonia aetiology but 

further research is required prior to application in clinical settings. 

8.3 Introduction 

Acute respiratory infection (ARI) is the most common cause of paediatric hospitalisation, emergency 

department and general practice presentation, and remains one of the major contributors to global 
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childhood mortality and the morbidity (Rudan, Boschi-Pinto et al. 2008, Walker, Rudan et al. 2013). A 

wide range of bacteria and viruses are associated with ARI yet the detection of multiple organisms in 

asymptomatic children makes disease attribution challenging (Moore, Jacoby et al. 2010, Jansen, 

Wieringa et al. 2011, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, Nascimento-Carvalho, 

Vilas-Boas et al. 2018). As such, clinicians are often left reliant on clinical and radiological parameters 

and serum biomarkers to distinguish pneumonia aetiology from asymptomatic pathogen detection. 

During acute infection, the production of both pro-inflammatory cytokines (interleukin (IL)- 1ß, IL-6, 

IL-8, Tumor-necrosis-factor (TNF)-α) and anti-inflammatory cytokines (IL-4, IL-10) are required for 

disease resolution, however at times these responses are inappropriate and contribute to more severe 

disease symptoms (Monton, Torres et al. 1999, Moldoveanu, Otmishi et al. 2009, Turner, Nedjai et al. 

2014, Dembic 2015, Russell, Unger et al. 2017). In children with ARI including pneumonia, increased 

production of pro- and anti-inflammatory cytokines has been reported in both serum and 

broncheoalveolar (BAL) fluid (Schutte, Lohmeyer et al. 1996, Antunes, Evans et al. 2002, de Brito, 

Lucena-Silva et al. 2016, Saghafian-Hedengren, Mathew et al. 2017, Vasconcellos, Clarencio et al. 

2018). In addition to these cytokines being present in the acute stages of ARI, a correlation between 

increased cytokine concentration in blood and BAL fluid and disease severity has been demonstrated 

(Antunes, Evans et al. 2002, Ng, Li et al. 2007, Bertrand, Lay et al. 2015, de Brito, Lucena-Silva et al. 

2016, Nguyen Thi Dieu, Pham Nhat et al. 2017). Given the difficulties with collection of BAL specimens 

in children, and time taken for processing serum, cytokine measurements in BAL fluid or serum have 

not been incorporated into standard diagnostic algorithms for pneumonia diagnosis.  

Nasopharyngeal (NP) specimens are widely used in pneumonia studies for pathogen detection 

because of their ease of collection and ability to process in health facilities with limited diagnostic 

capacity (Clark 2015, Jain, Williams et al. 2015, Kelly, Smieja et al. 2015, Baggett, Watson et al. 2017). 

Recently, studies have used NP aspirates to assess local inflammatory responses in the upper airways 

of children with ARI (Noah, Henderson et al. 1995, Sheeran, Jafri et al. 1999, Breindahl, Rieneck et al. 
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2012, Ugonna, Douros et al. 2016). These studies have demonstrated elevated concentrations of pro-

and anti-inflammatory cytokines in the NP that are consistent with findings using blood or BAL fluid. 

Furthermore, the raised concentrations of cytokines in respiratory specimens correlated to the 

severity of respiratory illness as seen in other studies using serum and BAL specimens (Sheeran, Jafri 

et al. 1999, Faber, Groen et al. 2012). However, none of those previous studies measured cytokine 

concentrations in the NP of healthy children and compared with children with ARI including 

pneumonia.  

We used NP swabs collected from our case-control childhood pneumonia study (Bhuiyan et al. 2018) 

to determine cytokine concentrations in the NP of pneumonia cases and healthy asymptomatic 

children (controls) and to explore whether NP cytokines could be used to diagnose ARI and to 

determine an immune signature that was indicative of ARI aetiology. 

 

8.4 Methods 

8.4.1 Study population 

From May 2015 to October 2017, children aged ≤17 years hospitalized at the Princess Margaret 

Hospital for Children (PMH) in Perth with radiological evidence of community-acquired pneumonia 

(CAP) were enrolled. At the time of the study, this was the only tertiary paediatric hospital in the state 

of Western Australia (total population of 2.6 million in 2016) (Australian Bureau of Statistics 2018). 

Healthy age-matched controls were contemporaneously enrolled. The study protocol has been 

previously described (Chapter 4) (Bhuiyan, Snelling et al. 2018a). The study protocol was approved by 

the PMH Human Research Ethics Committee (PMH HREC REF 2014117EP). Written informed consent 

was obtained from the parent or legal guardian of each participant, and assent was obtained from 

those participants aged >7 years, for participation and specimen collection.  
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8.4.2 Demographic and clinical data collection 

Demographic data were collected from both cases and controls using a structured questionnaire. 

Clinical signs and symptoms, and other clinical interventions such as the need for intravenous fluid, 

oxygen supplementation, and respiratory support including ventilation, positive pressure or high flow 

oxygen were recorded from review of the medical notes (Bhuiyan, Snelling et al. 2018a).         

8.4.3 Specimen collection, pathogen detection and density 

As part of medical care, blood cultures were performed at the hospital laboratory. Pleural fluid was 

drained with pleural effusion assessed by microscopy, culture and polymerase chain reaction (PCR) for 

bacterial pathogens at the hospital laboratory. An NP swab (FLOQSwabs; Copan Diagnostics, Murrieta, 

CA) was collected from all children. For cases, the swab was collected within 36 hours of hospital 

presentation. All swabs were placed in 1mL Skim–Milk–Tryptone–Glucose–Glycerol–Broth (STGGB), 

vortexed for 30 seconds, and 2 x 500μl aliquots prepared. One aliquot was reserved for the detection 

of cytokines and respiratory bacteria and the other for detection of respiratory viruses. The aliquot for 

bacterial and cytokine measurements was centrifuged and the supernatant transferred into single-use 

aliquots and stored at -80°C for cytokine measurements. The pellet was stored at -80οC then subjected 

to nucleic acid extraction and quantitative PCR for four common pathogens as previously described. 

Presence 14 respiratory viruses and density of respiratory syncytial virus (RSV), influenza A virus, 

human metapnuemovirus (HMPV) and human rhinovirus (HRV) was measured in nucleic acid 

extracted from the other 500μL of media. The detail of laboratory procedure related to pathogen 

detection and density has been described previously (Bhuiyan, Snelling et al. 2018a).  

8.4.4 Cytokine detection in nasopharyngeal swabs 

An in-house multiplex bead-based immunoassay on the BioPlex® 200 system (Bio-Rad Laboratories, 

California, USA) that was previously applied to serum samples  was used to measure 11 cytokines, IL-
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1β, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-17, interferon (IFN)-γ, TNF-α and IP-10 concentrations 

(pg/mL) in the supernatant collected from the NP swabs (Blyth, Currie et al. 2011). In brief, primary 

antibodies were conjugated to carboxylated microspheres: IL-5, IL-6, IL-8, IL-10, IP-10 IFN-γ (BD); IL-

1β, IL-12p70, IL-13, IL-17, TNF- α (Bioscientific). The stored supernatant from the NP swabs was 

defrosted and diluted 1:2 in serum diluent (PBS containing 2% Heat inactivated fetal calf serum and 

0.05% Tween (Sigma-Aldrich)). Recombinant standards and controls were prepared using a known 

concentration of each cytokine (BD and Bioscientific). 50µL of standards, controls and diluted samples 

were added to a 96 well plate (Millipore) and 4000 beads per cytokine were added to each well. The 

plate was incubated on an orbital shaker at room temperature for 30 mins. After the incubation, 25μL 

of biotinylated secondary antibodies (BD and Bioscientific) was added to each well and incubated at 

room temperature for 30 mins on an orbital shaker. After incubation, wells were washed twice with 

wash buffer (PBS containing 1% bovine serum albumin, 0.25% Tween and 0.001% Sodium Azide) using 

a vacuum manifold (Bio-Rad). A 1:100 dilution of Streptavidin-PE (BD) was prepared, 100μL added to 

each well and incubated for 15 minutes under the same conditions. Plates were then washed again, 

125μL of wash buffer added and read on the Bioplex 200 system (Bio-rad). Mean fluorescence intensity 

data was acquired electronically in real-time and analysed using Bio-plex Manager 5.0 software. The 

concentration of cytokine in each sample was generated against a 7-point standard curve of known 

cytokine concentration and was expressed in pg/mL. The lowest limit of detection (LLD) was 2.44 

pg/mL for IL-1β, IL-5, IL-6, IL-10, IL-12p70, IFN-γ and TNF-α; 4.88pg/mL for IL-8, IL-13 and IL-17; and 

1.22 pg/mL for IP-10. 

8.4.5 Data management and analysis 

The cytokine concentration between cases and controls were compared. The cytokine concentration 

among cases with no detectable pathogen in the nasopharynx, detected with either virus or bacteria 

or both virus and bacteria were compared. The cases were further categorised into three groups based 

on presumed pneumonia aetiology: (a) confirmed bacterial pneumonia: cases with clinical empyema 
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or with at least one putative bacterial pathogen detected in blood or pleural fluid by culture or PCR 

(regardless of the detection of respiratory viruses in the NP); (b) presumed viral pneumonia: cases 

without empyema or bacteria detected in blood or pleural fluid, and with at least one respiratory virus 

detected in the NP (with or without bacteria detected in the NP); (c) other pneumonia cases: cases 

fulfilling neither of the criteria for confirmed bacterial or presumed viral (with or without bacteria 

detected in the NP). For continuous variables, means (95% CI) were reported for normally distributed 

data, otherwise, medians (interquartile range, IQR) were reported. To compare cases and controls, 

Pearson’s Chi-square test was used for comparing categorical variables, and Student’s t test, Wilcoxon 

ranksum test, or Fischer Exact test was used for continuous variables. Spearman’s correlation was 

performed to determine the relationship between pathogen density and cytokine concentration. For 

the cytokines that were significantly higher (p<0.05) in cases than controls, we assessed the utility of 

cytokine concentrations for distinguishing pneumonia cases from controls using the receiver operating 

characteristics (ROC); where an area under curve (AUC) value of 0.9 – 1.0 was considered excellent 

discrimination, 0.8 – 0.9 as good, 0.7 – 0.8 as fair, 0.6 – 0.7 as poor and 0.5 – 0.6 as a failed discriminator 

(Carter, Pan et al. 2016). An optimum cut-off threshold for cytokine concentration was determined 

using Youden index (Youden 1950). STATA version 13.0 (STATA corp, TX, USA) was used for all 

statistical analysis and data was plotted using GraphPad Prism 5.0 (GraphPad Software, CA, USA). 

 

8.5 Results 

Study population and pathogens detected in the nasopharynx 

A total of 230 children with radiologically-confirmed community-acquired pneumonia (cases) and 230 

healthy children (control) were enrolled. The demographic characteristics and existing co-morbidities 

among cases and controls are summarized (Table 8.1). More cases were born premature, had at least 
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one smoker in the household, and were Aboriginal than controls (for each, p<0.05). At least one 

species of respiratory virus was detected in the nasopharynx of 130 cases (56.5%) and 66 controls 

(28.6 %), and at least one bacterial species was detected in the nasopharynx of 165 cases (71.7%) and 

183 controls (79.5%), and presence of virus and bacteria was detected in 104 cases (45.2%) and 56 

controls (24.3%) (Bhuiyan et al., Thorax, 2018).  Among the cases, 30 had confirmed bacterial 

pneumonia: 9 cases with bacteraemia, 15 cases with empyema, and 6 cases with both bacteraemia 

and empyema; 118 had presumptive viral pneumonia including 98 cases co-detected with bacteria in 

NP; and 82 had no respiratory virus detected (defined as other pneumonia), with 51 of those cases 

with detectable respiratory bacteria in their NP.  

 

Table 8.1: Demographic characteristics in children with community-acquired pneumonia cases 
and healthy controls, Perth, Western Australia, May 2015 – October 2017 

Parameter Case N (%)  Control N (%) 
N 230 230 
Demographic and clinical data   
• Age   

• ≤12months 21 (9.1) 23 (10) 
• 1-5 years 126 (54.7) 157 (68.2) 
• 6-9 years 60 (26.1) 27 (11.7) 
• 10 – 17 years 23 (10.0) 23 (10.0) 

• Male sex 120 (52.1) 122 (53.0) 
• Aboriginal  21 (9.1) 2 (0.8) 
• Premature 32 (13.9) 17 (7.3) 
• Smoker at household 38 (16.5) 22 (9.5) 
Existing health conditions   

• Any co-morbidity 34 (14.7) 10 (4.3) 
• immunodeficiency 7 (3.0) 1 (0.4) 
• immunocompromised condition 5 (2.1) 0 (0.0) 
• congenital chromosomal abnormalitya 16 (6.9) 4 (1.7) 
• chronic respiratory illness 9 (3.9) 2 (0.8) 
• chronic neuromuscular disorder illness 9 (3.9) 2 (0.8) 
• Other conditionsb 2 (0.8) 0 (0.0) 

   
a: inclusive of congenital heart disease, cleft lip, diaphragmatic hernia, pulmonary airway 
malformation, cystic fibrosis, down syndrome, Hirschsprung’s disease, spina bifida, 
thalassemia, fetal alcohol syndrome and gastroschisis 
 b: one case had chronic cardiac disease and one case had an intracranial shunt 
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Inflammatory cytokines were elevated in the nasopharynx of cases versus controls but could 

not be used to differentiate pneumonia cases from controls 

Overall, a higher proportion of cases had detectable IL-6 (53% versus 33%; p<0.01), IL-8 (83% versus 

70%; p<0.01), IL-10 (12% versus 6%; p<0.01) and IL-12p70 (23% versus 14%; p<0.01) than controls. IL-

1β (28% versus 24%) and IP-10 (94% versus 91%) were detected in a similar proportion of cases and 

controls. Only a few cases and controls had IL-17 (n=3 versus n=1), TNF-α (n=8 versus n=4), IFN-γ (n=3 

versus n=0) and IL-5 (n=0 versus n=1) detected in their nasopharynx. IL-13 was not detected in any 

case or control. The log-transformed concentration of predominant cytokines in cases and controls 

were plotted (Figure 8.1). The median log-transformed IL-6 concentration was 1.7 log 10 pg/mL in cases 

and 1.6 log 10 pg/mL in controls (p<0.01), and the median log-transformed IP-10 concentration was 2.3 

log 10 pg/mL in cases and 2.1 log 10 pg/mL in controls (p=0.03). The concentration of other cytokines in 

Figure 8.1: Concentration of nasopharyngeal cytokines in children with community-acquired 
pneumonia (cases) and healthy children (controls) 
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the nasopharynx were similar between cases and controls (Figure 8.1). Based on frequent detection 

in cases and controls and the substantial differences in median concentration between cases and 

controls, further analysis was conducted on IL-6, IL-8 and IP-10. The AUC for using NP concentration 

of IL-6 to differentiate pneumonia cases from controls was 0.59 (95% CI: 0.51, 0.66), for IL-8 the AUC 

was 0.54 (95% CI: 0.48, 0.60) and for IP-10 the AUC was 0.60 (95% CI: 0.55, 0.66); all of which are 

considered poor discrimination scores.  

No relationship between NP cytokine concentrations and age of cases and controls 

The concentration of IL-6, IL-8 and IP-10 were plotted by age of cases and controls (Figure: 2-4). There 

was no relationship between specific cytokine concentration and age of participants although a 

decreasing trend of cytokine density with increasing age was observed for IL-6 (Spearman’s rank 

correlation, r= - 0.11, p=0.21), IL-8 (r= -0.18, p=0.05) and IP-10 (r= -0.05, p=0.45). The cytokine 

concentration was higher in children (both cases and controls) aged between 12 – 36 months than 

younger or older children (Figure: 8.2 – 8.4).   

Figure 8.2: Relationship between age and nasopharyngeal IL-6 concentration of community-
acquired pneumonia cases and healthy controls  

 

Figure legend: Inset shows IL-6 distribution in pneumonia cases aged 0-60 months 
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Figure 8.3: Relationship between age and nasopharyngeal IL-8 concentration of 
community-acquired pneumonia cases and healthy controls  

 

 

Figure legend: Inset shows IL-8 distribution in pneumonia cases aged 0-60 months 

 

 Figure 8.4: Relationship between age and nasopharyngeal IP-10 concentration of 
community-acquired pneumonia cases and healthy controls  

 

 

Figure legend: Inset shows IL-8 distribution in pneumonia cases aged 0-60 months 
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The timing of specimen collection in cases did not correlate with cytokine concentration 

Almost 65% of cases presented to hospital within 7 days of illness onset (25% within 3 days). The 

duration between onset of illness and specimen collection did not correlate with cytokine 

concentration for any of the predominant cytokines: IL-6 (r=0.16, p=0.06), IL-8 (r=0.06, p=0.36) or IP10 

(r=0.04, p=0.53). 

NP concentrations of IL-6 and IL-8 were strongly correlated with severity of pneumonia  

The concentration of IL-6, IL-8 and IP-10 in the NP of cases with severe pneumonia (as assessed by 

requirement of supplemental O2, intravenous fluid or both), compared to non-severe pneumonia 

(cases who did not require supplemental O2 or intravenous fluid) are compared in Table 8.2. Severe 

pneumonia cases had higher IL-6 (74 versus 29 pg/mL; p=0.0008), IL-8 (941 versus 500 pg/mL; 

p=0.0008) and IP-10 (225 versus 194 pg/mL; p=0.74) compared to non-severe pneumonia cases. The 

AUC for IL-6 to differentiate severe cases from non-severe cases was 0.70 (95% CI: 0.59, 0.80). Using 

Table 8.2: Median nasopharyngeal concentration of IL-6, IL-8 and IP-10 by severity indicators 
among pneumonia cases*  

Severity parameter IL-6 (pg/mL) IL-8 (pg/mL) IP-10 (pg/mL) 
Required supplemental O2 (n=116) 79.9  999.0 181.4 
Did not require supplemental O2 
(n=114) 

29.9 671.2 224.8 

 p=0.003 p=0.01 p=0.74 
    
Required intra-venous fluid (n=107) 80.0 991.7 231.3 
Did not require intra-venous fluid 
(n=123) 

36.2 563.3 198.2 

 p=0.01 p=0.002 p=0.80 
    
Required either supplemental O2 or 
intravenous fluid or both (n=150) 

73.8 941.4 225.3 

Did not require either supplemental O2 
or intravenous fluid (n=80) 

29.1 500.1 194.1 

 p=0.0008 p=0.0008 p=0.74 

*among participants who had detectable cytokines above the LLD 
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a concentration of ≥35 pg/mL, the sensitivity and specificity of IL-6 for detecting severe cases from 

non-severe cases was 72% and 69% respectively. The AUC for IL-8 to distinguish severe cases from 

non-severe cases was 0.64 (95% CI: 0.56, 0.72). Using a concentration of ≥641 pg/mL, the sensitivity 

and specific for IL-8 for detecting severe cases was 62% and 61% respectively.  The AUC for IP-10 to 

distinguish severe cases from non-severe cases was 0.51 (95% CI: 0.43, 0.59) and thus the density cut-

off was not measured. 

NP IL-6, IL-8 concentration were higher in CAP cases with co-presence of virus and bacteria in 

the nasopharynx and IP-10 was higher in cases detected with virus  

The median concentration of NP IL-6 and IP-10 was substantially higher in CAP cases who had both 

virus and bacteria detected compared to cases with no detectable pathogen, or bacteria in the 

nasopharynx (p<0.05 for each). Likewise, IL-8 was significantly higher in CAP cases who had co-

presence of both pathogens compared to cases with no detectable pathogen, or either detectable 

virus or bacteria in the nasopharynx (p<0.05 for each) (Table 8.3). CAP cases with detectable virus in 

the NP had substantially higher NP IP -10 concentration than cases with detectable bacteria (p<0.05) 

whereas concentration for IL-6 and IL-8 did not vary between cases with detectable virus and bacteria 

Table 8.3: Median nasopharyngeal concentration (IQR)* of IL-6, IL-8 and IP10 among children 
with pneumonia, by presence of pathogens in the nasopharynx 

Cytokine 

(pg/mL) 

No pathogen 

detected (n=39) 

Presence of virus 

only (n=26) 

Presence of bacteria 

only (n=61) 

Presence of both  

virus-bacteria (n=104) 

IL-6  37 (15 - 83)11 34 (16 – 40)10 25  (18 – 85)21 74 (30 – 201)80 a c 

IL-8  222 (108 - 587)28 325 (150 – 950)16 528 (164 – 1093)53 1218 (636 – 2869)94 a b c 

IP-10 120 (46 - 336)35 264 (106 – 554)24 c 103 (44 – 321)59 349 (144 – 855)99 a c 

*among participants who had detectable cytokines above the LLD; superscript value indicates number of 
cases with detectable cytokines above the LLD 
 
a= vs. no pathogen (p<0.05 for Wilcoxon ranksum test) 
b= vs. virus only (p<0.05 for Wilcoxon ranksum test) 
c=vs. bacteria only (p<0.05 for Wilcoxon ranksum test) 
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in the nasopharynx. We did not observe any pathogen specific elevation of cytokines among the cases 

(data not shown).  

NP pathogen-specific density was correlated with cytokine concentrations in children with CAP 

The correlation between NP respiratory pathogen density and cytokine concentration among cases 

were assessed (Table 8.4). For the viruses, a positive correlation was observed between NP RSV density 

and IL-6 concentration (correlation coefficient, r=0.52, p=0.005), and IL-8 concentration (r=0.45, 

p==0.006). Influenza A density in the NP was positively associated with IP-10 only concentrations 

(r=0.42, p=0.01). HRV density in the NP was positively associated with IL-8 (r=0.50, p=0.03) and IP-10 

concentrations in the NP (r=0.58, p=0.0009). For the bacteria, the density of S. pneumoniae, H. 

influenzae, M. catarrhalis and S. aureus in the NP were positively associated with concentrations IL-6 

and IL-8 concentrations in the nasopharynx but not with IP-10 concentrations.   

 

Table 8.4: Correlation coefficient value for relationship between pathogen density and 
nasopharyngeal cytokine concentration in children* with pneumonia 

Pathogen IL-6 IL-8 IP-10 

RSV 0.51 0.45 0.28 

Influenza A -0.05 -0.12 0.47 

HMPV 0.03 0.11 0.21 

HRV 0.50 0.36 0.58 

Streptococcus pneumoniae 0.37 0.50 0.42 

Haemophilus influenzae 0.50 0.47 0.12 

Moraxella catarrhalis 0.28 0.47 0.22 

Staphylococcus aureus 0.37 0.40 0.03 

 
Bold values indicate Spearman’s correlation coefficient, r, has p<0.05 
  *among participants who had detectable cytokines above the LLD; 
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NP cytokines concentrations were higher in presumed viral pneumonia cases but could not 

reliably differentiate them from confirmed bacterial pneumonia cases  

The distribution of IL-6, IL-8 and IP-10 concentrations in case groups based on the clinical and 

microbiological findings are summarized in Table 8.5. Presumed viral pneumonia cases had higher 

median NP IL-6, IL-8 and IP-10 concentrations compared to cases with confirmed bacterial pneumonia 

and to other pneumonia cases. The AUC for IL-6 concentration to differentiate presumptive viral 

pneumonia from confirmed bacterial pneumonia was 0.66 (95% CI: 0.49, 0.83) and the cut-off 

concentration was ≥33 pg/mL with a sensitivity of 71% and specificity of 69%. The AUC for IL-6 

concentration to differentiate presumptive viral pneumonia from other pneumonia was 0.59 (95% CI: 

0.46, 0.72) and the cut-off concentration was ≥38 pg/mL with a sensitivity of 69% and specificity of 

58%. The AUC for IL-8 concentration to differentiate presumptive viral pneumonia from confirmed 

bacterial pneumonia was 0.60 (95% CI: 0.49, 0.73) and the cut-off concentration was ≥293 pg/mL with 

a sensitivity of 85% and specificity of 40%. The AUC for IL-8 concentration to differentiate presumptive 

viral pneumonia from other pneumonia was 0.70 (95% CI: 0.61, 0.78) and the cut-off concentration 

Table 8.5: Median nasopharyngeal concentration (IQR)* of nasopharyngeal IL-6, IL-8 and IP10 
among children with confirmed bacterial pneumonia, presumed viral pneumonia and other 
pneumonia  

Cytokine Confirmed bacterial 

pneumonia (N=30)  

A 

Presumed viral pneumonia  

(N=118) 

B 

Other pneumonia (N=82) 

 

C 

IL-6 25.0 (18.4 – 53.6)13 70.0 (29.9 – 197.1)83 a 32.2 (19.1 – 135.6)26 

IL-8 918.3 (208.8 – 1335.5)25  999.3 (435.4 – 2237.8)101  255.9 (152.7 – 1020.2)65 

IP-10 85.8 (43.9 – 250.8)30 315.2 (144.3 – 784.8)111 a b 126.6 (51.8 – 478.1)76  

  *among participants who had detectable cytokines above the LLD;  

Table legend: a=Wilcoxon ranksum test compared A and B, p<0.05; b= Wilcoxon ranksum test compared B 
and C, p<0.05; superscript value indicates number of cases with detectable cytokines above the LLD; 
Presumed viral pneumonia= Pneumonia cases without confirmed bacterial pneumonia but detection of virus 
in nasopharynx, may or may or may not have bacterial colonization and no pathogens; Other pneumonia= 
Pneumonia cases without confirmed bacterial pneumonia or presumed viral pneumonia, may or may not 
have bacterial colonization and no pathogens. 
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was ≥291 pg/mL with a sensitivity of 85% and specificity of 51%. The AUC for IP-10 concentration to 

differentiate presumptive viral pneumonia from confirmed bacterial pneumonia was 0.73 (95% CI: 

0.63, 0.82) and the cut-off concentration was ≥122 pg/mL with a sensitivity of 77% and specificity of 

67%. The AUC for IP-10 concentration to differentiate presumptive viral pneumonia from other 

pneumonia was 0.64 (95% CI: 0.56, 0.72) and the cut-off concentration was ≥160 pg/mL with a 

sensitivity of 73% and specificity of 59%.  

8.6 Discussion 

This study has assessed the local production of cytokines in nasopharyngeal specimens from children 

hospitalized with radiologically-confirmed pneumonia and compared this with nasopharyngeal 

specimens from contemporaneous controls. Our study has three major findings:  (a) pneumonia cases 

had increased concentrations of IL-6 and IP-10 in the nasopharynx than healthy controls, and severe 

pneumonia cases had higher concentration of IL-6 and IL-8 than non-severe cases.; (b) cases co-

detected with respiratory viruses and bacteria in their nasopharynx had significantly higher 

concentrations of nasopharyngeal IL-6 and IL-8 than cases with no detectable pathogen or detected 

with either virus or bacteria, and (c) there was a positive relationship between nasopharyngeal IP-10 

concentration and viral presence and density in CAP cases. While we have shown differences in pro-

inflammatory cytokines concentration between groups, the modest sensitivity and specificity at 

measured cut-off concentrations suggests that these cytokines, in isolation, have a limited ability for 

differentiate cases from controls or severe from non-severe cases or presumed viral from bacterial 

cases in clinical settings. 

Pro-inflammatory cytokines and chemokines, such as IL-6 and IL-8, are upregulated during the early 

phase of infection by several immune cells such as dendritic cells, macrophages and monocytes. IL-6 

is stimulated by the T-helper (Th) cells and macrophages and IL-8 is a chemokine that controls the 

activation of neutrophils and recruitment at the site of infection through a complex signalling 
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mechanism. Microbial invasion of the nasal epithelial cells stimulates the cytokine signalling pathways 

to produce an influx of inflammatory cytokines in the airway (Eckmann, Kagnoff et al. 1993, Dembic 

2015, King and Sharma 2015). While a few studies previously measured cytokine concentration in 

nasal wash or nasopharyngeal aspirate from children with ARI, none of those previous studies 

compared nasopharyngeal or nasal cytokine concentration between ARI cases and controls. 

Additionally, the local immune response in the upper respiratory tract, nasopharynx, for the infections 

in the lower respiratory tract, particularly pneumonia, is unclear. 

Previous studies found concentration of nasopharyngeal IL-6 and IL-8 was higher in children with ARI 

compared to mildly ill children (Noah, Henderson et al. 1995, Laham, Israele et al. 2004, Ugonna, 

Douros et al. 2016) and was associated disease severity (Sheeran, Jafri et al. 1999, Faber, Groen et al. 

2012). Findings from our case-control study confirms IL-6 and IL-8 are key inflammatory cytokines; 

produced in higher concentration in the nasopharynx during pneumonia compared with healthy state. 

Additionally, raised nasopharyngeal concentration for IL-6 and IL-8 in hypoxic cases suggests the utility 

of nasopharyngeal cytokines in recognizing more severe cases. Our findings are also in line with other 

studies that showed increased concentration of IL-6 and IL-8 in response to viral and bacterial infection 

(Khair, Davies et al. 1996, Sheeran, Jafri et al. 1999, Gomez and Prince 2008, Breindahl, Rieneck et al. 

2012, Ugonna, Douros et al. 2016). In this study, clinically presumed viral pneumonia cases (a high 

proportion of which also had bacterial colonization in the nasopharynx) had higher concentration of 

inflammatory cytokine IL-6 and IL-8 than cases without detectable viruses (other pneumonia) and with 

confirmed bacterial pneumonia. We do not have clear understanding, but it could be that presence of 

both virus and bacteria in the nasopharynx synergistically induced the local immune system to release 

increased pro-inflammatory cytokines. This finding is consistent with another study that showed 

higher pro-inflammatory cytokines in serum from severe pneumonia cases with mixed viral – bacterial 

infections compared with cases with single bacterial or viral pathogen (Karhu, Ala-Kokko et al. 2018). 

The positive correlation between IL-6 and IL-8 concentration with density for both bacterial and viral 
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pathogens in our cases further support that pro-inflammatory mediators IL-6 and IL-8 are released 

regardless of type of pathogen(s) is associated with the infection. We are not aware of studies that 

assessed nasopharyngeal pathogen density and cytokine response in pneumonia patients, but 

previous studies among pneumonia and cystic fibrosis patients found relationship between bacterial 

and viral density and cytokine concentration in BAL fluid (Armstrong, Grimwood et al. 1997, Bohnet, 

Kotschau et al. 1997).  

IP-10, an IFNγ - induced protein, is expressed in Th-1 type inflammatory disease and serves to attract 

T-cells at the site of infection (Liu, Guo et al. 2011). Serum IP-10 has been reported as an important 

immune marker in the pathogenesis of Influenza A, including Influenza A (H1N1) 2009 pandemic strain 

and H5N1-associated severe infections, and HRV-associated asthma exacerbation (Thitithanyanont, 

Engering et al. 2010, Kim, Kim et al. 2011, Wood, Powell et al. 2011). In vitro experiments using human 

airway epithelial cells has demonstrated increased production of IP-10 production to HRV infection 

(Spurrell, Wiehler et al. 2005) and influenza A (H5N1) infection (Chan, Cheung et al. 2005). In addition, 

elevated concentrations of IP-10 were detected in respiratory specimens from patients with upper 

respiratory infections with HRV (Spurrell, Wiehler et al. 2005). In our study, we have demonstrated 

that increased NP IP-10 concentration was associated with the presence of respiratory viruses and 

specifically density for influenza and HRV in the nasopharynx of cases. Interestingly, no correlation 

between bacterial density and IP-10 concentrations was determined. Our data using nasopharyngeal 

samples extends the previous observations in serum samples to endorse IP-10 as potential biomarker 

for viral ARI. While we could not determine a reliable cut-off concentration to differentiate presumed 

viral pneumonia from confirmed bacterial pneumonia in a clinical setting, further research should 

explore the utility of raised nasopharyngeal IP-10 concentrations to identify patients with viral 

respiratory infections. Ultimately this could lead to development of a cytokine-based diagnostic tool 

to guide targeted therapy, particularly in settings where viral detection methods are not available.    
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The majority of previous studies in patients with acute respiratory infections including pneumonia 

have measured cytokines in serum and shown raised systemic concentrations of several cytokines, 

particularly IL-6, IL-8 and IP-10 (Cheung, Poon et al. 2005, Calbo, Alsina et al. 2008, Endeman, Meijvis 

et al. 2011, Kim, Kim et al. 2011, de Brito, Lucena-Silva et al. 2016, Hoffmann, Machado et al. 2016, 

Nguyen Thi Dieu, Pham Nhat et al. 2017). We used nasopharyngeal swab which is a non-invasive and 

easy to collect procedure compared to blood collection, particularly from young children and is 

frequently used in pathogen identification and density assessment in pneumonia research (Clark 2015, 

Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015, Baggett, Watson et al. 2017, Feikin, Fu et al. 

2017, Park, Baggett et al. 2017). Importantly, findings on the nasopharyngeal cytokine profile and the 

association with disease severity among pneumonia cases in this study correlate with the systemic 

inflammatory profile described in other studies recruiting children with ARI with or without lower 

respiratory tract involvement. This suggests that nasopharyngeal swabs could be a pragmatic and 

easily collected surrogate to assessing the systemic inflammatory response, however, this approach 

needs more validation by simultaneous comparison of NP and blood samples before use in clinical 

settings.  

The major strength of this study is the comparison of nasopharyngeal cytokine concentrations 

between radiologically-confirmed pneumonia cases and healthy control. A few studies previously 

assessed local inflammatory responses in the nasopharynx in childhood ARI and have mostly compared 

severe cases with mild cases rather than including a control group. To our knowledge, this is the largest 

study in high-income countries to investigate the nasopharyngeal cytokine profile among pneumonia 

cases and controls during post-pneumococcal conjugate vaccine era, enabling an assessment between 

the local inflammatory response and case status, age, clinical severity and pathogen detection and 

density. Despite these strengths, there are some limitations in this study. We measured inflammatory 

responses from nasopharyngeal swabs stored in STGG broth, which is a protein-rich medium and may 

confound cytokine assessment. We did not measure the total protein in our swabs to adjust for 
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background protein concentrations, however, each swab was stored in the same volume of STGG 

broth and an equal number of cases and controls were assayed in each batch, suggesting that any 

impact of the medium on cytokine measurements is limited. We measured cytokines from one 

specimen per child and thus could not confirm if the cytokine concentration represented the peak 

stage of illness. Systematic collection of multiple specimens during the course of illness would be 

required to provide information on the dynamics of local cytokine concentrations production. ARI 

involving both the upper and lower respiratory tract can occur concurrently in children. Our use of 

nasopharyngeal specimen may mean that the differences we see in this study reflect differences 

between ARI and no-ARI, rather than pneumonia and no-pneumonia. 

In summary, our data reveal elevated local production of IL-6, IL-8 and IP-10 in the nasopharynx during 

pneumonia episodes in children, and these concentrations are associated with the severity of 

pneumonia. The concentration of nasopharyngeal inflammatory cytokines alone, however, does not 

reliably differentiate pneumonia cases from controls, or severe from non-severe pneumonia in clinical 

settings. We found raised IP-10 in the nasopharynx may be an immune marker for virus-associated 

pneumonia but confirmation is required. While nasopharyngeal specimens have shown potential to 

be a useful substitute for measuring cytokines in blood, future research should explore measuring 

cytokines in matched nasopharyngeal swab and serum sample to confirm the diagnostic utility of 

nasopharyngeal swab. Incorporation of nasal cytokine data with other clinical, radiological and 

microbiological parameters may improve differentiation of bacterial from viral pneumonia, and 

thereby guide treatment. 
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CHAPTER NINE: GENERAL DISCUSSION 

9.1 Chapter outline 

This chapter summaries together the main findings of the research presented in the thesis and 

describes the impact of these findings both on the diagnosis and management of childhood 

pneumonia. Proposed and additional research projects to answer some key questions generated from 

this thesis are highlighted.     

 

9.2 Summary of the major findings 

9.2.1. Contribution of respiratory pathogens to pneumonia  

The thesis extends our understanding of the contribution of respiratory viruses and bacteria to 

childhood pneumonia. The findings presented in Chapter 3 (systematic review) and Chapter 5 (primary 

aim) confirm and extend our understanding of the significant contribution of respiratory viruses to 

childhood pneumonia. These data are generated through a systematic review of published literatures 

and a carefully-designed case-control study, the largest of its kind in a high-income setting in post 

introduction of childhood pneumococcal vaccination. The case-control study was established to 

overcome the methodological limitations of previous case-control studies by enrolling 

contemporaneous healthy controls with sufficient power to assess the contribution of specific viruses 

and bacteria to childhood pneumonia (Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015). This 

study continues enabling further in-depth analysis of prospectively collected data.    

The proportion of cases and controls with detectable respiratory viruses in the case-control study is 

consistent with previous epidemiological studies in similar settings (Cilla, Onate et al. 2008, Jain, 
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Williams et al. 2015, Berg, Inchley et al. 2016). It is estimated that at least 44% of all childhood 

pneumonia-associated hospitalisation in Western Australia can be attributed to respiratory viruses.  

Previous research and meta-analysis have reported young children aged < 5 years to be at high risk for 

viral pneumonia with the risk highest in children <2 years (Nair, Nokes et al. 2010, Shi, McAllister et al. 

2017). Our data confirms that viral pneumonia is more frequent during the first two years of life. We 

have estimated that RSV causes 20% (95% CI: 15, 26) of childhood pneumonia, making it the leading 

viral contributor followed by HMPV (10% (95% CI: 6, 14)), influenza (6% (95% CI: 3, 10) and adenovirus 

(4% (95% CI: 1, 7)).  

Detection of HRV in asymptomatic children is common (Jartti, Jartti et al. 2008, Moore, Jacoby et al. 

2010, Jansen, Wieringa et al. 2011). Although HRV was detected in 16% of our cases, it was detected 

in a similar proportion of healthy controls (17%). While the high value of adjusted odds ratio for 

detection of RSV (aOR: 58) and HMPV (aOR: 37) in children with pneumonia suggest that both viruses 

are important contributors to pneumonia, HRV appears to contribute little to childhood pneumonia in 

our population. This finding is consistent with previous case-control studies from similar settings that 

failed to show a significant association between HRV and development of LRTI in children (Singleton, 

Bulkow et al. 2010, Jain, Williams et al. 2015, Rhedin, Lindstrand et al. 2015). We had limited power 

to assess if any particular species of HRV (HRV-A & HRV-C) were more prevalent among cases than 

controls. Reported associations of specific HRV types with pneumonia are conflicting; RV-A was 

associated with pneumonia and RV-C with wheezing in some studies (Bizzintino, Lee et al. 2011, 

Esposito, Daleno et al. 2012), but not in another study (Lu, Wo et al. 2014).  

The detection of bacteria in the nasopharynx of children with pneumonia and healthy controls was 

similar for all bacterial species in this study except Mycoplasma pneumoniae. The adjusted odds ratio 

for the detection of M. pneumonia (aOR: 15) in children with pneumonia confirms the important 

contribution of this pathogen to childhood pneumonia, particularly pneumonia in older children. 
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These results are supported by other case-control study in the US (Jain, Williams et al. 2015). Although 

our results suggest a lesser overall contribution of bacteria to childhood pneumonia than viruses, 

these data, largely derived from upper respiratory specimens should not be interpreted to 

demonstrate that other bacteria, including S. pneumonia and H. influenzae, have a limited role in 

childhood pneumonia. An inability to sample the lower respiratory tract remains a limitation of studies 

assessing the bacterial aetiology of pneumonia. Globally, S. pneumoniae and H. influenzae have been 

a leading bacterial cause of pneumonia. The burden of bacterial pneumonia has significantly decreased 

with implementation of pneumococcal and Hib conjugates vaccines in most high-income settings 

including Australia (Isaacman, McIntosh et al. 2010, Koshy, Murray et al. 2010, Weil-Olivier, van der 

Linden et al. 2012, Griffin, Mitchel et al. 2014, Fathima, Blyth et al. 2017). Despite vaccination, S. 

pneumoniae remains the most commonly detected species in bacteraemia pneumonia and empyema 

demonstrating the small but ongoing contribution of such bacteria to pneumonia. 

9.2.2. Relationship between nasopharyngeal pathogen density and disease status  

While determining the attribution of viral and bacterial pathogen to childhood pneumonia, we found 

the distribution of some pathogens (HRV and several bacterial species) were similar across case and 

control groups (Chapter 5). We further measured nasopharyngeal density of respiratory pathogens to 

determine if the density varied between cases and controls and whether this could be used to 

distinguish symptomatic from asymptomatic infections more accurately.  

Previous studies that have assessed nasopharyngeal density found higher viral and bacterial density 

in pneumonia cases than in asymptomatic controls or in children with mild respiratory infections 

(Bosis, Esposito et al. 2008, Jansen, Wieringa et al. 2011, Fuller, Njenga et al. 2013, Baggett, Watson 

et al. 2017, Feikin, Fu et al. 2017, Park, Baggett et al. 2017), however, other studies have failed to find 

the differences (Franz, Adams et al. 2010, Jansen, Schinkel et al. 2010). Many of those studies had 
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small sample size, lacked an appropriate comparative group and utilized less specific assay methods 

for density measurement than ours.  

Using the molecular laboratory technique, qPCR, our study has shown that the absolute 

nasopharyngeal densities of most respiratory viruses and bacteria are not substantially higher in cases 

than controls. Additionally, we could not determine a reliable density threshold for specific viruses 

and bacteria enabling one to distinguishing cases from controls, or children with confirmed bacterial 

pneumonia from other pneumonia cases – consistent to previous case-control studies including the 

PERCH study in multiple LMICs, confirming the limited variability of pathogen density despite 

heterogeneity in study settings (Rhedin, Lindstrand et al. 2015, Baggett, Watson et al. 2017, Feikin, Fu 

et al. 2017, Park, Baggett et al. 2017).   

We further determined that cases with viral coinfection had higher bacterial density, particularly for 

S. pneumoniae and H. influenzae, than cases without viral co-infection. The positive interaction 

between S. pneumoniae and H. influenzae density and viral co-infection has been described in several 

studies and in animal models (Diavatopoulos, Short et al. 2010, Vu, Yoshida et al. 2011, Wolter, Tempia 

et al. 2014). Viruses have been found to facilitate bacterial proliferation in several ways: the 

inflammatory response to viral infection leads to expression of epithelial receptors that bacteria attach 

to, enables bacterial penetration of the respiratory epithelium barrier and alteration of mucous 

property; this provides a favourable environment for bacteria colonization (Marom, Nokso-Koivisto et 

al. 2012).  

While the overall absolute density was not higher in cases than controls, we found that cases had 

increased RSV, influenza A and HMPV density when compared with controls after adjusting for 

demographic factors and the density of other pathogens, consistent to findings from the PERCH study. 

The findings on nasopharyngeal pathogen density support our previous observation (Chapter 5) that 

RSV, influenza A and HMPV are important viral contributors to childhood pneumonia, however, we 
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note that the nasopharyngeal pathogen density, in isolation, has limited clinical usefulness for 

distinguishing symptomatic from asymptomatic infection.         

9.2.3. Utility of serum biomarker and clinical symptoms  

The major respiratory viral and bacterial pathogens that contribute, both qualitatively and 

quantitatively, to childhood pneumonia in our setting have been demonstrated in Chapter 5 and 

Chapter 6. Nonetheless, it remains important, particularly for clinicians, to be able to quickly identify 

the probable aetiology of pneumonia for individual case management including to decide whether to 

prescribe antibiotics and if so, what antibiotic to use. Although the advent of highly sensitive molecular 

laboratory techniques has enabled researchers to identify many infectious agents, the laboratory 

results are rarely available when treatment decisions are made and as has been shown for some 

pathogens, a positive nasopharyngeal detection may not be indicative of symptomatic infection. A 

rapid point of care diagnostic tool could provide necessary aetiological guidance to aid more targeted 

and judicious use of antibiotics and antivirals. In Chapter 7, we explored the utility of factors such as 

clinical presentations and blood inflammatory markers, alone and in combination, for discriminating 

confirmed bacterial pneumonia cases (who had bacteria detected from blood or pleural fluid or 

diagnosed with empyema) from probable viral pneumonia cases (negative for confirmed bacterial 

pneumonia but who had detectable viral pathogen in the nasopharynx).  

As has been reported by other researchers (Huijskens, Koopmans et al. 2014), we observed that clinical 

signs and symptoms in cases with bacterial and viral pneumonia overlap and thus differentiating based 

on clinical characteristics alone remains unreliable. We found that the C-reactive protein (CRP) level 

in blood was substantially higher in cases with confirmed bacterial pneumonia than presumed viral 

pneumonia cases and this is therefore likely to be a reasonable discriminator of bacterial from viral 

pneumonia cases, similar to previous studies (Virkki, Juven et al. 2002, Elemraid, Rushton et al. 2014). 

We have also determined an optimum threshold level for CRP (≥72mg/L) for distinguishing definite 
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bacterial pneumonia from presumed viral and other pneumonia cases. However, this CRP cut-off could 

still have limited practical application at clinical settings because of low positive predictive value (53%).  

To our knowledge, the utility of combining clinical symptoms with biomarker levels for differentiating 

definite bacterial from other pneumonia cases has rarely been investigated before now. We have 

demonstrated that combining elevated CRP level (≥72mg/L) with respiratory symptoms such as 

presence of fever (≥38⁰C) or the absence of rhinorrhoea will further improve the overall diagnostic 

value over CRP alone. This combination increases the positive predictive value for definite bacterial 

pneumonia to 63- 87% and the specificity to 90-98%, respectively with little loss of sensitivity (1.5-

2.6%). These findings appear to confirm that a single factor, whether clinical symptoms or biomarker, 

is not sufficient for reliably distinguishing the probable aetiology of pneumonia, however, the 

combination of multiple factors may aid better diagnosis and guide targeted therapy and warrants 

further research. 

9.2.4 Nasopharyngeal level of cytokines and chemokines as immune signature 

The nasopharyngeal density of some pathogens, and the combination of blood biomarkers with clinical 

symptoms differed among pneumonia cases versus asymptomatic controls and among bacterial 

versus viral pneumonia cases in our study population, however, these are likely to have limited 

application in clinical setting as individual differentiating factors (Chapter 6 and 7).  

This study provided the opportunity to further explore and compare the host immune profile (cytokine 

and chemokine response) in the nasopharynx of pneumonia cases and contemporaneous healthy 

controls to determine if there was a distinct immune signature that could help in the effective 

diagnosis of pneumonia and determination of the probable aetiology. Most previous studies have 

assessed the systemic level of cytokines in children with ARI. While a few studies used 

nasal/nasopharyngeal specimens, the nasopharyngeal cytokines were generally only assessed among 

severe/mild ARI cases and not in healthy controls (Hayden, Fritz et al. 1998, Joshi, Shaw et al. 2003, 
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Faber, Groen et al. 2012, Bertrand, Lay et al. 2015). Thus, nasopharyngeal cytokine levels in 

asymptomatic children had rarely been determined and hence, the utility of nasopharyngeal immune 

response as a tool to distinguish pneumonia cases from healthy controls or for determining the 

probable aetiology in children remained unexplored.  

In this study, we have found that the level of some acute phase pro-inflammatory cytokines IL-6, IL-8 

and IP-10 were substantially greater in the nasopharynx of children with pneumonia than in healthy 

controls. Elevated levels of nasopharyngeal IL-6 and IL-8 were found in more unwell children (those 

who were hypoxic or required supplemental intravenous fluid) compared to other cases who didn’t. 

Our findings are consistent with previous studies that measured systemic cytokines in children with 

ARI, suggesting the potential benefit of measuring airway inflammatory responses using 

nasopharyngeal specimens rather than blood should be explored further.  

The nasopharyngeal IL-6, IL-8 and IP-10 levels were low in young infants (<12 months) with pneumonia 

compared to children aged 13 – 36 months, suggesting very young children may have limited capacity 

to produce nasopharyngeal inflammatory response. Lower production of immune response in early 

life may be related to physiologic immaturity of the immune system.  Greater immune responses in 

older children with ARI than very young children have been previously described (Simon, Hollander et 

al. 2015, Nguyen Thi Dieu, Pham Nhat et al. 2017).  

We found each of IL-6 and IL-8 concentration was substantially higher in pneumonia cases with co-

presence of viruses and bacteria in the nasopharynx.  This finding suggests a synergistic effect of virus 

and bacteria to induce increased inflammatory response in the nasopharynx, consistent to a study that 

reported higher systemic inflammatory response in pneumonia cases with mixed infection (Kahru et 

al 2018). In addition, a positive correlation between IL-6 and IL-8 concentration and both viral and 

bacterial nasopharyngeal density in pneumonia cases indicate that these cytokines are key 

inflammatory response against viral and bacterial infections. Higher NP IP-10 concentration in our 
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cases with detectable viruses than cases with detectable bacteria in the nasopharynx and a positive 

relationship between the IP-10 level and viral density in the nasopharynx of cases suggests raised NP 

IP-10 could be an indication of viral respiratory infection  These data supports findings from other 

studies that recognized elevated serum IP-10 concentration as a potential immune marker for severe 

viral respiratory infection (Kim, Kim et al. 2011, Wood, Powell et al. 2011).  

We demonstrated that measuring cytokines in nasopharyngeal specimens of children may be a useful 

and feasible substitute for measuring them in blood. While we showed the nasopharyngeal level of IL-

6 and IL-8 are higher in severe pneumonia than in non-severe cases or controls, nasopharyngeal 

inflammatory cytokines alone could not reliably differentiate pneumonia cases from controls, or 

severe from non-severe pneumonia in clinical settings due to poor sensitivity and specificity at various 

thresholds. Raised IP-10 in the nasopharynx appear to be an immune signature for virus-associated 

pneumonia, but confirmation is required before this could be usefully applied in clinical settings. It is 

possible that the combination of one or more cytokines with blood inflammatory biomarkers and 

clinical features might provide greater differentiation of severity and aetiology. 

 

9.3 Implication of research findings 

Our results have important implications for pneumonia case management in high-income hospital 

settings where antibiotics are frequently used to treat pneumonia in children. We confirmed that 

respiratory viruses are significant contributors to the burden of childhood pneumonia in high-income 

highly vaccinated populations. This means, many virus-associated pneumonia cases receive antibiotics 

with little or no benefit and the significant potential for harm. WHO recognises antimicrobial 

resistance is one of the key public health challenges in this century (World Health Organization (WHO) 

2012). Early diagnosis of viral pneumonia, or early exclusion of bacterial pneumonia, is necessary to 

guide appropriate treatment and avoid unnecessary antibiotic therapy thereby lessening the risk of 
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antibiotic resistance. Findings of this thesis suggests that there is scope for clinicians to be more 

cautious in prescribing antibiotics when treating pneumonia in settings like ours with high vaccination 

coverage. Data presented highlight that pathogen density and local cytokine production in 

nasopharynx, in combination with clinical signs and symptoms and blood markers, are promising 

candidates for use in rapid diagnostic tools enabling case identification or to differentiate bacterial 

from viral pneumonia.  In isolation, however, none are reliable enough for use in clinical setting to 

guide treatment plan. Given the complexity of interactions between multiple factors, further work to 

explore the integration of clinical, radiological, microbiological and nasal immune profile data into 

multi-component diagnostic algorithms is required for effective diagnosis of pneumonia cases and to 

guide cautious use of antibiotics and targeted antiviral therapy. 

In addition, this thesis has provided the most comprehensive estimates on burden of childhood 

pneumonia associated with respiratory viruses in Australian children which could benefit the ongoing 

efforts for vaccine development. Our data confirms that RSV remains a major cause of hospitalisation 

with childhood pneumonia and should be the primary focus for preventative and treatment strategies. 

This finding underscores the critical need for an effective RSV vaccine for Australian children as it is 

needed for children in other parts of the world. Unfortunately, except influenza, there is no 

commercially available vaccine against to any respiratory viruses including RSV. Development of RSV 

vaccines has gained momentum in last decade (Neuzil 2016). Recently, maternal RSV immunisation 

has also been found promising approach for protecting young children from RSV infection and a new 

particle-based maternal RSV vaccine is currently in phase 3 clinical trial (PATH 2018). In absence of 

effective RSV vaccine, a monoclonal antibody, palivizumab, has shown to reduce RSV-complications 

by around half in randomised controlled trials among high risk children with immunodeficiencies, 

congenital heart disease or chronic lung disease (The IMpact-RSV Study Group 1998, Wegzyn, Toh et 

al. 2014). However, the high cost of palivizumab has limited its use to specific populations in HICs. This 

thesis has also demonstrated the important contribution that HMPV and influenza in childhood 
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pneumonia. Vaccines against other viruses such as HMPV and HPIV are currently under development 

(Schmidt, Schaap-Nutt et al. 2011, Ren, Phan et al. 2015). Uptake of influenza vaccine in paediatric 

population is not optimal in our setting (<20%) and there is renewed interest in developing more 

effective influenza vaccines (Blyth, Macartney et al. 2018). Efforts to improve influenza vaccine 

coverage would not only benefit in reducing severe influenza-associated complications but also 

pneumonia burden in children. Once the upcoming vaccines become available, our data could guide 

policy makers to select appropriate vaccines and the priority recipients to achieve maximum health 

benefits. Furthermore, data from this thesis could serve as baseline to assess the vaccine effectives 

after its implementation.  

 

9.4 Contribution of the thesis to the field 

The work conducted in this thesis has contributed to the field in the following ways: 

1. The systematic review and meta-analysis have described the prevalence of respiratory virus-

specific childhood pneumonia globally and the multivariate meta-regression has allowed to identify 

the factors accounting for observed heterogeneity. This is the most comprehensive systematic 

review on the prevalence of respiratory viruses in CAP among children of all ages, from all countries, 

and irrespective of test methods used (Chapter 3).      

2. Respiratory viruses contribute to at least 44% of childhood pneumonia hospitalisation in Australia. 

RSV is the leading contributor for virus-associated pneumonia in young children who required 

hospitalisation. This study is the most comprehensive aetiological data on childhood pneumonia in 

Australian context (Chapter 5).  

3. While respiratory pathogens are found in both pneumonia cases and healthy children, the density 

of several pathogens in upper respiratory tract is higher in children with pneumonia than in 

asymptomatic controls. This is the first report of the relationship between nasopharyngeal absolute 
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pathogen density and pneumonia adjusted by density in asymptomatic colonization in HICs 

(chapter 6).  

4. While the blood CRP level has showed some utility for distinguishing bacterial from viral 

pneumonia, combining the CRP with clinical symptoms improves its diagnostic value. This is one of 

the few studies that has combined the symptoms and blood markers for its purpose (chapter 7). 

5. By comparing locally produced inflammatory immune markers in upper respiratory tract between 

children with pneumonia and healthy controls, this study demonstrated raised nasopharyngeal 

level of IL-6 and IL-8 in children with pneumonia was associated disease severity and elevated level 

of IP-10 may be an immune marker for viral pneumonia – this is the largest study to report the 

nasopharyngeal immune profile in children with pneumonia contrasted with that in healthy 

children (chapter 8).  

9.5 Future directions 

The aim of this thesis was to extend our understanding of the role of respiratory viruses and bacteria 

to childhood pneumonia in the conjugate pneumococcal vaccine era. Evidence from radiologically 

confirmed pneumonia cases and age-group matched healthy controls has improved our knowledge 

about the key contributors to childhood pneumonia, both qualitatively and quantitatively, and 

therefore of potential targets for preventive strategies.    

While the burden of S. pneumoniae in childhood pneumonia has been successfully reduced by 

conjugate pneumococcal vaccines, there are reports of emerging non-vaccine serotypes causing 

invasive pneumococcal disease in children (Bekri, Cohen et al. 2007, Munoz-Almagro, Jordan et al. 

2008). The work in this thesis found similar nasopharyngeal colonization rates and density of S. 

pneumoniae in children with pneumonia and healthy children, however the distribution of specific S. 

pneumoniae serotypes in the nasopharynx in study groups were not investigated. Further investigation 

of the colonization of S. pneumoniae serotypes among cases and matched controls will be relevant for 
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understanding the importance of specific serotypes in childhood pneumonia during the 13vPCV 

pneumococcal vaccine era and to identify serotypes for inclusion in future multivalent vaccines.  

Longitudinal studies that collect specimens at multiple time points over the course of illness are 

required to extend our understanding on the dynamics of pathogen density and progression of 

pneumonia. Similarly, longitudinal studies are needed to better investigate host mucosal responses in 

symptomatic and asymptomatic children for better understanding of the relationship between 

immune response and disease.            

Future work should support the development of an effective point-of-care diagnostic tools for 

childhood pneumonia. We have demonstrated that using a non-invasive nasopharyngeal swab, in 

addition to pathogen identification and assessment of pathogen density, local production of host 

mucosal immune response in the nasopharynx can be assessed. Data collected on clinical, 

microbiological and immunological aspects from pneumonia cases and contemporaneous healthy 

controls might enable us to develop a sophisticated algorithm for efficient diagnosis of pneumonia 

cases and for the probable aetiology. Our current statistical methods are limited because they are 

agnostic to causal pathways. Bayesian network analyses may be key to accomplish a proposed 

diagnostic algorithm by formally assessing causal relationships between the probable aetiology, host 

immune responses, clinical signs and symptoms, and disease status. Upon development, any 

diagnostic algorithm should be evaluated to not only to determine its performance characteristics 

(sensitivity, specificity and predictive values for distinguishing the severe from mild cases and bacterial 

from viral pneumonia) but also to understand its impact on management and treatment outcomes. 

An effective diagnostic tool would be valuable in most healthcare settings, including resource poor 

settings with high pneumonia burden but limited laboratory facilities; such a tool would help guide 

pathogen-targeted treatment, encouraging the judicious use of antibiotics and identification of 

children who might benefit, instead, from antiviral therapy.
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APPENDICES 
Appendix 1 

 

Table: List of studies included in systematic review and meta-analysis 

Study/ Primary author  Year of 
publication 

Country Country 
type 

WHO region Study 
included 
children <5 
years only 

Albargish  1999 Iraq LMIC EMRO yes 
Ali  2013 Pakistan LMIC EMRO yes 
Almasri  2013 Greece HIC EURO no 
Ampofo  2010 US HIC PAHO no 
Banerjee  2011 India LMIC SEARO yes 
Banstola  2013 Nepal LMIC SEARO yes 
Basnet  2015 Nepal LMIC SEARO yes 
Benet  2015 Mali LMIC AFRO yes 
Berce  2015 Slovenia HIC EURO no 
Berg  2016 Norway HIC EURO no 
Berkley  2010 Kenya LMIC AFRO no 
Bii  2002 Kenya LMIC AFRO yes 
Breiman  2015 Kenya LMIC AFRO yes 
Bukhari  2013 KSA HIC EMRO no 
Camps  2008 Spain HIC EURO yes 
Cantais  2014 France HIC EURO no 
Casto-Rodriguez  1999 US HIC PAHO yes 
Cevey-Macherel  2009 Switzerland HIC EURO yes 
Chiang  2007 Singapore HIC WPRO no 
Cilla  2008 Spain HIC EURO yes 
Clara  2012 El Salvador LMIC PAHO yes 
Clements  2000 UK HIC EURO no 
Daleno  2013 Italy HIC EURO no 
Das  2014 India LMIC SEARO yes 
Delport  2002 South Africa LMIC AFRO yes 
Deraz  2012 Egypt LMIC EMRO yes 
Drummond  2000 UK HIC EURO no 
Ebihara  2004 Japan HIC WPRO no 
Edwards  2013 US HIC PAHO yes 
Ekalaksananan  2001 Thailand LMIC SEARO yes 
ElBasha   2013 Egypt LMIC EMRO no 
Elemraid  2013 UK HIC EURO no 
Esposito  2012 Italy HIC EURO no 
Esposito  2012 Italy HIC EURO no 
Esposito  2013 Italy HIC EURO no 
Esposito  2013 Italy HIC EURO no 
Esposito  2015 Italy HIC EURO no 
Feikin 2013 Kenya LMIC AFRO yes 
Fry  2007 Thailand LMIC SEARO no 
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Fry  2010 Thailand LMIC SEARO no 
Garcia- Garcia  2012 Spain HIC EURO no 
Greenberg  2014 Israel HIC EURO yes 
Guerrier  2013 France HIC EURO yes 
Hacimustafaoglu  2013 Turkey LMIC EURO yes 
Hammitt  2012 Kenya LMIC AFRO yes 
Harada  2013 Japan HIC WPRO yes 
Hasan  2006 Bangladesh LMIC SEARO yes 
Hasan  2014 Thailand LMIC SEARO yes 
Hemalatha  2010 India LMIC SEARO yes 
Hijazi  1997 Kuwait HIC EMRO no 
Hoffmann  2012 Madagascar LMIC AFRO yes 
Homaira  2012 Bangladesh LMIC SEARO yes 
Homaira  2012 Bangladesh LMIC SEARO yes 
Hortal  2007 Uruguay HIC PAHO yes 
Imamura  2011 Philippines LMIC WPRO no 
Jain  2014 India LMIC SEARO no 
Jain  2015 US HIC PAHO no 
Jroundi  2016 Morocco LMIC EMRO yes 
Juven  2000 Finland HIC EURO no 
Juven  2004 Finland HIC EURO no 
Kelly  2015 Botswana LMIC AFRO yes 
Kurz  2013 Austria HIC EURO no 
Lagare  2015 Niger LMIC AFRO yes 
Laguna-Torres 2011 Central 

America 
LMIC PAHO no 

Lahti  2009 Finland HIC EURO no 
Lamarao  2012 Brazil LMIC PAHO yes 
Laundy  2003 UK HIC EURO yes 
Lichenstein  2002 US HIC PAHO no 
Lin  2005 Taiwan LMIC WPRO no 
Lu  2013 China LMIC WPRO no 
Malasao  2015 Philippines LMIC WPRO no 
Mansour  2012 Egypt LMIC EMRO no 
Mathisen  2009 Nepal LMIC SEARO yes 
Mathisen 2011 Nepal LMIC SEARO yes 
Melidou  2015 Greece HIC EURO no 
Mlinaric-Galinovic  2009 Croatia LMIC EURO no 
Nacul  2005 Brazil LMIC PAHO yes 
Nakayama  2007 Japan HIC WPRO no 
Nascimento-Carvalho  2008 Brazil LMIC PAHO yes 
Nascimento-Carvalho  2011 Brazil LMIC PAHO yes 
Nascimento-Carvalho  2012 Brazil LMIC PAHO yes 
Nascimento-Carvalho  2013 Brazil LMIC PAHO yes 
Nasreen  2014 Bangladesh LMIC SEARO yes 
Nokes  2009 Kenya LMIC AFRO yes 
Numazaki  2004 Japan HIC WPRO no 
Odagiri  2015 Philippines LMIC WPRO no 
Ohno  2013 Philippines LMIC WPRO no 
Okada 2012 Japan HIC WPRO no 
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Olsen  2010 Thailand LMIC SEARO no 
Omer  2008 Indonesia LMIC SEARO yes 
Onyango  2012 Kenya LMIC AFRO no 
O’Callaghan-Gordo  2011 

 
Mozambique LMIC AFRO yes 

Patwari  1996 India LMIC SEARO no 
Pratheepamornkul  2015 Thailand LMIC SEARO yes 
Principi  2013 Italy HIC EURO no 
Qu  2015 China LMIC WPRO no 
Radziuniene  2014 Lithuania HIC EURO no 
Rhedin  2015 Sweden HIC EURO yes 
Rohwedder  1998 Germany HIC EURO no 
Samransamruajkit   2008 Thailand LMIC SEARO no 
Schulert  2014 US HIC PAHO no 
See  2010 France HIC EURO no 
Straliotto  2004 Brazil LMIC PAHO no 
Suzuki  2012 Philippines LMIC WPRO no 
Taboada  2014 Mexico LMIC PAHO no 
Tang  2011 China LMIC WPRO no 
Tasher  2015 Israel HIC EURO no 
Tsolia  2003 Greece HIC EURO no 
Turner  2012 Thailand LMIC SEARO yes 
Turner  2013 Thailand LMIC SEARO no 
Udomittipong  2011 Thailand LMIC SEARO no 
Uribe-Gutierrez  2014 Mexico LMIC PAHO no 
Videla  1998 Argentina LMIC PAHO yes 
Vu  2011 Vietnam LMIC WPRO yes 
Wang  2013 China LMIC WPRO no 
Wang  2014 China LMIC WPRO no 
Wang  2015 China LMIC WPRO no 
Wannachai  2012 Thailand LMIC SEARO no 
Werno  2004 New Zealand HIC WPRO yes 
Wiemken  2013 US HIC PAHO no 
Wo  2015 China LMIC WPRO no 
Wolf  2010 Israel HIC EURO yes 
Wongwiwatwaitaya  2014 Thailand LMIC SEARO no 
Xiang  2010 China LMIC WPRO no 
Yamamoto  2014 Philippines LMIC WPRO no 
Zamberi  2003 Malaysia LMIC WPRO no 
Zhang 2011 China LMIC WPRO no 
Zhang  2013 China LMIC WPRO no 
Zhang  2015 China LMIC WPRO no 

 

* Arranged by last name of primary author, HIC: High-income country; LMIC: Low-middle-income 
country; EURO: European region; SEARO: South-East Asia region ; WPRO: Western Pacific region; 
PAHO: America region; AFRO: Africa region; EMRO: Eastern Mediterranean region;  
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Appendix 2 
 

Table: Studies reporting detection of respiratory viruses in children with pneumonia included in 
systematic review and meta-analysis, by respiratory virus 

Respiratory virus (n) (reference)  
  
Respiratory syncytial virus, RSV (105) (Patwari, Bisht et al. 1996, Hijazi, Pacsa et al. 1997, Rohwedder, Keminer et al. 
1998, Videla, Carballal et al. 1998, Albargish and Hasony 1999, Castro-Rodriguez, Holberg et al. 1999, Clements, 
Stephenson et al. 2000, Drummond, Clark et al. 2000, Juven, Mertsola et al. 2000, Ekalaksananan, Pientong et al. 2001, 
Bii, Yamaguchi et al. 2002, Delport and Brisley 2002, Lichenstein, King et al. 2002, Laundy, Ajayi-Obe et al. 2003, Zamberi, 
Zulkifli et al. 2003, Juven, Mertsola et al. 2004, Numazaki, Chiba et al. 2004, Straliotto, Siqueira et al. 2004, Tsolia, Psarras 
et al. 2004, Lin, Lin et al. 2005, Nacul, Kirkwood et al. 2005, Hasan, Jolly et al. 2006, Chiang, Teoh et al. 2007, Hortal, 
Estevan et al. 2007, Nakayama, Hasegawa et al. 2007, Camps, Ricart et al. 2008, Cilla, Onate et al. 2008, Nascimento-
Carvalho, Ribeiro et al. 2008, Omer, Sutanto et al. 2008, Samransamruajkit, Hiranrat et al. 2008, Cevey-Macherel, 
Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009, Mathisen, Strand et al. 2009, Mlinaric-Galinovic, Vilibic-Cavlek et al. 
2009, Nokes, Ngama et al. 2009, Berkley, Munywoki et al. 2010, Fry, Chittaganpitch et al. 2010, Hemalatha, Swetha et al. 
2010, Olsen, Thamthitiwat et al. 2010, Wolf, Greenberg et al. 2010, Laguna-Torres, Sanchez-Largaespada et al. 2011, 
Mathisen, Basnet et al. 2011, Nascimento-Carvalho, Cardoso et al. 2011, O'Callaghan-Gordo, Bassat et al. 2011, Tang, 
Wang et al. 2011, Udomittipong, Chokephaibulkit et al. 2011, Vu, Yoshida et al. 2011, Zhang, Guo et al. 2011, Deraz, 
Mansour et al. 2012, Garcia-Garcia, Calvo et al. 2012, Hammitt, Kazungu et al. 2012, Hoffmann, Rabezanahary et al. 2012, 
Homaira, Luby et al. 2012, Lamarao, Ramos et al. 2012, Mansour, Deraz et al. 2012, Okada, Morozumi et al. 2012, Suzuki, 
Lupisan et al. 2012, Turner, Turner et al. 2012, Wannachai, Kamalaporn et al. 2012, Ali, Khowaja et al. 2013, Almasri, 
Papa et al. 2013, Banstola and Banstola 2013, Bukhari and Elhazmi 2013, ElBasha, El Rifai et al. 2013, Elemraid, Sails et al. 
2013, Esposito, Daleno et al. 2013, Esposito, Zampiero et al. 2013, Feikin, Njenga et al. 2013, Guerrier, Goyet et al. 2013, 
Hacimustafaoglu, Celebi et al. 2013, Harada, Kinoshita et al. 2013, Kurz, Gopfrich et al. 2013, Lu, Li et al. 2013, 
Nascimento-Carvalho, Oliveira et al. 2013, Ohno, Suzuki et al. 2013, Turner, Turner et al. 2013, Zhang, Guo et al. 2013, 
Cantais, Mory et al. 2014, Das, Singh et al. 2014, Greenberg, Dagan et al. 2014, Hasan, Rhodes et al. 2014, Jain, Singh et 
al. 2014, Nasreen, Luby et al. 2014, Schulert, Hain et al. 2014, Taboada, Espinoza et al. 2014, Wang, Ji et al. 2014, Basnet, 
Sharma et al. 2015, Benet, Sylla et al. 2015, Berce, Unuk et al. 2015, Breiman, Cosmas et al. 2015, Jain, Williams et al. 
2015, Kelly, Smieja et al. 2015, Lagare, Mainassara et al. 2015, Malasao, Okamoto et al. 2015, Melidou, Gioula et al. 2015, 
Pratheepamornkul, Ratanakorn et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, 
Li et al. 2015, Berg, Inchley et al. 2016, Jroundi, Mahraoui et al. 2016) 

 

Human rhinovirus, HRV (51) (Drummond, Clark et al. 2000, Juven, Mertsola et al. 2000, Juven, Mertsola et al. 2004, 
Tsolia, Psarras et al. 2004, Nakayama, Hasegawa et al. 2007, Camps, Ricart et al. 2008, Cilla, Onate et al. 2008, 
Nascimento-Carvalho, Ribeiro et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009, Olsen, 
Thamthitiwat et al. 2010, Xiang, Gonzalez et al. 2010, Nascimento-Carvalho, Cardoso et al. 2011, O'Callaghan-Gordo, 
Bassat et al. 2011, Tang, Wang et al. 2011, Vu, Yoshida et al. 2011, Esposito, Daleno et al. 2012, Esposito, Daleno et al. 
2012, Garcia-Garcia, Calvo et al. 2012, Hammitt, Kazungu et al. 2012, Hoffmann, Rabezanahary et al. 2012, Homaira, Luby 
et al. 2012, Okada, Morozumi et al. 2012, Suzuki, Lupisan et al. 2012, Wannachai, Kamalaporn et al. 2012, Daleno, Piralla 
et al. 2013, Elemraid, Sails et al. 2013, Esposito, Daleno et al. 2013, Esposito, Zampiero et al. 2013, Feikin, Njenga et al. 
2013, Guerrier, Goyet et al. 2013, Harada, Kinoshita et al. 2013, Lu, Li et al. 2013, Nascimento-Carvalho, Oliveira et al. 
2013, Wiemken, Peyrani et al. 2013, Cantais, Mory et al. 2014, Hasan, Rhodes et al. 2014, Schulert, Hain et al. 2014, 
Taboada, Espinoza et al. 2014, Benet, Sylla et al. 2015, Berce, Unuk et al. 2015, Breiman, Cosmas et al. 2015, Jain, 
Williams et al. 2015, Lagare, Mainassara et al. 2015, Pratheepamornkul, Ratanakorn et al. 2015, Qu, Gu et al. 2015, 
Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, Li et al. 2015, Berg, Inchley et al. 2016, Jroundi, Mahraoui et al. 
2016)  

 

Human bocavirus, HBoV (25) (Fry, Lu et al. 2007, Cilla, Onate et al. 2008, Lahti, Peltola et al. 2009, Berkley, Munywoki et 
al. 2010, Olsen, Thamthitiwat et al. 2010, Garcia-Garcia, Calvo et al. 2012, Hoffmann, Rabezanahary et al. 2012, 
Nascimento-Carvalho, Cardoso et al. 2012, Okada, Morozumi et al. 2012, Suzuki, Lupisan et al. 2012, Esposito, Daleno et 
al. 2013, Lu, Li et al. 2013, Nascimento-Carvalho, Oliveira et al. 2013, Cantais, Mory et al. 2014, Hasan, Rhodes et al. 2014, 
Jain, Singh et al. 2014, Schulert, Hain et al. 2014, Taboada, Espinoza et al. 2014, Uribe-Gutierrez, Hernandez-Santos et al. 
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2014, Benet, Sylla et al. 2015, Berce, Unuk et al. 2015, Lagare, Mainassara et al. 2015, Rhedin, Lindstrand et al. 2015, 
Zhang, Li et al. 2015, Berg, Inchley et al. 2016)  
Human Parainfluenza virus, HPIV (overall) (40) (Castro-Rodriguez, Holberg et al. 1999, Juven, Mertsola et al. 2000, Bii, 
Yamaguchi et al. 2002, Delport and Brisley 2002, Lichenstein, King et al. 2002, Laundy, Ajayi-Obe et al. 2003, Zamberi, 
Zulkifli et al. 2003, Juven, Mertsola et al. 2004, Tsolia, Psarras et al. 2004, Nacul, Kirkwood et al. 2005, Chiang, Teoh et al. 
2007, Nakayama, Hasegawa et al. 2007, Cilla, Onate et al. 2008, Nascimento-Carvalho, Ribeiro et al. 2008, 
Samransamruajkit, Hiranrat et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Wolf, Greenberg et al. 2010, Laguna-
Torres, Sanchez-Largaespada et al. 2011, Zhang, Guo et al. 2011, Garcia-Garcia, Calvo et al. 2012, Hoffmann, 
Rabezanahary et al. 2012, Okada, Morozumi et al. 2012, Suzuki, Lupisan et al. 2012, ElBasha, El Rifai et al. 2013, Elemraid, 
Sails et al. 2013, Kurz, Gopfrich et al. 2013, Lu, Li et al. 2013, Zhang, Guo et al. 2013, Cantais, Mory et al. 2014, Schulert, 
Hain et al. 2014, Berce, Unuk et al. 2015, Breiman, Cosmas et al. 2015, Jain, Williams et al. 2015, Lagare, Mainassara et al. 
2015, Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, Li et al. 2015, Berg, Inchley et al. 2016) 

 

HPIV type 1 (27) (Ekalaksananan, Pientong et al. 2001, Tsolia, Psarras et al. 2004, Lin, Lin et al. 2005, Lahti, Peltola et al. 
2009, Mathisen, Strand et al. 2009, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Mathisen, Basnet et 
al. 2011, O'Callaghan-Gordo, Bassat et al. 2011, Hammitt, Kazungu et al. 2012, Homaira, Luby et al. 2012, Esposito, 
Daleno et al. 2013, Feikin, Njenga et al. 2013, Harada, Kinoshita et al. 2013, Nascimento-Carvalho, Oliveira et al. 2013, 
Hasan, Rhodes et al. 2014, Jain, Singh et al. 2014, Nasreen, Luby et al. 2014, Taboada, Espinoza et al. 2014, Wang, Ji et al. 
2014, Basnet, Sharma et al. 2015, Benet, Sylla et al. 2015, Breiman, Cosmas et al. 2015, Kelly, Smieja et al. 2015, Qu, Gu 
et al. 2015, Rhedin, Lindstrand et al. 2015, Wang, Zhao et al. 2015) 

 

HPIV type 2 (23) (Tsolia, Psarras et al. 2004, Lin, Lin et al. 2005, Hasan, Jolly et al. 2006, Lahti, Peltola et al. 2009, 
Mathisen, Strand et al. 2009, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Mathisen, Basnet et al. 
2011, O'Callaghan-Gordo, Bassat et al. 2011, Hammitt, Kazungu et al. 2012, Homaira, Luby et al. 2012, Esposito, Daleno 
et al. 2013, Feikin, Njenga et al. 2013, Harada, Kinoshita et al. 2013, Nasreen, Luby et al. 2014, Taboada, Espinoza et al. 
2014, Basnet, Sharma et al. 2015, Benet, Sylla et al. 2015, Breiman, Cosmas et al. 2015, Kelly, Smieja et al. 2015, Qu, Gu 
et al. 2015, Rhedin, Lindstrand et al. 2015, Wang, Zhao et al. 2015) 

 

HPIV type 3 (34) (Ekalaksananan, Pientong et al. 2001, Straliotto, Siqueira et al. 2004, Tsolia, Psarras et al. 2004, Lin, Lin 
et al. 2005, Hasan, Jolly et al. 2006, Hortal, Estevan et al. 2007, Camps, Ricart et al. 2008, Lahti, Peltola et al. 2009, 
Mathisen, Strand et al. 2009, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Mathisen, Basnet et al. 
2011, O'Callaghan-Gordo, Bassat et al. 2011, Tang, Wang et al. 2011, Hammitt, Kazungu et al. 2012, Homaira, Luby et al. 
2012, Banstola and Banstola 2013, Bukhari and Elhazmi 2013, Esposito, Daleno et al. 2013, Feikin, Njenga et al. 2013, 
Harada, Kinoshita et al. 2013, Nascimento-Carvalho, Oliveira et al. 2013, Hasan, Rhodes et al. 2014, Jain, Singh et al. 2014, 
Nasreen, Luby et al. 2014, Taboada, Espinoza et al. 2014, Wang, Ji et al. 2014, Basnet, Sharma et al. 2015, Benet, Sylla et 
al. 2015, Breiman, Cosmas et al. 2015, Kelly, Smieja et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015, Wang, 
Zhao et al. 2015) 

 

HPIV type 4 (8) (Camps, Ricart et al. 2008, O'Callaghan-Gordo, Bassat et al. 2011, Hammitt, Kazungu et al. 2012, Esposito, 
Daleno et al. 2013, Jain, Singh et al. 2014, Taboada, Espinoza et al. 2014, Benet, Sylla et al. 2015, Qu, Gu et al. 2015) 

 

Influenza virus (overall) (35) (Hijazi, Pacsa et al. 1997, Juven, Mertsola et al. 2000, Delport and Brisley 2002, Zamberi, 
Zulkifli et al. 2003, Juven, Mertsola et al. 2004, Tsolia, Psarras et al. 2004, Nacul, Kirkwood et al. 2005, Nakayama, 
Hasegawa et al. 2007, Cilla, Onate et al. 2008, Nascimento-Carvalho, Ribeiro et al. 2008, Samransamruajkit, Hiranrat et al. 
2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Laguna-Torres, Sanchez-Largaespada et al. 2011, O'Callaghan-Gordo, 
Bassat et al. 2011, Zhang, Guo et al. 2011, Garcia-Garcia, Calvo et al. 2012, Hoffmann, Rabezanahary et al. 2012, Homaira, 
Luby et al. 2012, Okada, Morozumi et al. 2012, Onyango, Njeru et al. 2012, Elemraid, Sails et al. 2013, Esposito, Daleno et 
al. 2013, Lu, Li et al. 2013, Turner, Turner et al. 2013, Wiemken, Peyrani et al. 2013, Zhang, Guo et al. 2013, Nasreen, 
Luby et al. 2014, Schulert, Hain et al. 2014, Breiman, Cosmas et al. 2015, Jain, Williams et al. 2015, Melidou, Gioula et al. 
2015, Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Berg, Inchley et al. 2016) 

 

Influenza type A H1N1 (16) (Tsolia, Psarras et al. 2004, Ampofo, Herbener et al. 2010, See, Blonde et al. 2010, 
Udomittipong, Chokephaibulkit et al. 2011, Clara, Armero et al. 2012, Homaira, Luby et al. 2012, Suzuki, Lupisan et al. 
2012, ElBasha, El Rifai et al. 2013, Elemraid, Sails et al. 2013, Esposito, Daleno et al. 2013, Wongwiwatwaitaya, Uppala et 
al. 2014, Benet, Sylla et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015, Tasher, Stein et al. 2015, Zhang, Li et 
al. 2015) 

 

Influenza type A H3N2 (9) (Tsolia, Psarras et al. 2004, Ampofo, Herbener et al. 2010, Udomittipong, Chokephaibulkit et 
al. 2011, Homaira, Luby et al. 2012, Esposito, Daleno et al. 2013, Wongwiwatwaitaya, Uppala et al. 2014, Benet, Sylla et 
al. 2015, Qu, Gu et al. 2015, Zhang, Li et al. 2015) 
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Influenza type B (35) (Lin, Lin et al. 2005, Hasan, Jolly et al. 2006, Chiang, Teoh et al. 2007, Hortal, Estevan et al. 2007, 
Lahti, Peltola et al. 2009, Mathisen, Strand et al. 2009, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, 
Mathisen, Basnet et al. 2011, O'Callaghan-Gordo, Bassat et al. 2011, Hammitt, Kazungu et al. 2012, Homaira, Luby et al. 
2012, Mansour, Deraz et al. 2012, Onyango, Njeru et al. 2012, Suzuki, Lupisan et al. 2012, Banstola and Banstola 2013, 
Bukhari and Elhazmi 2013, ElBasha, El Rifai et al. 2013, Esposito, Daleno et al. 2013, Feikin, Njenga et al. 2013, Kurz, 
Gopfrich et al. 2013, Nascimento-Carvalho, Oliveira et al. 2013, Principi, Scala et al. 2013, Cantais, Mory et al. 2014, 
Hasan, Rhodes et al. 2014, Jain, Singh et al. 2014, Taboada, Espinoza et al. 2014, Wang, Ji et al. 2014, Basnet, Sharma et 
al. 2015, Benet, Sylla et al. 2015, Breiman, Cosmas et al. 2015, Kelly, Smieja et al. 2015, Qu, Gu et al. 2015, Rhedin, 
Lindstrand et al. 2015, Zhang, Li et al. 2015) 

 

Influenza type C (4) (Hammitt, Kazungu et al. 2012, Onyango, Njeru et al. 2012, Principi, Scala et al. 2013, Odagiri, 
Matsuzaki et al. 2015) 

 

Adenovirus (75) (Hijazi, Pacsa et al. 1997, Videla, Carballal et al. 1998, Drummond, Clark et al. 2000, Juven, Mertsola et 
al. 2000, Bii, Yamaguchi et al. 2002, Delport and Brisley 2002, Lichenstein, King et al. 2002, Laundy, Ajayi-Obe et al. 2003, 
Zamberi, Zulkifli et al. 2003, Juven, Mertsola et al. 2004, Numazaki, Chiba et al. 2004, Straliotto, Siqueira et al. 2004, 
Tsolia, Psarras et al. 2004, Lin, Lin et al. 2005, Nacul, Kirkwood et al. 2005, Chiang, Teoh et al. 2007, Nakayama, Hasegawa 
et al. 2007, Camps, Ricart et al. 2008, Cilla, Onate et al. 2008, Nascimento-Carvalho, Ribeiro et al. 2008, 
Samransamruajkit, Hiranrat et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009, Berkley, 
Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Wolf, Greenberg et al. 2010, Laguna-Torres, Sanchez-Largaespada 
et al. 2011, Nascimento-Carvalho, Cardoso et al. 2011, O'Callaghan-Gordo, Bassat et al. 2011, Tang, Wang et al. 2011, 
Udomittipong, Chokephaibulkit et al. 2011, Zhang, Guo et al. 2011, Garcia-Garcia, Calvo et al. 2012, Hammitt, Kazungu et 
al. 2012, Hoffmann, Rabezanahary et al. 2012, Homaira, Luby et al. 2012, Okada, Morozumi et al. 2012, Suzuki, Lupisan et 
al. 2012, Bukhari and Elhazmi 2013, ElBasha, El Rifai et al. 2013, Elemraid, Sails et al. 2013, Esposito, Daleno et al. 2013, 
Feikin, Njenga et al. 2013, Harada, Kinoshita et al. 2013, Kurz, Gopfrich et al. 2013, Lu, Li et al. 2013, Turner, Turner et al. 
2013, Zhang, Guo et al. 2013, Cantais, Mory et al. 2014, Hasan, Rhodes et al. 2014, Jain, Singh et al. 2014, Nasreen, Luby 
et al. 2014, Radziuniene 2014, Schulert, Hain et al. 2014, Taboada, Espinoza et al. 2014, Uribe-Gutierrez, Hernandez-
Santos et al. 2014, Wang, Ji et al. 2014, Yamamoto, Okamoto et al. 2014, Benet, Sylla et al. 2015, Berce, Unuk et al. 2015, 
Breiman, Cosmas et al. 2015, Jain, Williams et al. 2015, Kelly, Smieja et al. 2015, Lagare, Mainassara et al. 2015, 
Pratheepamornkul, Ratanakorn et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, 
Li et al. 2015, Berg, Inchley et al. 2016, Jroundi, Mahraoui et al. 2016) 

 

Human metapneumovirus (59) (Ebihara, Endo et al. 2004, Tsolia, Psarras et al. 2004, Werno, Anderson et al. 2004, Lin, 
Lin et al. 2005, Nakayama, Hasegawa et al. 2007, Camps, Ricart et al. 2008, Cilla, Onate et al. 2008, Samransamruajkit, 
Hiranrat et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009, Mathisen, Strand et al. 
2009, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Wolf, Greenberg et al. 2010, Banerjee, Sullender 
et al. 2011, Mathisen, Basnet et al. 2011, Nascimento-Carvalho, Cardoso et al. 2011, O'Callaghan-Gordo, Bassat et al. 
2011, Garcia-Garcia, Calvo et al. 2012, Hammitt, Kazungu et al. 2012, Hoffmann, Rabezanahary et al. 2012, Homaira, 
Luby et al. 2012, Okada, Morozumi et al. 2012, Suzuki, Lupisan et al. 2012, Wannachai, Kamalaporn et al. 2012, Ali, 
Khowaja et al. 2013, Edwards, Zhu et al. 2013, ElBasha, El Rifai et al. 2013, Elemraid, Sails et al. 2013, Esposito, Daleno 
et al. 2013, Feikin, Njenga et al. 2013, Harada, Kinoshita et al. 2013, Kurz, Gopfrich et al. 2013, Lu, Li et al. 2013, Turner, 
Turner et al. 2013, Wang, Zheng et al. 2013, Wiemken, Peyrani et al. 2013, Cantais, Mory et al. 2014, Hasan, Rhodes et 
al. 2014, Jain, Singh et al. 2014, Nasreen, Luby et al. 2014, Schulert, Hain et al. 2014, Taboada, Espinoza et al. 2014, 
Wang, Ji et al. 2014, Basnet, Sharma et al. 2015, Benet, Sylla et al. 2015, Berce, Unuk et al. 2015, Breiman, Cosmas et 
al. 2015, Jain, Williams et al. 2015, Kelly, Smieja et al. 2015, Lagare, Mainassara et al. 2015, Melidou, Gioula et al. 2015, 
Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, Li et al. 2015, Berg, Inchley et al. 2016, 
Jroundi, Mahraoui et al. 2016) 

 

Coronavirus (overall) (18)  (Juven, Mertsola et al. 2000, Juven, Mertsola et al. 2004, Cilla, Onate et al. 2008, Cevey-
Macherel, Galetto-Lacour et al. 2009, Esposito, Daleno et al. 2012, Garcia-Garcia, Calvo et al. 2012, Hoffmann, 
Rabezanahary et al. 2012, Elemraid, Sails et al. 2013, Lu, Li et al. 2013, Cantais, Mory et al. 2014, Hasan, Rhodes et al. 
2014, Schulert, Hain et al. 2014, Berce, Unuk et al. 2015, Jain, Williams et al. 2015, Lagare, Mainassara et al. 2015, 
Rhedin, Lindstrand et al. 2015, Wo, Lu et al. 2015, Zhang, Li et al. 2015) 

 

Coronavirus NL63 (9) (Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Hammitt, Kazungu et al. 2012, 
Suzuki, Lupisan et al. 2012, Esposito, Daleno et al. 2013, Taboada, Espinoza et al. 2014, Benet, Sylla et al. 2015, Qu, Gu et 
al. 2015, Rhedin, Lindstrand et al. 2015) 
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Coronavirus 229E (8) (Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, Hammitt, Kazungu et al. 2012, 
Esposito, Daleno et al. 2013, Taboada, Espinoza et al. 2014, Benet, Sylla et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand 
et al. 2015) 

 

Coronavirus OC43 (10) (Camps, Ricart et al. 2008, Berkley, Munywoki et al. 2010, Olsen, Thamthitiwat et al. 2010, 
Hammitt, Kazungu et al. 2012, Suzuki, Lupisan et al. 2012, Esposito, Daleno et al. 2013, Taboada, Espinoza et al. 2014, 
Benet, Sylla et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015) 

 

Coronavirus HKU1 (5) (Olsen, Thamthitiwat et al. 2010, Esposito, Daleno et al. 2013, Benet, Sylla et al. 2015, Qu, Gu et al. 
2015, Rhedin, Lindstrand et al. 2015) 

 

Enterovirus (19) (Drummond, Clark et al. 2000, Lichenstein, King et al. 2002, Laundy, Ajayi-Obe et al. 2003, Nascimento-
Carvalho, Ribeiro et al. 2008, Cevey-Macherel, Galetto-Lacour et al. 2009, Lahti, Peltola et al. 2009, Imamura, Fuji et al. 
2011, Nascimento-Carvalho, Cardoso et al. 2011, O'Callaghan-Gordo, Bassat et al. 2011, Hoffmann, Rabezanahary et al. 
2012, Okada, Morozumi et al. 2012, Esposito, Daleno et al. 2013, Kurz, Gopfrich et al. 2013, Lu, Li et al. 2013, 
Nascimento-Carvalho, Oliveira et al. 2013, Taboada, Espinoza et al. 2014, Esposito, Zampiero et al. 2015, Lagare, 
Mainassara et al. 2015, Qu, Gu et al. 2015, Rhedin, Lindstrand et al. 2015) 
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Appendix 3 
 

Figure: Funnel plots from systematic review and meta-analysis for respiratory virus positive pneumonia in all 
aged children  

 

Figure: Funnel plot for RSV positive pneumonia in all aged children 

 

 

 

Figure: Funnel plot for HRV positive pneumonia in all aged children 
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Figure: Funnel plot for HBoV positive pneumonia in all aged children

 

 

 

Figure: Funnel plot for HPIV positive pneumonia in all aged children 
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Figure: Funnel plot for influenza positive pneumonia in all aged children 

 

 

 

Figure: Funnel plot for adenovirus positive pneumonia in all aged children 

 

 

 

 

 

 

 

0
.0

5
.1

.1
5

.2
se

(P
re

va
le

nc
e 

es
tim

at
e)

-.4 -.2 0 .2 .4
Prevalence estimate

Funnel plot with pseudo 95% confidence limits

0
.1

.2
.3

se
(P

re
va

le
nc

e 
es

tim
at

e)

-.4 -.2 0 .2 .4 .6
Prevalence estimate

Funnel plot with pseudo 95% confidence limits



198 
 

 

Figure: Funnel plot for HMPV positive pneumonia in all aged children 

 

  

 

 

Figure: Funnel plot for HCoV positive pneumonia in all aged children 
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Figure: Funnel plot for enterovirus positive pneumonia in all aged children  
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Appendix 4 
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Appendix 5 
 

Figure: Receiver-operator curve for nasopharyngeal density for respiratory viruses and bacteria for 
discriminating radiologically confirmed pneumonia from healthy controls, Perth, Australia, May 
2015-October 2017: (1) RSV, (2) Influenza A, (3) Rhinovirus, (4) HMPV, (5) S. pneumoniae, (6) H. 
influenzae, (7) M. catarrhalis, (8) S. aureus   
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Appendix 6 
 

Table: Variation in log-transformed median (IQR) density (copies/mL) of bacterial pathogens in nasopharyngeal swabs from children with radiologically 
confirmed pneumonia, by presence of four respiratory viruses, Perth, Australia, May 2015-October 2017 

 

Density of  RSV Influenza HMPV Rhinovirus 

Absence Presence Absence Presence Absence Presence Absence Presence 

S. pneumoniae 4.9 (4.1-5.6) 5.3 (4.8-6.5) 5.2 (4.5-6.1) 4.6 (4.1-4.9) 5.1 (4.5-5.7) 5.6 (4.1-7.2) 5.0 (4.2-6.0) 5.4 (4.6-6.3) 

H. influenzae 6.2 (5.4-7.2) 6.2 (4.9-7.1) 6.2 (5.2-7.1) 6.3 (5.7-7.3) 6.2 (4.9-7.1) 6.6 (5.9-7.6) 6.3 (5.4-7.2) 5.7 (4.8-6.2) 

M. catarrhalis 5.8 (4.9-6.8) 6.0 (5.3-6.7) 5.8 (5.1-6.8) 5.8 (5.0-6.2) 5.7 (4.9-6.6) 6.8 (5.7-7.5) 5.8 (4.9-6.7) 5.9 (5.3-7.2) 

S. aureus 5.4 (4.4-5.8) 5.7 (4.0-6.7) 5.4 (4.3-6.2) 4.7 (4.7-5.4) 5.4 (4.2-5.9) 6.4 (4.8-8.0) 5.3 (4.3-5.8) 6.6 (5.2-7.4) 
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Appendix 7 
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Appendix 8 
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